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The term biodiversity has become a mainstream concept that can be found in any 
newspaper at any given time. Concerns on biodiversity protection are usually linked to 

species protection and extinction risks for iconic species, such as whales, pandas and 
so on. However, conserving biodiversity has much deeper implications than preserving 

a few (although important) species. Biodiversity in ecosystems is tightly linked to 
ecosystem functions such as biomass production, organic matter decomposition, 

ecosystem resilience, and others. Many of these ecological processes are also directly 
implied in services that the humankind obtains from ecosystems. The first part of 

this book will introduce different concepts and theories important to understand the 
links between ecosystem function and ecosystem biodiversity. The second part of the 
book provides a wide range of different studies showcasing the evidence and practical 

implications of such relationships.
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IX

During the 20th century urban development was extended to all the regions of the world. With 
a booming human population and the intensification of economic development (first in Eu-
rope and North America and lately in the rest of the world) practically all the ecosystems in 
the world were impacted in one way or another. Therefore, it was just a matter of time that 
some of the iconic wildlife species of the world started to suffer from fast reductions in their 
populations, or even facing extinction. The danger of losing species such as whales, lions, tigers, 
elephants, panda bears, gorillas, brown bears, buffalos, sequoias, etc., was very real [1]. This 
danger was highlighted by scientists and environmental managers around the world, and the 
society responded with the creation of environmentalists groups, whose social pressure helped 
to create lists of endangered animal and plant species needing specific actions for conservation. 
This was the base to develop programs and activities focused on the protection of individual 
high-profile species. Many of these campaigns were supported by the public due to the easy 
sympathy or spiritual connection with some of these majestic species, and as a consequence, 
natural conservation was seen by the main public as “avoiding things getting worse”.  Some 
of these activities have achieved important successes, such as the halt in commercial hunting 
of whales, the breeding programs of panda bears or the increase in numbers of American buf-
falos [2]. However, in other cases the protection of the target species was not enough to prevent 
its decline or extinction (e.g. the Yangtze River dolphin, or the Pyrenean wild goat), or just the 
species were not interesting enough for the public opinion and therefore not the main focus of 
protection efforts, such in the case of “ugly” species such as amphibians, reptiles, insects, cacti, 
etc. Such species-specific conservation programs are becoming less important as the world 
realizes that biodiversity loss is not a matter of losing a few iconic species, but a large number 
of all kinds of species of plants, animals, fungi and even microbial organisms.

In the latest decades, there has also been an increase in the understanding on how the presence 
or absence of species could affect not only ecosystem structure, but ecosystem function as well. 
The discussion for formal maintenance and conservation of biological diversity (biodiversity) 
was first organized in a cohesive fashion by the United Nations Environment Programme in 
1992 at the Rio Earth Summit. The following year, 168 countries signed the Convention of 
Biological Diversity (CBD) to protect and ensure conservation and sustainable use of biodiver-
sity [3]. More recently the United Nations Secretary General initiated and completed the Mil-
lennium Ecosystem Assessment to assess the consequences of ecosystem change for human 
wellbeing and the scientific basis for action needed to enhance the conservation and sustain-
able use of ecosystems [4]. The assessment provided a reaffirmation that sustainable societies 
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are dependent on the goods and services provided by ecosystems, including clean air and water, 
productive soils, and the production of food and fiber, and, more importantly, it propagated the eco-
system services paradigm upon which to assess and value biotic resources throughout the world [5]. 
The latest event at the policy-making level has been the creation of the Intergovernmental Platform 
on Biodiversity and Ecosystem Services (IPBES), a body created by the United Nations following the 
success of the Intergovernmental Panel on Climate Change, as it is becoming clear that the risk of 
massive biodiversity loss is at the same level as the risk of massive climate change.

During the first years of the 21st century, human-caused climatic and land use changes have caused 
that almost all ecosystems on Earth are under different varieties of stresses such as habitat loss and 
degradation, shortage of water and food supplies, toxic contaminants, and invasive species. These 
stresses have affected ecosystem structure or functions, altered the viability of species and communi-
ties, and therefore changed the quality and forms of ecosystem services [6]. The issue on how biodi-
versity support ecosystem functions is becoming increasingly important in ecological and biological 
studies. Up to date, to predict the ecological consequences of biodiversity loss, researchers have spent 
much time and effort quantifying how biological variation affects the magnitude and stability of 
ecological processes that underlie the functioning of ecosystems. Some of the most important ecosys-
tem functions (biomass production, nutrient, water, and energy recycling, among others) could be 
affected by the presence or absence of plant, animal, fungi, and microbial species. 

The current state-of-the-art confirms that biodiversity does indeed simultaneously enhance both the 
production and stability of biomass in experimental systems, and this is broadly true for terrestrial [7] 
and aquatic primary producers [8]. During the last few years an important number of experiments 
and field research has generated enough data to allow for extensive synthesis [9-17, among others]. 
From these synthesis studies, it has become clear that the strength of diversity effects on ecosystem 
functions such as biomass production or organic matter recycling is independent of diversity effects 
on temporal stability [17]. From such review, it has become evident that the highest levels of produc-
tivity in a diverse community are not associated with the highest levels of stability. Thus, on average, 
diversity does not maximize the various aspects of ecosystem functioning we might wish to achieve 
in conservation and management. In addition, the previous reviews have highlighted the issues re-
lated to researching the connections between ecosystem biodiversity and function, as knowing how 
biodiversity affects productivity gives no information about how diversity affects stability (or vice 
versa). Therefore, to predict the ecological changes that occur in ecosystems after extinction, we will 
need to develop separate mechanistic models for each independent aspect of ecosystem functioning 
[17]. Within this book, readers can find some of such models for aquatic (see chapter by Roy) and 
terrestrial (see chapter by Lo et al.) ecosystems.

Most of the previous studies, however, have been done in terrestrial ecosystems. For example, it 
is well established the role of non-tree species in the functioning, productivity, and stability of the 
ecosystem [7]. On the other hand, the aquatic habitats are of global importance due to their large spa-
tial coverage, significant functional role in carbon fixation, oxygen generation, and high biodiversity. 
However, unlike the terrestrial world, our knowledge of biodiversity patterns across aquatic habitats 
is limited. Within the aquatic ecosystems, the relationships between ecosystem function and biodi-
versity are not always similar to that in the terrestrial or benthic ecosystems, and the relationships are 
often debated (e.g. [8]). 



X

are dependent on the goods and services provided by ecosystems, including clean air and water,
productive soils, and the production of food and fiber, and, more importantly, it propagated the eco-
system services paradigm upon which to assess and value biotic resources throughout the world [5].
The latest event at the policy-making level has been the creation of the Intergovernmental Platform
on Biodiversity and Ecosystem Services (IPBES), a body created by the United Nations following the
success of the Intergovernmental Panel on Climate Change, as it is becoming clear that the risk of
massive biodiversity loss is at the same level as the risk of massive climate change.

During the first years of the 21st century, human-caused climatic and land use changes have caused
that almost all ecosystems on Earth are under different varieties of stresses such as habitat loss and
degradation, shortage of water and food supplies, toxic contaminants, and invasive species. These
stresses have affected ecosystem structure or functions, altered the viability of species and communi-
ties, and therefore changed the quality and forms of ecosystem services [6]. The issue on how biodi-
versity support ecosystem functions is becoming increasingly important in ecological and biological
studies. Up to date, to predict the ecological consequences of biodiversity loss, researchers have spent
much time and effort quantifying how biological variation affects the magnitude and stability of
ecological processes that underlie the functioning of ecosystems. Some of the most important ecosys-
tem functions (biomass production, nutrient, water, and energy recycling, among others) could be
affected by the presence or absence of plant, animal, fungi, and microbial species.

The current state-of-the-art confirms that biodiversity does indeed simultaneously enhance both the
production and stability of biomass in experimental systems, and this is broadly true for terrestrial [7]
and aquatic primary producers [8]. During the last few years an important number of experiments
and field research has generated enough data to allow for extensive synthesis [9-17, among others].
From these synthesis studies, it has become clear that the strength of diversity effects on ecosystem
functions such as biomass production or organic matter recycling is independent of diversity effects
on temporal stability [17]. From such review, it has become evident that the highest levels of produc-
tivity in a diverse community are not associated with the highest levels of stability. Thus, on average,
diversity does not maximize the various aspects of ecosystem functioning we might wish to achieve
in conservation and management. In addition, the previous reviews have highlighted the issues re-
lated to researching the connections between ecosystem biodiversity and function, as knowing how
biodiversity affects productivity gives no information about how diversity affects stability (or vice
versa). Therefore, to predict the ecological changes that occur in ecosystems after extinction, we will
need to develop separate mechanistic models for each independent aspect of ecosystem functioning
[17]. Within this book, readers can find some of such models for aquatic (see chapter by Roy) and
terrestrial (see chapter by Lo et al.) ecosystems.

Most of the previous studies, however, have been done in terrestrial ecosystems. For example, it
is well established the role of non-tree species in the functioning, productivity, and stability of the
ecosystem [7]. On the other hand, the aquatic habitats are of global importance due to their large spa-
tial coverage, significant functional role in carbon fixation, oxygen generation, and high biodiversity.
However, unlike the terrestrial world, our knowledge of biodiversity patterns across aquatic habitats
is limited. Within the aquatic ecosystems, the relationships between ecosystem function and biodi-
versity are not always similar to that in the terrestrial or benthic ecosystems, and the relationships are
often debated (e.g. [8]).

XV

Theoretical as well as empirical studies addressed this question from different perspectives. The 
aquatic habitats can be divided into three major categories, primarily based on the salinity level of 
the water medium: freshwater systems, transitional and brackish waters, and marine systems. Al-
though this categorization is rather crude, it helps to understand aquatic biodiversity on regional 
scales. The biodiversity in marine ecosystems is generally higher than that in freshwater systems, and 
the transitional waters are generally less diverse than freshwater and marine systems. The extreme 
diversity in aquatic or marine ecosystems is often puzzling in view of the established ecological theo-
ries of species coexistence. Theoretically, several mechanisms have been proposed to explain the bio-
diversity within aquatic ecosystems, which include temporal effects (e.g., environmental fluctuations, 
periodic forcing), spatio-temporal effects (spatial heterogeneity), self-sustaining cycles, deterministic 
chaos, spatio-temporal chaos, self-organized segregation, grazing and chemical signaling (e.g. [18]). 

On the other hand, empirical and experimental studies have not only established some of the mecha-
nisms proposed theoretically, but also put forward new scenarios. For example, experiments have 
shown how food supply may affect the function and dynamics aquatic ecosystems, and identified 
factors such as the effects of temperature fluctuation, inducible defense, autotoxin and density-de-
pendent effects for the sustainability of simple aquatic ecosystems (e.g. [19]). 

The first section of this book provides an overview of different concepts and theories to be taken 
into account when dealing with links between ecosystem biodiversity and function. Roy theoreti-
cally describes a mechanism termed as pseudo-mixotrophy, by which allelopathy among marine 
phytoplankton mediates nutrient competition and promotes the diversity of the primary producers. 
Much of his theoretical framework could be translated into terrestrial ecosystems. Jurburg and Fal-
cão-Salles discuss the role of functional redundancy on ecosystem function. Sobrinho et al. explore 
the implications for ecosystem functioning of biodiversity in tropical forests. Harvey and Malcicka 
examine the interactions between climate change and modifications of species distribution shifts and 
their implications in multitrophic networks. Yapp introduces the use of criteria and indicators for 
managing the change and restoration of biodiversity in vegetated landscapes. Lo et al. review the 
different theoretical models available to examine the interactions between plant diversity and stand 
growth in ecological restoration projects. De Souza et al. analyze the implications at ecosystem level 
of microbial diversity and assembly. To finish this section, Bavec and Bavec review the management 
options available to increase biodiversity in agroecosystems.

The second section of this book provides a wide range of studies showcasing evidence and facts that 
support the need and importance of research on links between biodiversity and ecosystem function. 
A range of studies on different aquatic environments can be found, where the authors described new 
mechanisms of biodiversity, and patterns of biodiversity distribution across different habitat.  Reiss 
and Chifflard address the issue of the fauna-microhabitat relationship of springheads, and have pre-
sented results on quantitative and qualitative assessment on substrate preferences of invertebrates. 
Pérez-Bilbao et al. study the invertebrate fauna in freshwater ponds, and investigate if those inverte-
brates could be used as good indicator of the environmental quality of temporary ponds. Acosta et 
al. study the effects of bottom trawling on benthic vulnerable marine ecosystems on the high seas of 
the Southwest Atlantic using several research cruises, and present preliminary results on the impacts 
of fishing activities on sensitive benthic organisms. Kohlmann et al. examine the possible impacts of 
human activities on the macro-invertebrate biodiversity along the length of a tropical river, and their 
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influence on the structure and function of agrorural environments. Oyarzun and Hervé-Fernández 
discuss the implications that forest management has on the eco-hydrology of Chilean rivers.

Moving into terrestrial ecosystems, the next block of studies provides an extended view of the links 
between ecosystem biodiversity and function at different ecological scales. Watanabe explores the 
role of niche and prey diversity on the presence of wild cats in Pacific islands. Finot et al. discuss the 
diversity of grass species on Easter Island, and the implications for ecosystem function of the pres-
ence of invasive species. Fank-de-Carvalho et al. also explore the diversity of plant species but in the 
Brazilian neotropical savannah. The former studies provide facts and evidence for mostly natural 
ecosystems. The next block of chapters, however, provides evidence on the connections between 
management, biodiversity and ecosystem functions for a variety of terrestrial ecosystems. Castro et al. 
explore the connections between social perception of ecosystem values and biodiversity. On a similar 
line on the links between ecology and society, Oishi and Tabataanalyze discuss the importance of 
conserving large trees for spiritual purposes with the conservation of epiphytic bryophyte diversity. 
Ribeiro et al. review the state-of-the-art on research aimed to support the sustainable use of miombo 
woodlands in southern Africa. 

The next three chapters of this block deal with the possibility of carrying ecological restoration to gain 
some of the biodiversity lost by human actions. In a methodological study, Marcuzzo and Viera in-
troduce the approach to studying and carrying ecosystem restoration projects in ecological units with 
homogeneous features. González-Izquierdo et al. describe the steps taken and the results obtained in 
three different restoration projects on tropical Caribbean forests, highlighting the importance of the 
social component of such projects and the increased success rate when incorporating locals into the 
process. Roccotiello et al. provide an example of the complexities on restoring biodiversity in highly 
altered ecosystems such as abandoned mine sites.

The final block of chapters in this book deals with the links between ecosystem diversity, functions 
and services in agroecosystems, a highly important issue as they are the source of most of food for 
human societies. Bavec and Bavec review the effects of traditional and organic farming on agroeco-
system biodiversity and its links with agricultural productivity. Pelser et al. discuss the possibilities 
to include local use of agricultural resources inside protected areas to achieve both local development 
and biodiversity conservation. Edvan et al. examine the consequences on grassland and herbivore 
production of shortages in grasses biodiversity, and the influence of exotic invasive grasses. 

All things considered, these 26 chapters provide a good overview of the links between ecosystem 
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1. Introduction

Phytoplankton are responsible for oceanic primary production and oxygen generation;
and essential for regulating the global carbon cycle [1]. The dynamics and diversity of
phytoplankton are constrained by several top-down and bottom-up effects. Complexities
further arise from inter-species interactions within phytoplankton communities. Resources
available for the growth of phytoplankton (e.g., light and dissolved nutrients) are often
limited. But, despite the presence of limited variety of resources, phytoplankton are capable
of maintaining an extreme level of species diversity [1–3]. This diversity is paradoxical to
the theory of competitive exclusion [3], which suggests that in the steady state the number
coexisting species cannot exceed the number of limiting resources [4, 5]. The mechanisms
proposed to explain phytoplankton diversity include environmental fluctuations, periodic
fluctuations, spatial heterogeneity, deterministic chaos, life cycles, grazing, and chemical
interactions (detailed in [6]). But, when the top-down effects and external factors are
negligible, it is difficult to explain the ‘building block’ of the extreme diversity of
phytoplankton, i.e., the stable coexistence of two phytoplankton on a single limiting resource.

There is a growing body of evidence, both theoretical and experimental, suggesting
that allelopathic interactions among phytoplankton species have a major role in shaping
phytoplankton-zooplankton dynamics and regulating phytoplankton diversity [6–23]. Some
of these studies [20, 21] suggested that ‘toxin-allelopathy’ can prevent competitive
exclusion in Lotkta-Volterra interactions. Further, the allelopathic effect can potentially
mediate resource competition in a chemostat. Focusing on simple resource-competition
models, Roy [22] proposed that two phytoplankton can stably coexist on a single
resource in a homogeneous media without any external factors when allelopathy acts as
‘pseudo-mixotrophy’. This chapter elucidates how this mechanism (‘if you cannot beat them
or eat them, just kill them by chemical weapons’ [22]) determines the outcome of resource

©2012 Roy, licensee InTech. This is an open access chapter distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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competition between two phytoplankton, and how it potentially contributes to maintaining
phytoplankton diversity in natural waters.

2. Mixotrophy and allelopathy

Mixotrophy is known to influence species interactions within a food web [24]. Mixotrophic
algae that can combine phototrophy and phagotrophy are an important component of
phytoplankton communities (e.g., [25]). Mixotrophy can be an effective strategy for securing
essential carbon required for the survival of algae in adverse conditions, such as, low
radiation, unfavourable temperature, salinity or pH [26, 27]. Studies further suggested that
certain algae (e.g., Prymnesium) can simultaneously be toxin producer and mixotrophic to
‘kill and eat’ [28]. However, not many species are known to follow this dual strategy that
combines allelopathy and mixotrophy. But, several species are known to be allelopathic as
they produce toxic or allelopathic chemicals (e.g., [13]). Studies suggested that the dynamics
of phytoplankton with competitors and grazers are modulated by the presence of toxic
species (e.g., [21, 29–31]). Allelopathy of toxin producers affects the growth and competitive
ability of sensitive species. Allelopathy alone can potentially overturn the outcome of
interspecific competition by providing ‘additional’ competitive and growth advantages to
the allelopathic species [20, 22]. Roy [22] proposed that theoretically the effect of allelopathy
can be viewed as pseudo-mixotrophy for the survival or coexistence of phytoplankton in
nutrient competition. In the rest of the chapter, this mechanism will be discussed.

3. Allelopathy mediating competition for a single nutrient

To demonstrate the allelopathic effect on nutrient competition, a standard
resource-competition model (presented in Table 1) is considered, which is a generalised
version of the model analysed by [22].

Eq. (1): Nutrient d N
d t =

net nutrient input
︷ ︸︸ ︷

d (N0 − N) −

uptake by P1
︷ ︸︸ ︷

1

η1
f1 (N) P1 −

uptake by P2
︷ ︸︸ ︷

1

η2
f2 (N) P2

+

recycling from P1
︷ ︸︸ ︷

η α1 (m1 P1 + φ(P1, P2) P1) +

recycling from P2
︷ ︸︸ ︷

η α2 (m2 P2)

Eq. (2): Non-allelopathic species
d P1
d t =

growth
︷ ︸︸ ︷

f1 (N) P1 −

loss
︷ ︸︸ ︷

m1 P1 −

loss by allelopathy
︷ ︸︸ ︷

φ(P1, P2) P1

Eq. (3): Allelopathic species
d P2
d t =

growth
︷ ︸︸ ︷

f2 (N) P2 −

loss
︷ ︸︸ ︷

m2 P2

Table 1. Representation of allelopathy in a nutrient-competition model of two phytoplankton
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Parameter Meaning Unit Functions/values from [22]

f1(N) Nutrient uptake function for species 1 day−1 µ1 N
K1+N

f1(N) Nutrient uptake function for species 2 day−1 µ2 N
K2+N

φ(P1, P2) Loss rate of species 1 due to allelopathy day−1 γ P1 P2
2

µ1 Maximum growth rate of species 1 (P1) day−1 1.0
µ2 Maximum growth rate of species 2 (P2) day−1 1.1
K1 Half-saturation constant for species 1 gL−1 0.6
K2 Half-saturation constant for species 2 gL−1 1.5
m1 Per capita loss rate for species 1 day−1 0.012
m2 Per capita loss rate for species 2 day−1 0.01
d Dilution rate day−1 0.25
N0 Input nutrient concentration gL−1 0.11

γ Allelopathy parameter cell−3 day−1 0.02

α1 Nutrient content per cell of species 1 gcell−1 5 × 10−5

α2 Nutrient content per cell of species 2 gcell−1 1 × 10−5

η Recycling efficiency dimensionless 0.5
η1 Yield coefficient of species 1 dimensionless 1.0
η2 Yield coefficient of species 2 dimensionless 1.0

Table 2. Functions and parameters with their meanings used in the nutrient competition model with allelopathic effect. The

quantities N, P1 and P2 are the concentrations of the nutrient, non-allelopathic species and allelopathic species, respectively.

The nutrient (with concentration N) uptakes by the non-allelopathic species (with
concentration P1) and allelopathic species (with concentration P2) are described by
the functions f1(N) and f2(N). In particular, these functions can take the standard
Michaelis-Menten forms (Table 3). The parameters of the model are described in Table (2).
Allelopathy of species 2 imposes a higher mortality to the non-allelopathic species, which can
be described by an ‘additional’ mortality term in the form of a phenomenological function
φ(P1, P2). This function may be a high-order interspecific product of P1 and P2 (see, Table 3)
- a particular case of which was considered in [22]. In the absence of allelopathy, the model
takes the form of a standard resource-competition model, which predicts the persistence
of one of the two species depending on the lowest minimum nutrient requirements (i.e.,
depending on minimum R∗ [5]). So, if φ(P1, P2) = 0, and if the non-allelopathic species has
a lower minimum nutrient requirement, it will win over the allelopathic species in nutrient
competition. However, if φ(P1, P2) �= 0, allelopathy provides advantage to species 2 by
imposing a higher mortality to species 1.

3.1. Coexistence of two phytoplankton on single nutrient

As mentioned in the previous section, the loss rate of species 1 due to allelopathy of species

2 can be described by a high-order product of P1 and P2: φ(P1, P2) = γ P
β1

1 P
β2

2 . A particular
case was analysed in [22], where the exponents were taken as β1 = 1 and β2 = 2. For

φ(P1, P2) = γ P
β1

1 P
β2

2 , it can be derived (following the analysis of [22]) that there exist
a critical value γc for the allelopathy parameter γ, such that, if γ < γc, no coexisting
steady state is possible. However, if γ > γc, two alternative steady states are possible,
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and depending on the initial conditions the system will settle to one of the two steady states
(see, Fig. 1). Therefore, for γ > γc one can find suitable initial concentrations of P1 and P2

for which stable coexistence two phytoplankton on a single nutrient is possible: Fig. 1-(b)
shows that in this case the ratio of P2 to P1 is stabilised to a non-zero value.
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Figure 1. Dynamics two phytoplankton when allelopathy exceeds critical level. (a) Saddle-node bifurcation for the model

system with γ as the bifurcation parameter. The figure was reproduced from [22] with permission from the publisher. (b) & (c)
Ratio of P2 to P1 corresponding to the stable and unstable dynamics presented by (a), respectively. Condition for no recycling

was used with other parameters and functions fixed at their default values/forms as in Table (2).

3.2. Critical conditions for coexistence

The critical level of allelopathy γc is a crucial quantity, which can be computed from the
parameters of the model. Corresponding to γc, there exists an unique coexisting steady state
(

N∗, Pc
1 , Pc

2

)

, where the magnitudes of Pc
1 and Pc

1 depend on the model parameters. Extending
the analysis of [22] , the magnitudes of these quantities can be derived explicitly for all
possible forms of the function φ(P1, P2) (Table 3). When γ > 0, the critical conditions for the
existence of the unique steady state can alternatively be derived with respect to N0 - the input
nutrient concentration. The allelopathy parameter γ would depend on the inherent biological
properties of the allelopathic species, and hence its magnitude cannot normally be altered
using experimental conditions. However, the parameter N0 associated with the experimental
conditions can very well be controlled. Rearranging the expressions of γc (Table 3), one can
derive the corresponding threshold magnitudes of the input nutrient concentration, say, Nc

0,
so that, for N0 > Nc

0 alternative steady states are possible leading to the stable coexistence
of two phytoplankton. The explicit expressions of Nc

0 for different forms of φ(P1, P2) are
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φ(P1, P2)
(

Pc
1 , Pc

2

)

γc for a given N0 Nc
0 for a given γ

γ P2 Does not exist - -

γ P1 P2

(
c3

2 c1
, c3

2 c2

)
4 A c1 c2

c2
3

N∗ +
(

4 A c1 c2
γ d2

) 1
2

γ P1 P2
2

(
c3

3 c1
, 2 c3

3 c2

)
27 A c1 c2

2

4 c3
3

N∗ +

(

27 A c1 c2
2

4 γ d3

) 1
3

γ P
β1
1 P

β2
2

(
c3 β1

c1 (β1+β2)
,

c3 β2
c2 (β1+β2)

)
A c

β1
1 c

β2
2 (β1+β2)

(β1+β2)

c
(β1+β2)
3 β

β1
1 β

β2
2

N∗ +

(

A c
β1
1 c

β2
2 (β1+β2)

(β1+β2)

γ β
β1
1 β

β2
2 d(β1+β2)

) 1
(β1+β2)

Table 3. Parametric conditions for stable coexistence when allelopathy acts as pseudo-mixotrophy in nutrient competition

models. The allelopathic effect is denoted by φ(P1, P2), the critical steady state by (N∗ , Pc
1 , Pc

2 ), the critical level of allelopathy
by γc , and the threshold level of N0 by Nc

0 . The quantities c1, c2, c3 and A used in the table are defined as:
c1 = 1

η1
f1(N∗)− η α1 (m1 + A), c2 = 1

η2
f2(N∗)− η α2 m2, c3 = d (N0 − N∗), with A = f1(N∗)− m1, and N∗ is given by

f2(N∗) = m2. In particular, f1(N) =
µ1 N

K1+N and f2(N) =
µ2 N

K2+N , N∗ =
m2 K2

µ2−m2
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2 . The parameters are fixed at their default values as in Table (2).

presented in Table (3). The results in Table (3) can be used to address how the critical
values γc, Nc

0, Pc
1 and Pc

2 may change due to uncertainties in describing the allelopathic effect
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by a phenomenological function. Considering the general form φ(P1, P2) = γ P
β1

1 P
β2

2 , the
magnitudes of γc, Nc

0, Pc
1 and Pc

2 are computed for a range of values of the exponents β1 and
β2 (Fig. 2). If the model parameters are fixed, γc or Nc

0 would be minimum when β1 is the
lowest and β2 is the highest (Fig. 2-a, b). The unique steady states of P1 and P2 depend on
both β1 and β1: for a given β1, Pc

1 decreases but Pc
2 increases with β2 (Fig. 2-c, d).

3.3. Allelopathy as pseudo-mixotrophy

The function of allelopathy in mediating the coexistence can be understood from the Figs.
(3) & (4). Under nutrient-limiting conditions, allelopathy of the weaker competitor helps
increase the availability of nutrient the by killing the stronger competitors: an illustration
of this process based on the model of [22] is given in Fig. (3-a). In the simplest scenario,
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Figure 3. Allelopathy as pseudo-mixotrophy: (a) Enlargement of the available nutrient pool due to killing of competitors by

allelopathy; (b) Increased ratio of per capita nutrient uptake by allelopathic species to that by non-allelopathic species. Red and

black lines indicate conditions of no allelopathy and allelopathy beyond the critical level, respectively. Condition for no recycling

was used with other parameters and functions fixed at their default values/forms as in Table (2).

when recycling of nutrient is ‘turned off’ in the model, and no killing by allelopathy takes
place, the level of available nutrient decreases and stabilises to a low value where the
non-allelopathic species alone survives eventually (Fig. 3-a, b). However, the extra (higher)
mortality of species 1 (P1) due to killing by allelopathy of species 2 (P2) leads to elevation
of the nutrient concentration (and further prevents it from decreasing gradually) (Fig. (3-a);
the nutrient concentration eventually stabilises to a level where both species stably coexist
(Fig. 3-a, b). The ratio of per-capita nutrient uptake by P2 to that of P1 decreases to a low
value when killing by allelopathy does not take place (Fig. 3-b, Fig. 4-a); however, this ratio
stabilises to a considerably higher value when allelopathy kills stronger competitors (Fig. 3-b,
Fig. 4-b). When nutrient recycling is incorporated, killing by allelopathy increases the dead
cells (Fig. 4-c,d), and the recycling process releases a portion of the nutrient quota of the
dead competitors available for uptake (Fig. 4-d). The recycling process coupled with killing
by allelopathy thus generates an extra amount of nutrient (Fig. 4-d) available for uptake by
the species. Therefore, by imposing higher mortality to stronger competitor, allelopathy
provides clear advantage to the weaker competitor. This mode of action of allelopathy
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non-allelopathic species alone survives eventually (Fig. 3-a, b). However, the extra (higher)
mortality of species 1 (P1) due to killing by allelopathy of species 2 (P2) leads to elevation
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cells (Fig. 4-c,d), and the recycling process releases a portion of the nutrient quota of the
dead competitors available for uptake (Fig. 4-d). The recycling process coupled with killing
by allelopathy thus generates an extra amount of nutrient (Fig. 4-d) available for uptake by
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Figure 4. Schematic diagram showing the function of allelopathy as pseudo-mixotrophy. Competition between two

phytoplankton (P1, P2) under a single nutrient (N) with or without the effect of allelopathy: (a) no nutrient recycling and

no allelopathy; (b) no nutrient recycling, but killing by allelopathy; (c) nutrient recycling, but no allelopathy; and (d) nutrient

recycling and killing by allelopathy. The thin and thick arrows indicate low and high values for nutrient uptake, respectively;

dashed and continuous lines represent low and high level of recycling respectively; and the sizes of the circles and squares

represent concentrations of the variables. The orange curved-arrows indicate when killing by allelopathy is incorporated. In

(a) and (c), the weak competitor P2 is excluded, whereas, P1 survives. In (b) and (d), P1 and P2 stabilises with concentrations

depending on the model parameters (which are not represented by the relative size of the circles).

that provides growth advantage to the allelopathic species, not through direct predation but
through killing of the competitors (e.g., Fig. 4-b, Fig. 4-d), was termed as pseudo-mixotrophy
[22]. In this process killing by allelopathy provides a positive feed-back by increasing of
the growth limiting resource that reduces the competition pressure (e.g., Fig. 4). Clearly,
this feedback loop provides crucial benefit to the growth rate of the allelopathic algae, and
modulates the dynamics of the resource competition within a common trophic level.

4. Relevance to empirical and experimental studies

It is clear from the previous sections that allelopathy acting as pseudo-mixotrophy can
theoretically stabilise nutrient competition of two phytoplankton on a single limiting
nutrient. However, the applicability of this mechanism across natural phytoplankton is
largely unexplored. An empirical or experimental evidence for pseudo-mixotrophy is
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still in demand. But, recent studies have shown promise that the role of allelopathy in
maintaining biodiversity of natural phytopalnkton may be explored further. For example,
chemical warfare has been shown to increases bio-diversity in microbial realm [32]; and [20]
showed that allelopathy may be responsible for co-existence of the competing phytoplankton
in the Bay of Bengal. The question of how much diversity of phytoplankton can be
supported though allelopathy alone was addressed by [23], who derived a deterministic
relationship between the abundance of the potential allelopathic species and the diversity
of non-allelopathic phytoplankton (see, Fig. 5). The abundance-diversity relationship in Fig.
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Figure 5. Deterministic relationship between the abundance of toxin-producing phytoplankton (TPP) and the diversity of

non-toxic phytoplankton (NTP) in the Bay of Bengal. The figure is reproduced from [23] with permission from the publisher.

The Shannon diversity of non-toxic species is plotted as a function of the abundance (nos./l) of toxin-producing phytoplankton

defined by [23]. The solid line represents the fitted model of with the data presented in open circles. The dashed lines are the

predicted model at 95% confidence level.

(5) shows a unimodal pathway through which the abundance of allelopathic phytoplankton
regulates the diversity of non-allelopathic phytoplankton [23].

5. Concluding remarks

This chapter elucidates how phytoplankton allelopathy may function as pseudo-mixotrophy
in determining the dynamics of nutrient-phytoplankton models, and how phytoplankton
diversity is maintained in those systems. Firstly, the ecological conditions under which
allelopathy functioning as pseudo-mixotrophy overturns the outcome of nutrient competition
between two phytoplankton (e.g., [22]) is presented explicitly in terms of the model
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parameters. Secondly, the difficulties in mechanistically describing the allelopathic effect
of a phytoplankton on its competitors is addressed by considering a phenomenological
function, and the ecological conditions for the coexistence of phytoplankton species
and stability of competition dynamics are derived. Thirdly, the competition dynamics
is explored under the assumptions of ‘no nutrient recycling’ and ‘continuous nutrient
recycling’; and the effects of changing initial nutrient pool in culture media is explored.
Therefore, a comprehensive set of constraints is derived under which allelopathy acts as
pseudo-mixotrophy in nutrient-phytoplankton models. Finally, the evidences of allelopathic
effects in determining the diversity of phytoplankton in natural systems are presented. In
particular, how the increasing abundance of allelopathic species may regulate the diversity
of phytoplankton (e.g., [23]), is discussed. The mechanism presented here would be
useful for better understanding of the biodiversity and function of marine ecosystems.
Allelopathy functions as ‘pseudo-mixotrophy’ in nutrient-phytoplankton models, which are
often the basis of marine biogeochemical and ecosystem models. This mechanism has
not been explored in relation to ocean biogeochemical models, which are generally used
to predict phytoplankton species composition, and estimate the scale of oceanic carbon
sink. Given the complexities in representing phytoplankton functional types in global
biogeochemical models (e.g., [33]), it would be useful to understand how allelopathy or
pseudo-mixotrophy of a phytoplankton type may affect the dynamics of the other types. The
ecological conditions derived will be useful for investigating the role of ‘pseudo-mixotrophy’
in marine ecosystem models. The current challenges in monitoring, controlling and
managing harmful algal blooms (HAB) (e.g., [34]), and predicting their consequences in
aquatic ecosystems require better understanding of the dynamics of toxic or allelopathic
species. Recent studies have also reported other roles of phytoplankton allelochemicals,
e.g., defence against predators [35], and ‘casual parasitism’ that helps supplying organic
nutrient to the mixotrophic donors by lysis of prey [36, 37]. It will be worthwhile to further
explore the mechanism presented here in relation to the succession of phytoplankton taxa
that are known to form HABs. It is noteworthy that currently the mechanism has been
explored using simple resource-competition models that can be tested in an experimental
(chemostat) set up. Such an experiment will be helpful in formulating and parameterising
resource-competition models including allelopathy, and for better understanding of the
constraints of phytoplankton diversity.
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Chapter 2Provisional chapter

Functional Redundancy and Ecosystem Function — The
Soil Microbiota as a Case Study

Stephanie D. Jurburg and Joana Falcão Salles

Additional information is available at the end of the chapter

1. Introduction

Understanding ecosystem functioning has been a main focus of ecological studies due to its
importance for the maintenance of ecosystem integrity and human livelihood. While identi‐
fying and measuring relevant ecosystem functions may be a seemingly straightforward task,
isolating the biota responsible for the provision of a particular function is far more complicated.
In this context, understanding how biota influence ecosystem functioning remains a very
active area of research in ecology, known as Biodiversity-Ecosystem Function (BEF) [1]. Given
the accelerating rates of biodiversity loss [2] and predicted increases in the intensity and
duration of extreme climate events [3], understanding how species interact to provide
ecosystem functions is crucial for anticipating change as well as for establishing appropriate
biodiversity buffers in order to minimize the risk of functional loss and maintain ecosystem
integrity.

Functioning can be evaluated in the short-term, in which case the magnitude of the process is
of interest, or in the long-term, measured as the probability that this is maintained in the face
of environmental change. In both cases, functioning is an emergent property of ecosystems:
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microbes [4]. The implicit assumption is that microbial community composition is not relevant
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determining their function is the environment. Specifically, in microbial systems, where
diversity and abundance are extreme and growth rates are rapid, it was formerly assumed that
redundancy is so high that diversity and community composition are decoupled from
functioning due to the following observations: 1) most microbial species are ubiquitous and
present in very low densities, awaiting an opportunity to “bloom”; 2) the rapid adaptability
of microbes means that such a system will never be so impoverished as to cease functioning;
and 3) the microbial system is so tightly linked to its physical environment that it cannot be
studied within the context of cause-effect that is generally necessary for BEF studies. However,
recent studies have shown that community composition matters to function [5,6]: in soil,
microbial communities exhibit a home-field advantage in decomposing endemic vs. foreign
litter [7,8] and different communities do not become more similar when exposed to the same
environment [9]. This ongoing discussion has been particularly important in the realm of
ecosystem models, where stable physical parameters or very coarse microbial parameters
(such as total biomass) are assumed to accurately represent microbial contributions to
ecosystem function [10].

Despite the current gaps in knowledge of microbial communities, this is an extremely attractive
system for the study of BEF: the ease of manipulation, wide range of metabolic diversities, and
availability of direct links between genetic diversity and function (i.e. functional gene analyses)
allow for a range of experiments which would not be possible in other ecosystems. Particularly,
the high turnover rate and diversity allow for studies which target the effect of redundancy
on long-term function. A wide range of studies regarding this relationship are now available
(for in-depth reviews, see [11,12]), but the results of microbial BEF studies have often been
contradictory. The purpose of this chapter is to provide a comprehensive analysis of redun‐
dancy in microbial communities, paying special attention to the intricacies of these systems,
in order to understand why these contradictions arise, and shed light on how redundancy
might bolster ecosystem function in these extremely diverse ecosystems.

2. Microbial diversity and its contribution to ecosystem function

Microbial systems are responsible for the provision of a wide range of crucial ecosystem
services, but little is known about the role of diversity in maintaining this function. This is
mostly due to the overwhelming complexity found in them: the study of microbial commun‐
ities has been likened to the study of solar systems [13]. This diversity is still not properly
constrained: the lack of an ecological species definition for prokaryotes [14] has led to the usage
of the operational taxonomic unit (OTU), defined as 97% sequence similarity in the 16S rRNA
gene, is used as a threshold for prokaryotic species, however this threshold may not be
comparable to the eukaryotic definition of species [14]. This means that most prokaryotes can
be identified based on their sequences alone, which makes distinguishing rare species from
sequencing errors nearly impossible [15], and obscures the definite measurement of prokary‐
otic diversity. Nevertheless, it is agreed that microbial diversity is extremely high: one gram
of soil may contain 103-106 unique taxa [16,17]. Furthermore, the link between phylogeny and
function is truncated for prokaryotes, where horizontal gene transfer allows for the acquisition
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of functions—particularly those associated with adaptability to new environments—further
complicates analyses of function through genes [18].

Despite these obstacles, microbial BEF—particularly for soil microbial communities —
demands much attention. In addition to serving as repositories of genetic information [19],
they provide ecosystem services which are fundamental for human persistence, including the
maintenance of agricultural systems and waste recycling [20]. In an assessment of the economic
benefits of biodiversity, the soil microbiota was partly or fully responsible for waste recycling,
soil formation, nitrogen fixation, bioremediation of chemicals, biotechnology, and biocontrol
of pests. These services amounted to an estimated $1.16 trillion dollars per year globally, which
was over a third of the estimated annual contribution of terrestrial ecosystem services to the
worldwide economy [21]. This study contrasts sharply with another estimate which, while
considering both terrestrial and marine ecosystem services, differed in its estimate of the total
annual value of these services by more than an order of magnitude[22]. This discrepancy
illustrates the prevailing lack of consensus regarding the economic weight of ecosystem
services, which is particularly problematic the face of biodiversity loss [20] because it obscures
the value of preserving biodiversity for the sake of the services it provides. It also illustrates
how functional classifications may be considered arbitrary: depending on the functions
selected, how they are measured, and how they are valued, very different views of the same
system can be obtained.

Novel technologies are beginning to open the door for the pursuit of deeper ecological
understanding of microbial systems, but these advances are not accompanied by an increase
in ecological theory. High-throughput sequencing has greatly accelerated the rate at which
new microbial species can be detected, but their ecological properties remain a mystery [19].
Thus, although we know increasingly more about “who is there?”, this information is not
accompanied by characterization of the new species’ niche spaces (“what are they doing?”),
which precludes the understanding of how additional species affect function at an ecosystem
level. Instead, the large majority of BEF studies in microbial ecology tend to focus on a single
or few ecologically relevant functions, and often measure the abundance and diversity of
functional groups or genes associated with those functions. For example, the soil microbiota
play a crucial role in the nitrogen cycle and studies trying to understand the link between N
associated functions and soil microbiota use functional genes associated with different steps
of the cycle, such as those associated with nitrification and denitrification, as a way to cut
through the overwhelming diversity found in soils, and focus on functionally relevant
microbial community dynamics, which may scale up and affect functioning at the ecosystem
level [23].

3. Microbial BEF: A world of contradictions

Due to their rapid generation times and the large diversity found in small volumes, microbial
systems are ideal settings to probe BEF relationships, particularly in controlled laboratory
microcosm experiments [19]. Indeed, while much remains unknown about the world’s
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microbiota [24], microbial BEF research has seemingly kept pace with macroecological research
[25]. The former, however, has been riddled with contradictory results, and evidence for a
positive BEF relationship has not been as strong as for the latter. Some of these discrepancies
may arise from the heterogeneity which is unique and inherent to the microbial system. From
an environmental perspective, the extremely heterogeneous soil matrix may unevenly buffer
the effect of environmental change, reducing the homogeneity of the community’s response.
It is also important to note that the phenomena occurring in microenvironments within which
the soil microbiota exist are of necessity averaged out for measurement, as current methodol‐
ogies require soil to be homogenized before studying [26]. Furthermore, while positive BEF
relationships are expected [1], a negative relationship resulting from antagonistic interactions
has been documented [27,28].

Many contradictions have been attributed to differences in experimental setup. A recent meta-
analysis indicates that most microbial BEF research has relied on comparative approaches,
which test the BEF relationship across environmental gradients or treatments, rather than
explicitly manipulating biodiversity [25] (Figure 1). The more common, comparative ap‐
proaches are potentially riddled with hidden variables, and thus do not allow for the drawing
of a direct link between diversity and function. For this reason, here we focus mainly on
experiments which involve direct manipulation of diversity, which tend to find a strong,
positive BEF relationship [13].

Figure 1. The relationship between diversity and function is asymptotic; different experimental approaches target dif‐
ferent levels of species richness [13]. By greatly reducing diversity and environmental variability, assembly experi‐
ments seek mechanistic insight into the direct effect of diversity on process rates under minimized redundancy, that is,
short-term function (a). Dilution-to-extinction and fumigation experiments retain greater species richness, and tend to
emphasize the relationship between diversity and stability (i.e. long-term function) under otherwise stable environ‐
mental conditions (b). These experiments focus on systems in which the functioning asymptote is approached, al‐
though some dilution experiments cover broader ranges of diversity, as in [29] (b, dotted line). In observational
studies, diversity is not manipulated, and the focus is rather on the effect of environmental change on the community’s
ability to maintain process rates (c). In this case, the level of redundancy is high enough to ensure no effect of diversity
on functioning, although both positive and negative effects (c, dotted lines) have been observed for this type of experi‐
ments [28,30]

Biodiversity in Ecosystems - Linking Structure and Function432



microbiota [24], microbial BEF research has seemingly kept pace with macroecological research
[25]. The former, however, has been riddled with contradictory results, and evidence for a
positive BEF relationship has not been as strong as for the latter. Some of these discrepancies
may arise from the heterogeneity which is unique and inherent to the microbial system. From
an environmental perspective, the extremely heterogeneous soil matrix may unevenly buffer
the effect of environmental change, reducing the homogeneity of the community’s response.
It is also important to note that the phenomena occurring in microenvironments within which
the soil microbiota exist are of necessity averaged out for measurement, as current methodol‐
ogies require soil to be homogenized before studying [26]. Furthermore, while positive BEF
relationships are expected [1], a negative relationship resulting from antagonistic interactions
has been documented [27,28].

Many contradictions have been attributed to differences in experimental setup. A recent meta-
analysis indicates that most microbial BEF research has relied on comparative approaches,
which test the BEF relationship across environmental gradients or treatments, rather than
explicitly manipulating biodiversity [25] (Figure 1). The more common, comparative ap‐
proaches are potentially riddled with hidden variables, and thus do not allow for the drawing
of a direct link between diversity and function. For this reason, here we focus mainly on
experiments which involve direct manipulation of diversity, which tend to find a strong,
positive BEF relationship [13].

Figure 1. The relationship between diversity and function is asymptotic; different experimental approaches target dif‐
ferent levels of species richness [13]. By greatly reducing diversity and environmental variability, assembly experi‐
ments seek mechanistic insight into the direct effect of diversity on process rates under minimized redundancy, that is,
short-term function (a). Dilution-to-extinction and fumigation experiments retain greater species richness, and tend to
emphasize the relationship between diversity and stability (i.e. long-term function) under otherwise stable environ‐
mental conditions (b). These experiments focus on systems in which the functioning asymptote is approached, al‐
though some dilution experiments cover broader ranges of diversity, as in [29] (b, dotted line). In observational
studies, diversity is not manipulated, and the focus is rather on the effect of environmental change on the community’s
ability to maintain process rates (c). In this case, the level of redundancy is high enough to ensure no effect of diversity
on functioning, although both positive and negative effects (c, dotted lines) have been observed for this type of experi‐
ments [28,30]

Biodiversity in Ecosystems - Linking Structure and Function432

The manipulative experiments fit within two categories. In assembly experiments, a com‐
munity is experimentally assembled to test the effect of each additional species or community
structure on the community [31]. By studying overly-simplified communities, these studies
tend to target the ecological functioning that arises from minimally redundant systems—that
is, right before functioning begins to ‘saturate’ (Figure 1a). This approach has been criticized
because it can only include culturable bacteria, which may represent less than 1% of soil
microbes [32], and because the diversity levels achieved are always unrealistically low, and
effects observed at such low diversity levels may not be relevant or applicable to more realistic
scenarios and thus is not representative. Furthermore, this setup generally ignores the effect
of historical selection patterns on community composition, which seems to be related to
functioning as well [7]. Nevertheless, studying only culturable microbes allows for a full
functional characterization of each population introduced into the system, and in this way
over-yielding of the community as an emergent property of biodiversity can be studied
mechanistically. For example, by characterizing 16 species of denitrifying bacteria in terms of
their use of 6 carbon resources found in soil, Salles and colleagues created a model to predict
CO2 production and denitrification based on the added functioning of each individual in the
system. In this way, they were able to detect over-yielding and potential antagonism within
their assembled communities [33]. This body of work has found a strong, positive BEF
relationship, but has also stressed that it is the diversity of the functional traits in the com‐
munity—not the number of taxa present—which affect functioning: for example, a recent 12-
strain assembly experiment found that the best predictor of function was the phylogenetic
diversity of each microcosm [34], which agrees with previous findings [35]. The ability to
manipulate genotypic and functional diversity as well as the distribution of species in
assembled communities has been crucial for this [36,37]. Unfortunately, assembly experiments
represent less than 1% of microbial BEF studies, and long-term studies using assembly
experiments are non-existent: the lack of further mechanistic insight is one of the greater gaps
in microbial BEF research [13,25].

A second approach is to erode a large part of the microbial population selectively (e.g. using
heat or chloroform) or randomly (reinocculating sterile soil with serial dilutions of the original
community), in the so called removal experiments. These systems seem to maintain redun‐
dancy and a large part of their complexity, and much of the extant long-term BEF research has
depended on removal microcosms (Figure 2b). The first studies on microbial BEF used these
approaches [38], and together with subsequent works have found that broad microbial
functions, such as organic matter decomposition, are not affected by large decreases in
diversity, but that soils with lowered diversity seem to be less resistant to invasion and less
resilient to disturbance [38,39]. Nevertheless, these studies have also yielded contradictory
results. For example, in one case, microbial diversity was reduced by inoculating sterile soil
with serial dilutions of its original community, but the rate of carbon mineralization, nitrifi‐
cation and denitrification enzyme activity were not related to the diversity treatments, even
after diversity reductions of more than 99% of the soil biota, suggesting no BEF relationship
[40]. Using the same serial dilution approach, another experiment found that while a 10-5

dilution led to a 75% decrease in estimated richness, the potential denitrification rates of these
soils was reduced by about 75% as well, pointing at a strong, positive BEF relationship [29].
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Soil microbes are intricately tied to their environment and to each other. The complexity of the
system requires that it be simplified for study, but in doing so in ways which maintain an
ecosystem which is representative of the natural one has been incredibly challenging [13]. The
three approaches discussed here—comparative gradient analysis, assembly, and removal
experiments—target the study of the effect of the environment, diversity, and redundancy on
functioning, respectively.

4. Functional redundancy and diversity

Redundancy is a characteristic of ecological systems which arises when “different species
perform the same functional role in ecosystems so that changes in species diversity do not
affect ecosystem functioning”, and must be defined relative to the system being studied [41].
The term was first developed in an attempt to optimize conservation efforts and direct them
towards the most ecologically relevant species, highlighting the importance of diversity in
maintaining functional stability and the integrity of the ecosystem in the face of environmental
fluctuation [42], and was later taken up as a way to calculate how much biodiversity could be
lost before it affected function [43].

Functional redundancy emerges from the functional classification of its individuals. In contrast
to taxonomic classifications, functional ones group organisms based on their contribution to
ecosystem functioning rather than phylogeny. This classification paradigm has several
advantages: functional diversity is generally a better indicator of ecosystem functioning than
the direct measurement of species richness [34,44–46], and functional classifications implicitly
account for environmental and biotic interactions by measuring only the outcome of com‐
munity composition, thereby overcoming the oversimplification which stems from studying
individual species in a laboratory setting. While this classification scheme is not universally
applicable in the sense that functions must be defined relative to the system, it allows for the
comparison between ecosystems that contain different species [47].

A major obstacle in applying functional classifications is the different interpretations of what
constitutes a functional group, functional guild, or functional type. While functional classifi‐
cations are not new to ecology, they became popular fairly recently, with the definition of the
functional guild as a conceptual tool: “…a group of species that exploit the same class of
environmental resources in a similar way. This term groups together species, without regard
to taxonomic position, that overlap significantly in their niche requirements. (…) A species can
be a member of more than one guild” [48]. Since then, new terms (e.g. functional group,
strategy, trait, etc.) emerged and were used to define slightly different, yet overlapping
concepts (for an in-depth discussion, see [49]). While the concept was rapidly adopted by
ecology, it was not applied rigorously during the development of classification schemes,
rendering them incomparable in many cases. Perhaps the biggest problem has been differen‐
tiating between functional response groups (groups of organisms which respond similarly to
changes in environmental factors) and functional effect groups (groups of organisms species
which contribute in a similar way to ecosystem function) [50]. In order to understand the link
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between ecosystem functioning and biodiversity, both of these classifications are necessary:
under a given environmental condition, knowing which organisms are in their optima and
which are out of their functioning range precludes the understanding of how biodiversity
affects function, as much of this diversity may be apparent in terms of functioning if the
organisms are diverting resources from growth to persistence. Classifying organisms into
functional response groups becomes even more important if the functions in question are long-
term, and environmental variability is a factor (see section 5.2).

Nowhere is the need for functional effect classifications more important than in the soil
microbiome, where it is estimated that 85% of microbial cells and over 50% of microbial OTU’s
are inactive at any given time [51]. This means that a majority of the soil microbial diversity is
only apparent with regards to short term functioning (the long term implications of these
‘microbial seed banks’ are discussed in a later section). Despite the need, to our knowledge
only one experiment has classified a set of microbes based on their response to environmental
change [52]. In this study, respiration—which is related to growth—was used both as an
indicator of function (functional effect trait) and fitness (functional response trait) for 23
individual strains of bacteria and 22 strains of fungi across a range soil moisture contents.
While for some organisms the wettest soil coincided with the highest respiration, many strains
exhibited optimal respiration rates at intermediate moisture contents. Different niche breadths
—tolerance to a wide range of environmental change—were observed. There was a strong
phylogenetic signal associated with moisture tolerance: closely related strains performed more
similarly that would be expected if the relationship between phylogeny and functional
response were random. Finally, it was observed that biofilm-producing organisms performed
better at low moisture content and had a wider tolerance range, but grew more slowly,
highlighting the fact that environmental adaptation requires trade-offs [52].

The above study created the first microbe-focused functional response classification, but did
not further study whether these strains, when combined, behave similarly, or whether the
behavior changes with increasing community diversity. To our knowledge, no such studies
exist. The novel practice of seeking the ‘core microbiome’ of an environment—that is, to
distinguish between microbial species which change in response to the environment [53]—
alludes to the need to group organisms based on their response traits, but it is generally
measured in natural environments, and as such is riddled with confounding factors. One factor
which distinguishes prokaryotes from other organisms is the ability to acquire mobile genetic
elements (i.e. plasmids), which often contain genes that facilitate survival in a wider range of
environmental states [18]. The potential change in response trait classification resulting from
the acquisition of mobile genetic elements also remains unexplored.

5. The additive effect of biodiversity

The primary concern of BEF research is not the individual capacity of an organism to function,
but rather the emergent properties that arise from biodiverse communities. This improvement
in functioning may be an increase in functional output—known as the short term effects of
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biodiversity—or an increase in the probability that this level of functioning will be maintained
given environmental change, known as the long term effects (Figure 2). These emergent
properties are particularly hard to measure in complex systems due to the difficulty of
partitioning and attributing changes in community function amongst a plethora of individuals.

Figure 2. The short and long-term effects of biodiversity are studied in systems where diversity is simplified to differ‐
ent levels: for the former, the assembly approach discussed in section 3 is generally optimal (a), as simple systems are
more tractable and it is easier to link an individual to increases in function. For the study of the long-term effects of
biodiversity on ecosystem function—namely stability and adaptive capacity—more diversity is preserved. The empha‐
sis is on monitoring the variability of functional parameters over time, if the goal is to determine intrinsic stability (b);
or to measure resistance and resilience of the system to disturbance, if the focus is on functional stability sensu Pimm
1984 [54]. The study of alternative stable states and adaptive capacity is in its infancy, and even less is known regard‐
ing the redundancy on these two ecological properties in microbial systems.

5.1. Short term effects: Productivity

The idea that biodiversity increases ecosystem function was engraved in Darwin’s original
work “...if a plot of ground be sown with one species of grass, and a similar plot be sown with
several distinct genera of grasses, a greater number of plants and dry herbage can be raised in
the latter than in the former case (...) the truth of the principle that the greatest amount of life
can be supported by the great diversification of life, is seen under many natural circumstances"
[55]. At the most basic level, BEF research seeks to understand which characteristics arise from
the presence of additional species in an ecosystem before ecosystem function begins to saturate
(Figure 2a). These emergent properties—also known as biodiversity effects—are broadly
categorized as selection or complementarity [25], and are considered to be the mechanistic
processes by which more diverse ecosystems exhibit higher process rates.

Selection refers to the phenomenon in which a more diverse community will have a higher
probability of containing more productive organisms. The better-performing organism tends
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to outcompete the rest for resources, returning the system to a monoculture in which its
productivity dominates the entire system’s productivity; interactions between competing
species are not considered to be significant contributors to changes in function. Here, the
maximum functioning for the community is determined by the rate of functioning of the most
productive species [25,56]. In cases where the most competitive species is the less productive
one, selection can lead to a negative BEF relationship.

Complementarity on the other hand, results from the competition for resources within a
community, which may result in specialization and niche differentiation: as two species
compete for a resource, they become specialized in exploiting the resource in different ways
or times in order to minimize competitive pressure. In time, a greater efficiency is expected
from the system as resources are used more thoroughly. Facilitation is a special case of
complementarity, where mutualisms arise among organisms in a community, and result in
higher ecosystem productivity [25]. While complementarity also predicts an asymptotic
relationship between diversity and function, in this case the maximum productivity of the
system may be higher than the productivity of any single member species—a phenomenon
termed overyielding. In this scenario, the productivity of the system should be superior from
the added productivities of the component species [57,58].

Evidence for resource-use complementarity in the soil microbial system is scant: in one case,
microcosms containing up to 8 strains of cellulolytic bacteria were assembled and monitored
over 25 days. Greater species richness supported more individuals and faster decomposition
rates than any monoculture. Furthermore, the initial frequency distribution of inoculated
organisms was maintained in the richest microcosms, suggesting coexistence, but it was not
possible to distinguish whether this coexistence was due to niche differentiation or facilitation,
although the authors suggest both mechanisms were present [59]. Similarly, in the assemblage
experiment with denitrifying bacteria mentioned earlier, the expected function of an assem‐
bled community (‘community niche’) was calculated by summing the functioning of each of
its members, and this was compared to the realized function. The most productive species in
terms of CO2 did not coincide with the most productive denitrifiers, illustrating the danger of
underestimating relevant species when a single function is used to study the community. In
addition, community niche had a much greater explanatory power for the observed functions
than species richness alone. The positive relationship between community niche and function
suggested that the pattern of resource utilization of the species in a community are a major
driver of the increased functioning resulting from higher diversity (i.e. complementarity). The
authors also found a minor selection effect, where certain species had a greater effect on
community functioning than others, but they argue that in such dynamic communities, teasing
out the influence of selection from complementarity is irrelevant, as these are tightly inter‐
twined [33]. In contrast, a study using a similar experimental approach found that respiration
in assembled bacterial microcosms was lower in pairwise cultures than expected from the
monocultures, and even lower in multispecies cultures, suggesting a predominance of negative
interactions in this system [27].
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5.2. Long-term effects: Stability and resilience

Ecosystems are dynamic, and communities must maintain ecological processes in the face of
environmental change (stability), recover from radical environmental change (resilience), and
adapt to constantly changing environments (self-organization) in order to persist. These three
properties of diverse systems arise from the interplay between functionally redundant
organisms in the community: species within a functional effect group might belong to different
functional response groups. When environmental change occurs, it is the presence of organ‐
isms with different response patterns that allows for the maintenance of function, as species
with more favorable responses to environmental change can compensate for the loss of
function by the more sensitive species. In a similar way, the presence of functionally redundant
organisms allows for other, tolerant individuals to maintain function when sensitive ones die
or go dormant in response to disturbance.

Redundancy may be particularly important for the highly dynamic soil microbial system where,
while diversity may be extreme, it may be necessary to buffer environmental change and
guarantee the maintenance of function. The most well studied long-term BEF effect is function‐
al stability. The notion that redundancy results in stability is not new, however interest in the
development of mathematical models which mechanistically explain why this occurs did not
become popular until the late 1990’s. The importance of redundancy to ecosystem perform‐
ance was initially modeled by applying concepts of reliability engineering to the stability of
function [59]. In this model, ecosystem functioning was defined as “the biogeochemical activities
of an ecosystem or the flow of materials and processing of energy”, complexity as the number
of functional groups in the system, and reliability as the probability that the system will provide
enough services to perpetuate the cycle. Here, diversity increases the stability within a functional
group through compensatory growth, by which one species within a functional group increases
when another is reduced. This refers to the difference in environmental tolerances between
organisms, which suggests that in redundant systems, there is a higher probability that some
organisms will be unaffected by the environmental change, and these will be able to use the
resources left behind by the more sensitive species. Interestingly, this model looks at each
functional group in the system as a compartment that feeds into the others, and so collapse of
the system may come about if a single functional group becomes unstable.

The insurance hypothesis, developed a year later [60], builds on the previous model, and
attributes the increase in functioning and decreased variability to the positive selection of the
more productive species and the temporal asynchronicity of species responses to environ‐
mental fluctuation, respectively. Here, stability arises because the dynamics of the diverse
systems are less dependent on individual species. This is particularly important in soils, which
exhibit a very high species turnover rate: in one case, the bacterial and archaeal ammonia
oxidizing communities in a range of Dutch agricultural soils showed above 50% change in
community structure between seasons [61,62]. In another, it was shown that when colonizing
a novel environment, the microbial community undergoes drastic rearrangement, and draws
heavily from members of the ‘rare biosphere’ [9,63], a strategy which may be crucial for stress-
response [51].
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While the intrinsic variability of soils and the mechanisms that support it may be of interest
to understanding how redundancy contributes to microbial ecosystem function (figure 2b),
soil research rarely focuses on this aspect of stability. Instead soil stability is measured by
applying a disturbance to soils with naturally or artificially differing levels of diversity and
testing whether the microbiota are able to maintain function in the face of disturbance
(resistance), and the time it takes the function to be restored to its pre-disturbance levels
(engineering resilience, figure 2c) [54]. Redundancy can be measured as the diversity within
a functional group, which is often assessed through functional gene markers that allow for the
inclusion of unculturable organisms. As a whole, the results emerging from this area of
research are hard to interpret: the usage of disturbances of different identity, duration, and
intensity as well as the different time intervals between the measurements of resistance and
resilience render these studies incomparable [64].

Nevertheless, this body of work has yielded important insights into the relationship between
diversity and stability. For example, one study found that the diversity of both nitrite oxidizing
and denitrifying bacteria in soil was not significant in determining the rate of functional
recovery from experimental heating; rather, the main factor affecting this phenomenon was
the abundance of the genes responsible for the functions tested [65]. In this case, it was not
diversity, but sheer abundance which was responsible for stability. In another case, the
recovery rate of two soils with naturally differing levels of diversity was compared: while
mineralization of a labile carbon source (14C-labeled wheat shoot) remained unaffected,
mineralization of a recalcitrant substrate (14C-labeled 2,4 dichlorophenol) was impaired. The
more diverse soil was able to recover within the 9 weeks of the experiment, while the less
diverse soil did not [30], suggesting here diversity mattered not only for stability, but also for
the decrease in function.

Generally, narrower or less redundant functions have been found to be less stable following
disturbance than broad functions[66], supporting the notion that biodiversity acts to buffer the
system against fluctuations. In one case, respiration in serially diluted soil microbial micro‐
cosms exhibited no change in basal respiration or decomposition despite the large reductions
in diversity, but nitrification was progressively retarded with each dilution [38]. Changes in
community composition may affect function when, following disturbance, an abundant and
efficient species is replaced by a redundant, but less efficient yet tolerant one. For example,
monitoring potential nitrite oxidation (PNO) on soils that were treated with the cessation of
tillage on tilled land or the establishment of tillage on untilled land, it was possible to detect
a switch from Nitrobacter-like nitrite oxidizers to Nitrospira-like nitrite oxidizers with tillage,
which explained the decrease in PNO [67]. The cessation of tillage did not result in a restoration
of the Nitrobacter community within the 17 months of study, suggesting that long-term function
might have been permanently affected by treatment. In an assembly experiment comparing
the recovery from heating or metals in microbial communities of 1-12 bacterial species,
biodiversity increased stability, measured as community biomass, but this stability was closely
associated to the number of tolerant species in the community, a phenomenon analogous to
the selection effect [34]. In a separate experiment, altering the pH in mixed culture fermentation
reactors was shown to bring about the dominance of different species of Clostridium and elicit
slight changes in the reactor’s chemical output in accordance with the dominant species’
preferences [68].
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The distribution of species abundances within a community also affect stability: more evenly
distributed communities are generally more stable than communities characterized by one or
two dominant species [37,69]. In one case, the effect of selective stress on the stability of
assembled denitrifying communities of up to 18 species was highly dependent on initial
community evenness [37]. Even excluding the effect of the presence of tolerant species on the
community’s response, evenness played a significant role in maintaining stability.

Perhaps the clearest results have been obtained from studies looking at invasion resistance as
an indicator of functional stability [11]. In general, diversity decreases invasibility in microbial
systems [36,39,45]. By using both assembly and dilution in bacterial microcosms, a strong,
negative correlation was shown between diversity and invasibility of an invader E. coli strain
[39]. In a more recent experiment, the authors were able to attribute this decrease in invasibility
to a reduction in easily available resources and reduced competitive advantage in the more
diverse treatments. This result was confirmed by applying a resource pulse to the community
following invasion, which led to an increase in the abundance of the invading species [70]. An
analogous result was found in assembled communities consisting of different strains of
Pseudomonas fluorescens, where genetic dissimilarity within a community increased produc‐
tivity and decreased the success of the invader Serratia liquefaciens by decreasing the amount
of resources available to the invader [71].

While it seems that theoretical predictions of a positive relationship between diversity and
stability are somewhat in agreement, a large gap in the literature arises from differences
between the definition of stability employed in these two fields: while experimental microbial
ecology uses a functional definition of stability, which depends on resistance and resilience,
theory often relies on intrinsic functional stability, which is a stand-alone parameter that
measures the reduction of variability when there is no change in environmental parameters
(Figure 2b). It is expected that more diverse communities will be more functionally stable and
less compositionally stable, yet this has received little attention. The measurement of intrinsic
stability requires the repeated measurement of an unperturbed community over time. Instead,
a measurement is made immediately before disturbance to determine “normal” levels of
functioning, immediately after to evaluate whether the system was resistant, and for a third
time after a recovery period has passed. This approach does not consider that the system at
equilibrium exhibits a constant variability which is intrinsic to the system, called normal
operating range (NOR) [72], and thus cannot distinguish whether the response of a community
to disturbance fits within ‘normal’ ranges of fluctuation or not, or whether a system that is
deemed recovered is in a similar equilibrium to its undisturbed state.

6. Moving forward: Redundancy and adaptive capacity

The concept of resilience employed in the measurement of functional stability—engineering
resilience—differs from the ecological concept as it was originally proposed [73]—ecological
resilience. The former sees ecosystems as simple, rebounding springs, while the latter includes
the possibility of the system shifting to alternative states due to perturbation, and thus is much
harder to measure [73]. If ecological resilience is considered as a function in the same way as
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invasion resistance and stability, then it too can be progressively eroded. While research on
this topic has been sparse and has not directly manipulated diversity, evidence of this
phenomenon exists [74–78]. For example, mercury-contaminated, heat-shocked soils respond‐
ed much more slowly to substrate additions than the transiently tylosin-contaminated or
control soils [79]. The authors observed a significant decrease in the microbial diversity of the
mercury-contaminated soils, which may explain the reduced response following additional
disturbances. Mercury constitutes a long-term stress, so the heat-shocked communities were
already coping with the original disturbance; however some studies find that even when the
soils are allowed to recover from transient perturbations, their response to further disturbances
is slower than that of the control soils: in another case, grassland soils which had experienced
various forms of perturbation (reseeding, application of sewage-sludge, biocide/nitrogen and
lime additions) recovered their ability to decompose more slowly following both copper and
transient heat stresses than the unperturbed controls [78].

The concept of ecological resilience can be broken down into three characteristics: 1) the
amount of change a system can undergo while retaining the same controls on function and
structure; 2) the degree to which the system is capable of self-organization; and 3) the ability
to build and increase the capacity for learning and adaptation [80]. Systems in which ecological
resilience has been lost are unable to adapt to environmental change beyond a certain thresh‐
old, and in response to change shift to alternative stable states, in which the community is
characterized by a different set of interactions (Figure 2d). One question that arises from this
is whether microbial systems have stable equilibria to begin with. This is unclear, since the
detection of alternative stable states requires the measurement of intrinsic variability which,
as mentioned in the previous section, is not common practice in microbial ecology.

Another question is whether these irreversible shifts to alternative stable states have any
relevance to ecosystem cycles. By analyzing the available literature, we may find mechanisms
by which they do: the previously mentioned experiment in which tillage and no-tillage
agricultural lands experienced an exchange in practice and the productivity and structure of
the nitrite oxidizing communities underwent a catastrophic shift as, in response to an envi‐
ronmental change (tilling), the dominant members of a functional group (nitrite oxidizing
bacteria) fundamentally changed from a those belonging to a more efficient genus (Nitrobact‐
er) to a less efficient one (Nitrospira), leading to a decrease in function. Furthermore, cessation
of tillage did not result in the opposite change in community. This may be an example of
hysteresis—the phenomenon in which a system fails to return to its original state once
perturbation ceases [81]—which is a property of systems that exhibit alternative stable states.
In this case, the system may fail to return to its no-tillage state because the Nitrobacter
community has been eroded beyond its ability to recover, or because the new dominant,
generalist group is well suited for a wide range of environmental states, and it cannot easily
be outcompeted when the system returns to its original conformation. Regardless of the
underlying mechanism, this study provides evidence that a shift in the identity of the dominant
organisms in a functional group may have an effect on functioning, and that this change may
be irreversible. The implications of applying the ecological resilience concept to BEF studies
are unknown but potentially very relevant, however to our knowledge, no work explicitly
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targets the measurement of ecological resilience in microbial systems, and this represents a
serious gap in ecological research.

7. Conclusion

The last decade has seen a shift in focus, from a function-focused to a stability and probability-
focused perspective. This is to be expected: at a time in which climate is expected to become
more unpredictable [3], and biodiversity loss is expected to accelerate [2], it becomes important
to be able to guarantee not only that ecosystems will be able to function, but that they will still
be able to function in the face of drastic change. As mentioned earlier, the concept of functional
redundancy was developed as a way determine which species within a community required
the most conservation attention, and was later used to refer to a ‘minimum’ amount of
biodiversity needed to keep the system functioning. As the focus shifts from the from the short-
to the long-term effects of redundancy on ecosystem functioning, it becomes clear that the
ecological value of redundant species lies in their ability to buffer against environmental
change. Microbial communities are excellent model systems to study such buffering, not only
due to the extremely high level of functional redundancy found here, but also due to the fact
that these systems routinely experience rapid changes which may be catastrophic from a
microbial perspective, and yet as a community they are able to maintain function. It seems
that, even in the extremely diverse soil microbial system, diversity reductions result in
reductions in either long-term or short-term function, or both, although the current gap in
knowledge regarding microbial functional responses impairs our ability to understand the
mechanics of this reduction as well as our ability to predict when environmental change results
in functional change [82].

While the relevance of diversity to resilience and self-organization, and their contribution to
the maintenance of function may be elusive and hard to study experimentally, these relation‐
ships warrant our attention. Initial studies have already revealed the importance of rare species
in restructuring communities. Given current knowledge, it seems that in changing environ‐
ments, every species matters, even in communities as diverse as the soil microbial community.
Future research must delve into whether certain individuals matter more by evaluating the
functional response profiles of individuals and communities, and quantifying the effect of
changes of community composition on function.
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1. Introduction

Currently, environmental changes can be seen as an intrinsic feature of ecosystems, once
finding ecosystems that do not suffer of anthropogenic pressures, either direct or indirect, is
rare [1]. Such pressures come from the continuous and exponential human population growth,
which propels urbanization, activities and processes directly linked to the use of fossil fuels,
mining, agriculture and cattle growth. The maintenance of current human population growth
implies in the supply of a huge demand for food and technology, resulting in rising pollution
and loss of habitats and entire ecosystems [2-5].

Anthropogenic impacts alter the physical environmental characteristics, climate, temperature,
soil and water quality, and biogeochemical cycles, interfering directly on the biota [6-11]. The
immense resource consumption exerted by the human population demands an ongoing
exploitation of natural resources. This causes a constant increase of greenhouse gas emissions
and, consequently, the temperature around the globe, also generating an intense conversion
of soil use [12,13]. The shift from natural environments into cultivated soils became noteworthy
in several countries mainly after the Green Revolution, and together with the frequent use of
fertilizers, have changed or destroyed natural habitats, decreasing biodiversity directly or
indirectly [9,14]. In addition to these factors, species overexploitation and species invasion

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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have contributed to the decline of biodiversity [15]. Current data indicates that almost 30% of
known species in the World became extinct or are endangered due to anthropogenic pressures.

The loss of biodiversity itself is not the only problem associated with human disturbance, as
such habitat changes may have a harmful cascade effects that alter other environmental
properties. Every biodiversity loss may be translated into a loss of functional diversity [16],
which is related to the characteristics of organisms that allow them to perform different
function in the ecosystem [16,17]. These functions, such as seed dispersal [18,19], pest and weed
biological control [20], pollination [21], nutrient cycling [22], and the decomposition of organic
matter, among others, are essential to ecosystem functioning maintenance. Ecosystem
functioning include biogeochemical and ecosystem processes [23], responsible by matter
cycling and energy flow, being directly related to resource dynamics and ecosystem stability
[17]. Generally, the ecosystem functioning can be estimated as the magnitude and dynamics
of ecosystem processes resultant from the interactions within and between different levels of
biota [24].

Traditionally, the main parameters used for estimate ecosystem functioning are linked to plant
communities, such as primary productivity and biomass stability [25-27]. Processes mediated
by other organisms, including arthropods, have seldom been used for such estimates [28,29],
regardless their crucial role. Arthropods are very diverse organisms, abundant everywhere,
highly successful and spread across the globe. They represent more than 80% of all described
biodiversity and, among them, insects are the most abundant [30]. Arthropods perform several
functions in ecosystems, at different levels. These organisms inhabit from the underground
soil layers to the top of tress, are engaged in several trophic levels, and interfere in the
occurrence and distribution of several other organisms through intricate interactions such as
predation, competition, herbivory and mutualism. Arthropods perform soil bioturbation [31],
pest, weed, parasite and disease control [32-34], pollination [35,36], seed dispersal [18,37], dung
and carrion removal [37], and act in decomposition and nutrient cycling [22,38,39]. Thus, it is
expected that changes in the diversity of arthropods can also trigger changes in the ecosystem
functioning.

Functional features of species may influence how ecosystem functioning will be altered with
biodiversity loss [40]. Different species may be redundant in the functions they play in the
ecosystem, and in this case species loss would be compensated by another one that performs
the same function. Hence, biodiversity loss would not necessarily cause decrease on ecosystem
functioning, as well as it would not increase if new species were added (redundancy hypoth‐
esis, or null hypothesis). Alternatively, some species may be singular or unique in the functions
they play within the ecosystems, and their loss would eventually result in a decrease of
ecosystem functioning (linearity hypothesis). Finally, the effect of species loss or gain on
ecosystem functioning may be dependent on the conditions (community species composition
or soil fertility, for instance) under which these biodiversity alterations occur, and the outcome
would be unpredictable (idiosyncrasy hypothesis) [40].

The linearity hypothesis is a pattern frequently reported in studies carried out in temperate
regions [41], while in the tropics the null hypothesis seems to be the most common. This
difference in the reported patterns may be linked to higher biodiversity levels found in the
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tropics, suggesting a possible functional redundancy among species, which does not seem to
occur in temperate regions. Notably, tropical regions harbor the highest World biodiversity
[42,43], once 16 of the 25 biodiversity hotspots are located in these regions [43,44]. Conversely
tropical regions also exhibit the highest rates of species loss due to human activities [45,46].
Among the main human alterations that cause biodiversity loss is land use change [47-49] and,
according to estimates, it will remain as the main activity during the next 100 years [50]. Several
tropical biomes have experienced high biodiversity loss due to land use change and, in Brazil,
the Atlantic Forest and the Cerrado (Brazilian savanna) may be highlighted [8,51-53].

The Atlantic Forest originally covered ca. 150 million hectares along the Brazilian coast [52],
occurring  in  tropical  and  subtropical  regions,  and  including  sites  with  large  altitude
variation,  humidity,  temperature and rainfall  regimes.  Such a variation in abiotic  condi‐
tions allowed the differentiation of several phytophysiognomies, high endemism and the
occurrence of numerous rare species, harboring ca. of 8% of Worlds’ biodiversity. Howev‐
er, recent estimates indicate that more than 90% of its vegetation cover has been lost, and
the Atlantic Forest is nowadays composed by forest fragments, mostly smaller than 250 ha,
immerse in a landscape of different human modified habitats [52].  The effects of habitat
loss due to human activities are extensively reported in the literature concerning the Atlantic
Forest [8,54-56], but the effects of biodiversity decrease on the processes related to ecosys‐
tem functioning still need more consistent information. The Brazilian Cerrado is the second
larger biome of the country, occupying originally approximately 22% of its area [57], and
stands out by its high biodiversity and endemism. The Cerrado is currently suffering an
elevated degree of human exploitation, and nowadays remains less than 30% of its original
area  [43].  High  fragmentation  and  conversion  in  pasture  or  agriculture  areas,  cause
biodiversity loss, soil erosion, arrival and establishment of invasive species, and shifts on
fire regimes, carbon cycles and climate [51-53].

In this chapter we aimed to evaluate the relationship between biodiversity and ecosystem
functioning in the tropical biomes Atlantic Forest and Cerrado. We report here three case
studies that investigate different ecosystem processes modulated by arthropods: litter
decomposition, seed dispersal and protection against herbivores. In these studies we seek to
understand the relative importance of species richness and of the presence of keystone species
on the studied ecosystem functions.

We performed the first case study in a secondary forest fragment, in the Atlantic Forest biome.
In this study we test the relationship between litter decomposition and the biodiversity of
several functional groups of soil and litter arthropods. We performed the second case study
in the Cerrado biome, testing the effect of ants biodiversity that visit extrafloral nectaries on
the protection of these plants against herbivores and herbivory.

Lastly, in the third case study, carried out in the same region of the first one, we analyzed the
effect of ant biodiversity on seed removal, comparing secondary forests and Eucalyptus crops.
In this study we test the direct effect of land use change on the relationship between biodi‐
versity and functioning. From the analysis of these three case studies we concluded this chapter
presenting some future perspectives of studies on this subject, to solve some knowledge gaps
related to the biodiversity and ecosystem functioning relationship in tropical ecosystems.

Biodiversity and Ecosystem Functioning in Tropical Habitats — Case Studies and Future Perspectives… 3
http://dx.doi.org/10.5772/59042

53



2. Case study 1

Decomposition is the process that transforms nutrients retained in organic matter into their
inorganic form, making them available in the soil to the primary producers [58,59], and is
therefore a key supporting process for the functioning of ecosystems. This process is ruled by
three main factors: the physicochemical environment, the quality of the decomposing material
and the soil and litter fauna [58,60-63]. These factors present different interaction routes [64]
and the relative importance of each component changes in different time and spatial scales [65].

The physicochemical environment is related to the climate, or microclimate, mainly humidity
and temperature [66,67]. Abiotic conditions may indirectly affect decomposition, altering litter
characteristics, or directly, controlling the activity of decomposers [66,68]. Litter quality is
usually associated to foliar material degradability [69], as the concentration of some nutrients
has been frequently associated to its palatability to organisms [70]. Usually a higher initial
nitrogen concentration reflects in a higher organic matter quality to decomposers. Finally,
organisms living in litter and soil are crucial for decomposition processes and nutrient release
[60,71-73]. These organisms revolve, mix, break and digest the detritus, metabolizing the litter
constituents [58]. Among the components of the soil community, fungi and bacteria are the
main decomposing agents. Nevertheless, the micro and mesofauna of soil and litter arthropods
have an important role in the decomposition process, through fragmentation of organic matter,
through the mixing and vertical movement of organic matter [74]. The existence of an abundant
and diversified arthropod fauna is expected, then, to favor an enhanced nutrient cycling [75]
and a subsequent faster plant growth [76].

The abundant arthropod fauna composing soil and litter communities can be categorized into
different guilds or functional groups, according to their activities, which may affect the
microbial community by several ways [77]. Fungivores and bacteriovores consume exclusively
the microorganisms, decreasing their abundance. Moreover, they can decrease their prey
species richness, through an intense predation, or else an increase of this species richness,
through the top-down control of the more competitive species, mediating their coexistence.
Detritivores, on the other hand, consume part of organic matter together with the film of
microorganisms, releasing the broken and partially digested organic matter in their faeces. As
a result, besides their negative effects on microorganisms due to predation, detritivores may
increase litter fragmentation, resulting in more decomposing surface and higher decomposer
abundance an species richness. These organisms interact in complex food webs and therefore
diversity and abundance changes of a given functional group or guild may alter abundance,
diversity and functioning of another group [78,79]. It is important hence the investigation of
the functional groups role on the decomposition process, as different guilds may interfere more
than others.

The process of litter decomposition, as well as the intricate relationships among the diverse
components of the edaphic fauna associated to the litter, offers an excellent study system of
the relationship between biodiversity and ecosystem processes, mainly in tropical environ‐
ments with their huge diversity. In this study case we verify how soil and litter arthropod
biodiversity affects litter decomposition in a tropical habitat. Our hypothesis is that increasing
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arthropod abundance and species richness cause higher decomposition rates, and that some
functional groups may have stronger roles in this process.

2.1. Methods

We carried out this study from July 2008 to February 2009, in a ca. 300 ha secondary forest in
Viçosa, Minas Gerais, Southeast Brazil (20°45'S e 42°55'W). The main vegetation is composed
by Semidecidual Seasonal Atlantic Forest, located within the domain of the Atlantic Forest [80].
In the study area we set two 75m parallel transects, apart 5 m from each other. Along each
transect we delimited 15 1m2 squares, 5m distant from each other, in a total of 30 sampling
points. We collected approximately 200g of freshly fallen leaves from predominant tree species
in each sampling point. These leaves were mixed and oven-dried at 60°C for 72 hours. Dried
leaves were weighted and separated in groups of 5g, which were placed into litter bags,
measuring 15 x 15 cm, with a mesh of 2 mm [81,63]. In each sampling point we set 15 litter
bags and, after 30 days we started to remove them. Litter bags were removed fortnightly along
225 days. At the end of the experiment we took a 20 cm deep soil sample in each sampling
point, which were taken to soil analyses. The soil analyses were performed at the Soil Lab
analyses of the Federal University of Viçosa, and consisted of organic matter content and
macroporosity, variables that could interfere in the decomposition process.

After removal, we placed litter bags in Berlese funnels for 48 hours, to extract the arthropods.
After their identification, arthropods were sorted according to their feeding habits: detriti‐
vores, fungivores and predators [82-86]. The arthropods that we cannot sort in the above
categories, because we could not identify feeding habits, were classified as “other arthropods”,
and were considered only in the analyses that included all arthropods.

After the arthropod extraction, litter was oven-dried at 60°C for 72 hours and weighted to
compare with the initial weight (5g). We considered litter weight loss as the difference between
initial and final weight (after 225 days), and we used this as an estimate of decomposition in
each sampling point.

2.2. Statistical analyses

To test the hypothesis that more arthropod richness and abundance leads to a higher litter
decomposition rate we used a model selection approach [87,88]. The response variable was
litter weight loss, and explanatory variables were: total abundance and richness of arthropods,
abundance and richness of fungivores, detritivores and predators, as well as macroporosity
and soil organic matter. Before structuring the model, we carried out a correlation test among
the explanatory variables, using the package “psych”, and whenever two variables presented
a correlation higher than 0.7 we removed the variable considered biologically less relevant [89].
Variables that presented correlation higher than 0.7 were: total arthropod species richness and
predator species richness (0.73) and total arthropod abundance and detritivore abundance
(0.94). We opted, then, to remove predator species richness and total arthropod abundance, as
the former represents a possible action of organisms distant from the focal process of decom‐
position and the latter because it is an estimate more general that detritivore abundance.
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The procedure of model selection involved the “MuMIn” package [90], that allows the
construction of all possible models starting from the global model containing all variables. For
each model, the procedure calculates model weight, based on the Akaike Information Criteria–
AICc(ω). After doing so, it ranks all models and the best models are those containing lower
AICc and higher weight values. We standardized and centralized all explanatory variables
[91], using the package “arm” and the models were built with these transformed variables
prior to model selection. All models within ΔAICc < 2 bounds were considered to obtain a
good evidence of support [87]. In the case of more than one model, we averaged the models
to obtain only one final model with averaged model coefficients, including their respective
confidence internal. Parameters for which the confidence interval crossed zero were consid‐
ered non-significant [88]. All analyses were performed under the platform R [92].

2.3. Results and discussion

2.3.1. Litter arthropod fauna

We sampled 2,284 individual and 198 arthropod species, from seven classes: (i) Arachnida, (ii)
Malacostraca, (iii) Symphyla, (iv) Chilopoda, (v) Diplopoda, (vi) Entognatha and (vii) Insecta.
The class with more orders was Insecta (10 orders), followed by Arachnida (four), Entognatha
(three), Malacostraca, Symphyla, Chilopoda and Diplopoda (one order each). The most
abundant arthropods in our sampling were Acari and Collembola, which are usually described
as more abundant in soil and litter [93]. Besides, high abundance of these two groups had
already been reported by [94] and [95], who studied forest fragments in the same region.
Oribatid mites were the most respresentative group in all sampling, and these mites have an
important role in decomposition process, as most are detritivore [93]. Collembola also
presented high abundance and species richness in the samples. These organisms are fungivores
and their trophic activity includes both the direct consumption of microorganisms and organic
matter fragmentation [96]. Besides, they constitute an important source of food to predatory
organisms, being very important in food webs to soil and litter [97].

2.3.2. Arthropod biodiversity and ecosystem functioning

Opposed to what we expected, there was no effect of arthropod species richness and abun‐
dance on decomposition rates, both considering total arthropods and when they were sorted
by their feeding habits. Although our final model presented soil macroporosity and detritivore
species richness as explanatory variables, their 95% confidence interval includes zero, and were
considered non-significant (Table 1).

Our results contrast with others, which reported a positive effect of species richness on
ecosystem processes [98-103]. The lack of relationship in our study may have occurred due to
a high functional redundancy among arthropod species [40,104]. Accordingly, we infer that
the studied community is composed by species with similar functions, thus species loss does
not cause changes on ecosystem functioning. However, this possible redundancy assumed in
this case study does not necessarily exclude another hypothesis to explain the biodiversity-
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functioning observed: the linearity hypothesis. Two curves may be generated by these two
hypotheses: a linear relationship (Type I curve) in the case of singular species and an asymp‐
totic curve (Type II curve) in the case of redundant species [105]. Therefore, both hypotheses
may be explained by the same curve, depending on the scale data was sampled. Linearity,
then, would be a component of redundancy curve, but that would only be expected in cases
with low diversity. From a given species richness a saturation of the functions would occur,
with species playing similar roles. Data obtained in the present study would fit into this latter
diversity scale. To test such assumption one can manipulatively reduce arthropod abundance
and richness, studying a broad range of species richness, and effectively testing the redun‐
dancy hypothesis in tropical environments.

Another possible explanation to the absence of relationship between arthropod diversity and
litter decomposition is the similar litter constitution across all sampling points. It is known that
the chemical and physical composition of litter has an effect on decomposition rates
[61,62,70,106,107]. The manipulation of litter diversity and composition in litter bags may lead
to the establishment of different arthropod communities, according to leaf degradability. The
manipulation of species richness and composition of plants under decomposition may lead to
different responses of arthropod species richness, which might mirror variation in decompo‐
sition rates.

Furthermore, in this study we evaluated only the role of arthropod diversity of the soil-litter
system. It is known, however, that fungi and bacteria (the microflora) are the decomposers
and responsible for organic matter mineralization [58,60,71]. Conversely arthropods act
indirectly on decomposition and, even though they facilitate the action of true decomposers,
detecting their action on decomposition may be less straightforward.

The absence of relationship between litter decomposition and arthropod species richness and
abundance must be evaluated with caution, because assuming functional redundancy among
species may be uncertain. Such outcome may lead us to the wrong conclusion that species loss
does not affect ecosystem functioning at all, and this early, which may be wrong as discussed
above.

Our conclusion is that litter decomposition process in the tropics and other hyper diverse
habitats may be more complex than it is for the well known temperate habitats. Studying only
one component may not give a precise response, due to the immense assembly of components
in complex habitats and their equally complex interactions. Manipulative experiments,

Response variable
Explanatory variables

(parameters)
Estimate SE Lower CI Upper CI

Decomposition Intercept 1.7027 0.0882 1.5297 1.8756

(litter weight loss) Macroporosity 0.0977 0.0953 -0.0777 0.2732

Detritivore species richness -0.0920 0.0897 -0.2679 0.0838

Table 1. Summary of model averaging results, detailing the explanatory variables present in the final average model.
Parameters estimates were obtained from standardized variables.
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microbial activity estimates, as well as manipulation of litter diversity and composition should
give us a more precise knowledge of the biodiversity role on ecosystem key processes.

3. Case study 2

Besides the ecosystem processes, as decomposition and nutrient cycling, species interactions
are also important in the maintenance of ecosystem stability. The importance of predation and
competition in community structuring is well studied [108-110], although mutualism may also
have a central role in species distribution in ecosystems [111,112].Ants may establish a wide
variety of mutualistic associations with plants [113,114]. Plants may offer resources like shelter,
food, or both, that may be used by ants in several ways. The mutualistic interactions between
ants and plants vary from diffuse, such as secondary seed dispersal [115] and use of extrafloral
nectaries (EFNs) by generalist species [116], to more specialized interactions, such as domatia
colonization by Azteca sp. [117-119,]. On the other hand, ants may also be beneficial to plants,
increasing seed dispersal or reducing herbivory, for example [120].

EFNs, are nectar producing structures associated to plant vegetative organs, as leaves or
petioles [121]. Extrafloral nectar is a liquid resource, composed by glucose, sucrose and
fructose, and containing sometimes amino acids and proteins [122]. EFN-bearing plants are
more visited by ants than plants without them [123], and ants that use extrafloral nectar as a
resource may establish a generalist association of protection in exchange for food [114,119].
Therefore, the benefits arising from this interaction may explain its success [124]. The interac‐
tion between ants visiting EFNs and the plants has been the subject of several studies, although
there are some divergences among the obtained results. Several studies relate advantages for
EFN-bearing plants, such as decreasing the herbivory and the abundance of herbivores, or
even positive effects on plant fitness [120,121,123,125-127]. However, some studies did not spot
beneficial effects of visiting ants [128,131,132], indicating that in some cases ants may not be
efficient in reducing herbivory [128]. The outcome of the interaction between ants and plants
may depend on feeding habits of the herbivores, due to the interaction between ants and sap-
feeding insects. Several authors [123,130-134] suggest that generalist ants feeding on their
honeydew protect these insects from predators and competitors over chewing insects [130].
Moreover, plant protection may be related to ant species composition, as different ant species
present varied behavior and defensive characteristics [129].

The interaction among ants, EFN-bearing ants and herbivores is very common in the Brazilian
Cerrado. This biome is composed by herbs, shrubs and small trees that vary in density,
composing different phytophysiognomies [135]. These physiognomies are usually divided in
three groups, characterized by fields, savannas and forests [136]. Qualea grandiflora (Vochy‐
siacveae) is among the several EFN-bearing plant species of Cerrado, which are medium to
large-sized trees that reach 30 meters [137]. It is very studied in the Cerrado as it has a large
distribution and abundance, and also because it attracts several ant species to their EFNs,
placed at the basis of the petioles, near to leaf insertion [138].
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This case study evaluates whether the ants foraging on Qualea grandiflora protect these plants
against herbivory. We tested the hypotheses that increased ant species richness and abundance
(i) decreases herbivore species richness and abundance, and (ii) changes the proportion of
herbivore guilds in Cerrado.

3.1. Methods

Sampling was carried out in Panga Ecologic Station (PEE), situated in Minas Gerais, Brazil
(19o09'20"-19o11'10" S, 48o23'20"-48o24'35" W). The area is a 409 ha of Cerrado, with several
phytophysiognomies [139, 140]. Climate is Aw, tropical with a rainy summer and dry winter
[141]. The average temperature during winter is 18°C and during summer is 23°C, and monthly
rainfall is 60 mm during winter and 250 mm during summer.

Insects were sampled during January 2013, during the rainy season. We chose 90 individuals
of Qualea grandiflora, 30 in each phytophysiognomy: Cerradão (Forest), Cerrado Stricto Sensu
(Dense Savanna) and Campo Cerrado (Field Savanna). As it is known that ant species richness
and abundance may vary with tree density in Cerrado [142], we expect that sampling in three
different plant densities would produce a higher range of variation on ant community
parameters. We sampled herbivores by beating, using an entomological umbrella of 1 m2 [143,
144]. We did 10 beatings in each tree, and all insects were collected. All herbivores were
counted, identified up to the family level, and sorted into two groups (guilds): leaf chewing
insects and sap-sucking insects. Ants were sampled by pitfall traps, placed in the trunk of trees
at 1.5 meters above ground level. In each tree we installed four pitfalls, to maximize ant
sampling. Pitfall traps remained open for 48 hours, and ants were identified to the lower level
as possible (genus or species). When identification up to species level was not possible, we
asserted the individuals into morphospecies. Herbivores eventually collected in the pitfall
traps were added to the beating sampling.

3.2. Statistical analyses

To test whether an increase of ant species richness and abundance decreases herbivore species
richness and abundance, we carried out an ANCOVA (analysis of covariance), with Poisson
distribution, considering phytophysiognomies as covariates. To test the hypothesis that
increasing ant species richness and abundance decreases the proportion of leaf chewing insects
and increases sap-sucking insects, we carried out an ANCOVA to one of the herbivore guilds,
using a binomial distribution, corrected for overdispersion. Only one analysis is needed in this
case, as the two response variables (proportion of each guild) are complementary. All analyses
were carried out in R platform and models were simplified by removing non-significant
variables and obtaining the minimal adequate model [145].

3.3. Results and discussion

We sampled 2,597 ants, from 150 species, 25 genera and seven subfamilies. The most abundant
subfamily was Formicinae (1,293 individuals), followed by Myrmicinae (737), Dolichoderinae
(426), Pseudomyrmecinae (110), Ectatomminae (22), Ponerinae (eight) and Heteroponerinae
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(one). The subfamily with the highest species richness was Myrmicinae (55 species), followed
by Formicinae (40), Pseudomyrmecinae and Dolichoderinae (20 species each), Ectatomminae
(three), Ponerinae (two) and Heteroponerinae (one). We sampled 233 herbivore insects, and
Coleoptera was the most abundant order (141 individuals), followed by Hemiptera (75),
Lepidoptera (11) and Orthoptera (six). Herbivores were sorted in 97 species, and the order
with highest species richness was Coleoptera (62 species), followed by Hemiptera (24),
Orthoptera (six) and Lepidoptera (five).

Ant species richness did not affect both herbivores abundance and species richness. As the
studied plant species is a mirmecophile, it was not expected to maintain obligatory associations
with ant species, being visited by generalist ant species foraging both during the day and the
night. Several species in a given community may have a redundant role in some ecological
functions, such as predation [146]. Moreover, as mirmecophyles are usually visited by several
ant species, species richness may not contribute effectively for herbivore decrease. Therefore,
ant species richness visiting EFN-bearing plants may not contribute to herbivore decrease
because (i) they may be highly redundant, and/or (ii) they encompass non-aggressive ant
species.

Nevertheless, we observed a decrease of herbivore abundance with the increase of abundance
of ants in the trees of Cerradão and Campo Cerrado (χ2=0.7; p=0.02) (Figure 1). The higher number
of ants present in a given site gives a higher probability of encounters between them and
herbivores, decreasing the number of herbivores [147]. Some ant species may present aggres‐
sive behavior, or efficient recruitment ability, and if the most frequent ants have these
attributes, there would be a higher chance of herbivore attack and decreasing.

Conversely, we also observed that herbivore abundance increased with the abundance of ants
in Cerrado Stricto Sensu (χ2=1.7; p=0.05) (Figure 1). Another interesting result regards a higher
sap-sucker insect abundance in Cerrado Stricto Sensu, in comparison with the other two
phytophysiognomies (Figure 2). This latter result may explain the positive relationship
between ant and herbivore abundance, because most of the herbivores belong to sap-sucking
insects, and the positive association between them and ants is well known. As there are more
sap-sucking insects in the Cerrado Stricto Sensu, ants may be consuming more sugars from the
honeydew than from the EFNs [148], possibly leading to a dominance of more aggressive,
abundant and frequent ants [149]. Therefore, the association between ants and EFN-bearing
plants may shift from mutualistic to antagonistic when sap-sucking insects are present. When
there is high resource competition on the plants, ants have a tendency to consume more
honeydew than nectar [150], protecting sap-sucking insects and harming the plants.

Although the above scenario may arise from the three trophic level interaction mentioned
above, it has been suggested that ants may also repel chewing insects by consuming honeydew,
decreasing their abundance and activity on plants [133]. The different responses of herbivores
to abundance of ants found in our study suggest that the effect of ants on herbivores is
dependent of herbivore feeding habits. Several studies have reported non-obligatory interac‐
tions between ants and sap-sucking insects [123,130-134]. In this interaction, ants feed on the
honeydew and protect the insects against predators and competitors [130]. Such an interaction
may produce an explanation for the above results, because most ants participating in this
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interaction are generalists, consuming both honeydew and nectar from EFNs. Therefore, both
sap-sucking insects and plants may be protected by the ants, as both provide resources to them.
In this scenario, leaf chewing herbivores would be repelled or predated by the foraging ants.

Figure 1. Relationship between abundance of ants and abundance of herbivore insects in the three studied phytophy‐
siognomies. The continuous curve (circles) represent the decrease of herbivores in Cerradão and Campo Cerrado (χ2=0.7;
p=0.02), and the dashed line (triangles) the increase of herbivores in Cerrado Strictu Senso (χ2=1.7; p=0.05).

However, ant species distribution and their consequent effect on interactions may be modu‐
lated by habitat type and conditions [151]. Habitats with larger resource availability may
facilitate the coexistence of ant species [131]. As Cerrado is composed by vegetation types with
different tree abundances [136], the relationships among organisms may also vary accordingly.
EFN-bearing plants were found to be more frequent in the Forest formations of Cerrado
(Cerradão) than in other phytophysiognomies, which indicates more extrafloral nectar in this
vegetation type [152]. As tree density and species richness influences ant species richness due
to higher resource availability to generalist and specialist species [142], mutualistic interactions
may be dependent of resource amount and distribution. More heterogeneous habitats may
generate diverse resource availability, promoting the found differences among the phytophy‐
siognomies studied here. As there are more resources in the Cerradão, ant foraging may be
more opportunistic, resulting in a less effective protection against herbivory by chewing
insects. Additionally, as there are more resources provided by EFNs, associations between sap-
sucking insects and ants may be less effective, decreasing their abundance.
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Figure 2. Relationship between SAP-sucking insects in the three phytophysiognomies. C – Cerradão, CC – Campo Cerra‐
do, CSS – Cerrado Stricto Sensu. C and CC did not differed statistically.

Figure 3. Relationship between the proportion of chewing insects and ant species richness. While ant species richness
increased chewing herbivores in Cerradão (circles; continuous line), in decreases this proportion in Cerrado Stricto Sensu
and Campo Cerrado (triangles; dashed line). The relationship between sap-sucking insects and ants follows a pattern
contrary to the above, as these proportions are complementary.

Biodiversity in Ecosystems - Linking Structure and Function1262



Figure 2. Relationship between SAP-sucking insects in the three phytophysiognomies. C – Cerradão, CC – Campo Cerra‐
do, CSS – Cerrado Stricto Sensu. C and CC did not differed statistically.

Figure 3. Relationship between the proportion of chewing insects and ant species richness. While ant species richness
increased chewing herbivores in Cerradão (circles; continuous line), in decreases this proportion in Cerrado Stricto Sensu
and Campo Cerrado (triangles; dashed line). The relationship between sap-sucking insects and ants follows a pattern
contrary to the above, as these proportions are complementary.

Biodiversity in Ecosystems - Linking Structure and Function1262

4. Case study 3

The conversion of pristine environments into human-modified landscapes is rising around the
World. Such habitat conversions may culminate in altered environmental conditions, reduc‐
tion in the availability of resources and decrease in habitat heterogeneity [153]. Consequently,
many authors have been warning to the existence of a biodiversity crisis [154,155]. In general
the conversion of natural systems introduces newer and simplified ecosystems composed by
one or few economically valuable crop species. Whereas habitat loss per se is enough to
generate local extinctions [156,157], what is observed is that these habitats are usually substi‐
tuted by agricultural systems as well. Therefore, most human-modified landscapes are altered
by the joint action of these processes, habitat loss and conversion.

Habitat heterogeneity can be defined as the variety and the relative amount of different
microhabitats available to organisms, and has been considered over the years a major variable
determinant on local species richness and abundance [158-160]. Structurally more complex
habitats provide more spatial niches and different types of resource exploitation, thus
increasing species diversity [153,161-162], although this relationship may not be always
straight [163,164]. Habitat heterogeneity reduction, for instance, can lead to lower resource
availability, changes in environmental conditions and eventually species and ecosystem
functions losses [165,166].

Eucalyptus crops are one of the economic activities that may lead to the above mentioned
biodiversity loss in the Brazilian biomes. This culture was introduced in the country by the
beginning of 19th century, and up to 2012 it is estimated to cover 5.105.246 hectares [167]. Once
Eucalyptus is classically grown as a monoculture in Brazil, habitats are extremely simplified
and homogeneous, potentially triggering the mentioned effects on biodiversity.

Several functions may be altered in Eucalyptus plantations, potentially due to homogenization,
such as litter decomposition [97,168], nutrient cycling [169] and seed dispersal [170]. The latter
is usually associated with habitat recovery, as there are several advantages for plants such as
avoiding rodent predation [171,172], dispersion for nutrient-rich sites [173], protection against
fire [174] and smaller competition with the parental plant [175]. Thereby, such mutualism may
play a central role on local plant dynamics [176].

Seed dispersal by animals is considered a diffuse interaction, once can be performed by several
generalist frugivores [177,178]. Ants are mainly reported as secondary dispersers, as they take
fallen diaspores to their nests. Within the nests conditions are more suitable for the seed,
because it is protected from herbivores [179-181], it is a nutrient-rich microhabitat [182,183]
and free of competition with the parental plant [175,180,184].

A common observed trend is the reduction in ant species richness with habitat conversion,
such as pastures [185], crops [186] and in Eucalyptus cultures [187,188]. Species composition is
also usually altered by habitat conversion [185,189]. These changes may strongly alter seed
dispersal dynamics by ants in fragmented and modified landscapes [185,190], although no
mechanism was proposed to explain this correlation. In this study we tested the effect of
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natural habitat conversion into Eucalyptus crops and the consequences for seed removal by
ants. We hypothesized that higher ant species richness increases seed removal, and this
relationship is more pronounced in natural forest ecosystems than in Eucalyptus crops.
Furthermore, we hypothesized that ant species composition changes between natural and
Eucalyptus crops, and this shift is also responsible for supposed differential seed removal rates.
Finally, as we observed differential seed removal between studied habitats we tested the
presence of keystone species would influence removal rates.

4.1. Methods

4.1.1. Study site

We carried out the study in Viçosa, Minas Gerais (20°45’S, 42°50’W), Brazil, during summer
2010/2011, the rainy season. The pristine vegetation in this region is within the Atlantic Forest
Domain, and is classified as Seasonal Semi-deciduous Forest. From the 1930’s decade an
intense fragmentation process has begun, and the native vegetation was mainly substituted
by coffee crops and pastures. Now days, the landscape is highly fragmented, and is composed
by several secondary forest fragments, intermingled with pasture, coffee and Eucalyptus crop,
among others. We arbitrarily chose five forest fragments and five neighboring Eucalyptus for
our study sites.

4.1.2. Experimental design

We used Mabea fistulifera (Euphorbiaceae) seeds, an abundant native myrmecochoricous
species with elaiosome. Seeds of this species have a diplochoric dispersion, primarily ballistic
and secondarily mainly by ants. Seeds, collected directly from branches of several native trees,
were obtained from Forest Seeds Laboratory of the Federal University of Viçosa two months
before the experimental set up. Seeds had their elaiosomes preserved and were maintained in
cold chamber at 20°C straight after natural dehiscence and kept until their use.

In each of the 10 sampling sites (5 native forests and 5 Eucalyptus crops), we set 10 sampling
units, which were distributed 10 meters apart from each other. Each sampling unit consisted
of one ant sampling point and one seed removal spot, distanced 2 meters from each other. Ant
sampling points consisted of unbaited pitfall traps (diameter 8 cm, 12 cm height), buried at
soil level, and half filled with a killing solution of water, detergent and salt. Seed removal spots
consisted of the provision of 10 seeds of M. fistulifera, which were covered by a cage with a
mesh of 10 mm, to avoid seed removal by vertebrates [192]. Both pitfall traps and seeds
remained in the field for 48 hours. After that, we counted the number of remaining seeds and
the number and identity of ant species.

We identified ants to genera using the keys by [192], and when possible to species by com‐
parisons with the reference collection of the Community Ecology Lab/UFV, where voucher
specimens were deposited. Species identification was confirmed by a specialist.
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4.2. Statistical analyses

To test the relationship between seed removal and ant species richness we used an ANCOVA,
in which the response variable was the proportion of removed seeds in each site, and the
explanatory variables were ant species richness and environment type (native forests or
Eucalyptus crops). As the response variable was a ratio, we used a binomial error distribution,
corrected for overdispersion when necessary. We performed this analysis in the software R
[92] and we did residual analysis to check for model fit and distribution suitability.

To test whether ant species composition changes between studied habitats, we performed a
NMDS (Non-metric Multidimensional Scaling), using Bray-Curtis dissimilarity index. We
computed species abundances as the number of traps they occurred in each sampling site. The
significance of differences was checked through PERMANOVA [193]. This analysis was
performed in the package vegan within the software R [92]. We tested if the most frequent ant
species act as keystone species [194] in seed removal by an ANOVA, in which we compared
seed removal in the presence and in the absence of each species.

We removed one of the Eucalyptus areas a priory from all the analyses due to a heavy rain that
removed all seeds, and another Eucalyptus area from the ANCOVA after the residual analysis
as it was considered an outlier, therefore reducing our total sampling units to eight (five native
and three Eucalyptus crops).

4.3. Results

We sampled 43 ant species, from 25 genera and seven subfamilies. From these, 23 species
occurred exclusively in the native forests, five were exclusive from Eucalyptus and 15 occurred
in both. The most frequent species were Pheidole radoskowskii Mayr, 1884 and Ectatomma
muticum Mayr, 1870, which occurred in 40.24% and 30.49% of pitfall traps, respectively.

As expected, ant species richness was higher in native forest than in Eucalyptus crops (χ2=6.93;
p=0.008). Moreover, seed removal rate increased with the number of ant species (F1,6=11.01;
p=0.021; Fig. 4), however it was higher in the Eucalyptus than in the native forest (F1,6=8.75;
p=0.032). Conversely, species composition did not differ between the two habitats (Fig. 5,
PERMANOVA F1,7=1.12, p=0.32). Neither the presence of P. radoskowskii (F1,80=0.87; p=0. 35),
more frequent in Eucalyptus, nor of E. muticum (χ2=0.94; p=0.33), more frequent in native forests,
influenced seed removal.

5. Discussion

Differences in species richness, abundance and composition may affect ecosystem functioning
[195]. In this case study we investigated the role of these three biodiversity components on
seed removal by ants in native and Eucalyptus forests. Concerning species richness our results
confirm the general pattern of reduction in modified habitats. The main causes reported for
such pattern include habitat loss, homogenization, and harshness conditions for native species
[196]. In comparison with native forest, Eucalyptus crops may be homogeneous habitats, which
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might have contributed to its lower species richness. Ant species richness is strictly related
with environmental features such as higher plant species diversity, litter amount and habitat
complexity [142,197-200]. From these, plant species diversity and habitat complexity decrease
in Eucalyptus crops, which may have caused the loss of ant species that did not survive in the
modified habitat. We observed the expected positive relationship between seed removal and
ant species richness, both in the native forests and Eucalyptus crops. Nevertheless, the maximal
seed removal at Eucalyptus was around 30% while at native forest was about 65%, which may
be related to the smaller capacity of Eucalyptus crops of harboring species when compared to
native forests. This pattern could also be attributed to keystone species (sensu [201]) at native
forest, thus promoting the observed higher removal rates. However, the sole effect of potential
keystone species did not explain the rates we observed, as seed removal did not change in their
absence. Therefore, we have no evidence to consider the existence of some specialist seed
remover species inhabiting either of the environments, reinforcing the role of ant species
richness in the studied process.

On the other hand we did not find differential species composition between the two habitats
types, thus we cannot assign the higher seed removal at native forest due to some keystone
species. Moreover, seed removal rates at native forest did not differ when we analyzed the
effects of the presence of the most abundant ant species (E. muticum). Therefore, we conclude
that species richness is the only biodiversity component influencing the ecosystem process in
the studied system. The positive relationship between ant species richness and seed removal
rate may have important concerns on conservation. The maintenance of natural species
richness levels can contribute to a suitable ecosystem functioning due to the role of the seed
dispersal for seedling establishment and the community assembly.

Figure 4. Seed removal rates increased with ant species richness (F1,6=11.01; p=0.021), and were higher in Eucalyptus
crop.
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Figure 5. NMDS map of species composition according to treatment (Native or Eucalyptus crop). We analyzed signifi‐
cance by using Permanova test, which was non-significant.

6. Conclusions and perspectives

Although a positive relationship between biodiversity and ecosystem functioning is common‐
ly reported [28, 202], we did not find such evidence from all the studies presented here. The
main results presented allow us to conclude that the general effect of arthropods on ecosystem
functioning is dependent on the studied process and the proximity with their agents. As more
direct is the action of arthropods on the ecosystem processes, more detectable are their effects
on functioning.

Arthropods contribute indirectly in the process of litter decomposition by modifying the
substrate to the decomposers (the microbiota), besides acting through predation in a top-down
effect on these microorganisms. Therefore, their indirect effect on litter decomposition may
have produced the lack of relationship between their biodiversity and ecosystem functioning.
Similarly, in the second case study we observed an absence of ant species richness and plant
defense against herbivory. Nevertheless, in this study we noticed that the abundance of ants
partially resulted in a decrease of the abundance of herbivore insects. The results obtained in
this case study may reflect the plenty of defense mechanisms against herbivory, and ants are
only a further mechanism within several others by which plants achieve a better protection.
In the third case study we could evaluate a process that directly involved the importance of
biodiversity on ecosystem processes, as there is a direct interaction between ants and the seeds
they remove, without intermediate agents between them. Therefore, we could notice that the
effect of ant biodiversity on the ecosystem process was stronger when compared to the two
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previous case studies. The above rationale points that a greater proximity between the agent
and process turns the relationship stronger and detectable.

Based on the studies presented here, we suggest the following steps to improve the studies of
the relationship between biodiversity and ecosystem functioning. Firstly, the control of
variables through manipulative approaches should be increased, as confounding variables
might decrease the chance of unveiling significant relationships. Secondly, as described above,
it should be investigated relationships in which the processes and their agents are more directly
connected. As reported elsewhere [28], the effects on productivity decrease with the increase
of the number of trophic levels between manipulated (biodiversity) and estimated (ecosystem
process) elements. Finally, studies of less complex systems may produce stronger results, once
in complex systems several agents may influence concomitantly a given process, decreasing
the chance of detecting a relationship between biodiversity and ecosystem functioning. Our
second case study is an example, as several agents may influence plant herbivory, besides the
presence of a higher ant species richness and abundance. Similar conclusions have been found
in a meta-analysis study involving several results obtained from different regions of the World
[28]. Hence, the comparison among our results and those obtained by other authors indicate
that, despite the high complexity and biodiversity found in tropical regions, the trends
reported here are comparable to those found worldwide.

This chapter integrated different case studies relating biodiversity and ecosystem functioning,
with varying degrees of proximity between the agents and the processes. Because human
activities would certainly continue to produce loss of species, we suggest that future studies
relating biodiversity and ecosystem processes consider the linkage among the agents involved
in the processes, to improve the understanding of this relationship, as well as the prognosis
involving changes in biodiversity.
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Interactions
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Additional information is available at the end of the chapter

1. Introduction

Climate change represents one of the most serious threats to biodiversity and ecosystem
functioning. The current rate of temperature change, driven primarily by the human combus‐
tion of fossil fuels, far exceeds rates that have occurred in at least 10,000 years (lower Pleisto‐
cene) and perhaps much longer (IPCC, 2014). That last major climate change event precipitated
a mass extinction that led to the sudden demise of many large quadrupeds, including such
characteristic species as the woolly mammoth, woolly rhinoceros, mastodon, giant elk, saber-
toothed tiger and dire wolf [1]. One of the major differences between landscapes at the time
of previous climate change events and the current one is that the biosphere is now dominated
by a single species, Homo sapiens sapiens, which has profoundly altered and simplified many
terrestrial and aquatic ecosystems. Thus, in addition to climate change, natural ecosystems
have been altered by other human-induced changes including deforestation, eutrophication,
over-harvesting, the introduction of non-native species and various types of pollution.
Consequently, species and populations are being challenged by multiple stressors, making it
more difficult for them to adapt to rapid shifts in climate regimes. One can strongly argue that
we no longer live in the Holocene but in the Anthropocene [2,3].

In a warming world, many species and populations are responding by changing various
aspects of their life cycles, such as seasonal growth and phenology patterns, as well as by
shifting their ranges pole-wards and/or to higher elevations [4,5,6,7]. The ability of species to
shift their distributions is often limited by various eco-physiological constraints. These include
the loss of habitat corridors through urban and agricultural expansion, which enable species
to disperse over landscapes to other suitable habitat patches. Furthermore, some species lack
traits, such as wings, which enable them to easily track changes in biotic conditions. As a result
of these factors, we can expect ecological communities to change over time and for this to lead
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to unpredictable new assemblages which may or may not stabilize as temperatures continue
to rise [8].

2. Climate change and multitrophic interactions

It has long been known that species do not exist in isolation in nature. Instead, the survival
and persistence of species in food webs and communities is dependent upon an array of
interactions with other organisms occurring over highly variable spatial and temporal scales.
Indeed, ecologist Daniel Janzen [8] once remarked that ‘the ultimate extinction is the extinction
of ecological interactions’. More recently, Pimm and Raven [9] argued that for every species
of plant that becomes extinct in the tropics, many tens of species dependent on that plant for
food or shelter also disappear. Given that different species in food webs may respond differ‐
ently to climate change, warming has the potential of unravelling and/or destabilizing plant-
insect communities, and that these can trickle through to affect other trophic interactions, even
involving vertebrates [10]. In this chapter we discuss the effects and potential consequences
of warming on trophic interactions involving plants, insect herbivores and specialist natural
enemies, focusing on parasitic wasps (or parasitoids). Parasitoids are insects that develop on
or in the bodies of other insects, whereas the adults are free living [11]. Hosts attacked by
parasitoids are often not much larger than the adult parasitoid, meaning they are under intense
selection to allocate and utilize limited host resources for different and often competing fitness
functions such as reproduction and survival [12]. It is well established that many parasitoids
are often highly specialized in attacking only one or a few species of hosts in nature [11].
Warming-induced changes in the environment may therefore affect various aspects of the
biology and ecology of food plants and insect herbivores dependent on them, and this may
trickle up the food chain, in particular affecting natural enemies that are more specialized on
certain host types. Parasitoids thus make model organisms for examining a range of biotic and
abiotic constraints in the environment.

2.1. Outline of the chapter

The chapter will be broken down into separate sections examining the effects of warming on
the biology and ecology of the three trophic levels separately, and then move on to integrate
these interactions and to provide testable predictions for these processes. Given that insects
are ecto-therms, it is by now well established that metabolic rate and the developmental
program of insects is closely co-ordinated with changes in temperature. However, it is less
well established how changes in temperature, as well as attendant changes in precipitation etc.
will affect tightly linked two and three-trophic level interactions. On this basis, the chapter
will be broken down thusly:

1. Range shifts in plants and effects to (i) primary [nutrients] (ii) secondary [defensive
compounds] metabolites, as well as in plant volatiles under herbivore damage (HIPVs).
How will changes in plant quality affect multitrophic interactions?
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Variation in responses at the species level makes it virtually impossible to predict the effects of climate change on trophic interactions, although available evidence suggests that 
there will be many more losers than winners and as a result we can expect ecosystem interactions to be simplified and ecosystems therefore to become less stable and resilient. 

Figure 1. Phenological interactions involving three plant species, a specialist herbivore and its specialist endoparasi‐
toid under normal conditions and under climate warming scenarios in Europe. In (A), Pieris brassicae (middle) the large
cabbage white butterfly is trivoltine, and different generations lay their eggs on different species of large, short-lived
annual brassicaceous (mustard) plants (bottom) that grow in aggregated populations. Different stages of the herbivore
– eggs, young larvae, fully grown larvae, pupa and adult are shown. The mustards in turn grow only for 2-3 months
during the year and at different times. Brassica rapa (wild turnip, left, green line) supports the first generation of P.
brassicae, Sinapsis arvensis (charlock mustard, middle, red line) the second, and Brassica nigra (black mustard, right, blue
line) the third. In turn, the gregarious endoparasitoid wasp, Cotesia glomerata (top) also has three generations where the
adult wasps emerge in time to find and parasitize young caterpillars of P. brassicae, and emerge from fully grown cater‐
pillars pupating on the food plant. In (B) and (C), warmer temperatures lead to dissociation of the multi-trophic inter‐
action by differentially affecting the seasonal growth and activity patterns of the plants and insects. In (B), the plants
are more strongly affected and their growing phenology is shifted to an earlier point in the season. However, the in‐
sects respond less to warming and their temporal life cycles become desynchronized with the growth cycles of their
plants. There is also a period later in the season when few or no suitable plants are available. In (C), the plants only
marginally shift their growing patterns to an earlier time point in the season, whereas the insects have an additional
(=4th) generation later in the year. In both climate warming scenarios, there are gaps for the insects when food plants
are scarce or absent. This could have profoundly negative consequences on the persistence of this trophic chain.
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2. Range shifts and outbreaks in herbivores in response to climate change and effects on
plant responses and interactions with their natural enemies; range shifts in parasitoids:
tracking their hosts or switching to novel native hosts? Examples of competitive interac‐
tions and potential displacement in interspecific competition will be explored.

3. The effects of temperature on insect growth, development and other traits. Given that
insects are ectothermic, how will higher temperatures affect their development, and what
will the consequences be for biotic interactions?

4. Changes in the seasonal phenology of multitrophic interactions; does warming differen‐
tially affect the growth/life cycles of plants, herbivores and their natural enemies, and
what are the consequences for the persistence of these interactions?

5. How will warming potentially affect the dynamics of multi-trophic interactions, scaling
up to food webs, communities and ecosystems, and will this in turn affect resilience and
stability? What are the possible effects on top-down and bottom-up regulation?

An important theme of this chapter is to stress the importance of examining multi-species
interactions under climate change scenarios. This entails a close examination of mechanisms
as well as the consequences of warming in a community-related context. Thus far, both climate
change and invasion ecology have been studied independently or have been largely restricted
to the study of bi-trophic interactions (e.g. plant-herbivore) with very few studies going to
three (or more) trophic interactions [13]. There are a number of excellent reviews which focus
on each of these areas [14,15,16,17] but only a few have begun to address community level-
effects, and again these generally do not integrate climate change with range shifts in plants
and insects [18,19,20]. Fewer still have explored climate-change related range shifts on plant-
herbivore-parasitoid interactions at both reductionist and larger scale perspectives. The main
aim of this chapter is therefore to explore and discuss how climate change and related abiotic
changes (e.g. precipitation) will affect multi-trophic interactions from both the perspective of
mechanisms and processes, scaling up from individuals to communities and ecosystems. We
will discuss the potentially cascading effects of climate warming and other parameters related
to climate change on ecosystems, suggesting that many will be simplified (Fig 1.), reducing
their resilience against other natural and anthropogenic challenges in the environment.

3. Range shifts in plants

Two aspects of warming will affect the structure of plant communities. The first involves native
plants which may be adapted to cooler conditions and thus become increasingly stressed as
conditions warm. This is especially true for plant species growing at the southern edge of their
ranges. The second involves plants which shift their ranges northwards in order to track
warming and to exploit more optimal thermal conditions. These plants will increasingly
expand into habitats occupied by native plants, leading to potential increases in competition
and, at least to some extent, rearrangement in plant community structure. As the climate
warms, we may expect physiological and metabolic responses in both native and range
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expanding plants that will in turn potentially affect the behaviour and performance of higher
trophic level consumers associated with them. More specifically, the metabolic changes in
plants may be borne out on traits such as primary and secondary metabolism which play a
key role in insect nutrition and plant defence responses. Plant volatiles, which are often
induced in response to herbivore damage and which potentially have many functions, might
also be affected by warming or in response to new selection pressures in range expanding
plants. At the same time, range expanding plants may, at least partially, escape from some of
their co-evolved enemies, such as herbivores and pathogens, also affecting the costs and
benefits of metabolic investment into plant defences. Below, we examine these areas in more
detail.

4. Primary and secondary metabolism

Plant tissues contain various concentrations of nutrients, with carbon (C), nitrogen (N), and
phosphorus (P) being considered as the most important, as well as amino acids [21]. Although
atmospheric CO2 concentrations are deterministic at various scales, and are rising slowly at
about 2-3 ppm annually, temperatures are not. Thus one can question the efficacy of experi‐
ments that expose plants (and insects) to extremely high concentrations of CO2 (e.g. 450 ppm
and higher) when these levels are not expected to be reached for several decades. However,
there is no way to successfully circumvent this obstacle, and many studies exposing plants to
higher CO2 levels have been conducted. Many have shown that under increased CO2 regimes
attendant with climate change that plants will possibly take up more C at the potential expense
of foliar levels of N and P [22,23,24] and that changes in concentrations of other nutrients, such
as amino acids, will also occur [25]. (However, these processes are indeed complex – for
instance they vary in plants with different metabolic C pathways as well as in different
successional stages but a highly detailed discussion of this is not possible here). N is considered
a limiting nutrient for insect development [26,27,28,29] and it has been suggested that a
reduction in foliar concentrations of N will lead to compensatory feeding in herbivores to
ensure optimal levels of this nutrient are acquired [26,30,14,31]. For range expanding plants
in a warming world, it is difficult to extrapolate cause-and-effect relationships related to
temperature and precipitation, unless atmospheric changes in CO2 are also taken into account.

Most plants also produce secondary metabolites (or allelochemicals) whose primary function
is considered to be defence against antagonists such as pathogens and herbivores [32,33,34,35].
There is a vast array of different types of allelochemicals produced by plants that are based on
the phylogeny of a species group, often at the family level [36]. For instance, one can find
glucosinolates, alkaloids, iridoid glycosides, furanocoumarins and many other allelochemicals
produced by plants in different families. These toxins are often inducible, meaning that they
are found in basal levels in intact plant tissues but markedly increase after tissue damage [37,
35]. These compounds have long been known to affect the behaviour and performance of
insects that are intimately associated with the plants that produce them. High levels of
phytotoxins in plant tissues can impair the development and hence fitness of herbivores,
through increased rates of mortality, extended development time and reduced adult size [38,
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39,40,41,42,43,44]. These effects often differ between specialist and generalist herbivores.
Generalists usually do not possess highly refined mechanisms of dealing with specific
secondary plant compounds, but instead rely on general responses, (e.g. P-450 mono-oxyger‐
nases) that are effective against a range of different metabolites [45]. However, they are very
often less effective than the mechanisms employed by specialists which have strongly co-
evolved histories with certain types of plant phytotoxins. For this reason, specialists are
frequently assumed to be in a co-evolutionary ‘arms race’ with plant defences [46] in which
increased herbivory leads to increased plant defences which in turn leads to adaptations on
the part of the herbivore and so on in a ‘Red Queen’ type stalemate scenario. In fact, elevated
levels of toxins actually stimulate feeding and oviposition behaviour in the many specialist
herbivores [35]. Despite this, very well defended plants are often problematical even for
specialists [47].

The development of natural enemies such as parasitoid wasps is also known to be affected by
host attributes as mediated through the quality of the host diet [41,42]. High levels of plant
toxins ingested by the host can also detrimentally affect the growth and survival of immature
parasitoids and even hyperparasitoids one trophic level higher [48,49]. One major phyloge‐
netic constraint on parasitoid larvae is that the alimentary tract is not externally connected
until they terminate the relationship with the host [50]. Therefore, all host tissues ingested
during development are stored in the body pending the voiding of the meconium (or even
later as an adult). This includes deleterious materials such as plant toxins that were stored in
the body of the herbivore host. If concentrations of these toxins become too high, then it is
possible that the developing parasitoid larvae cannot safely store them and will die preco‐
ciously as a result. It is interesting that the diversity of many parasitoid taxa is higher in
temperate than in tropical biomes, a trend that contradicts that shown in most other groups of
insects. Bolton [51] hypothesized that tropical vegetation is generally much more toxic than
vegetation in the temperate zone, and that parasitoids have not been able to adapt to hosts that
ingest and store these toxins in their body tissues (the ‘nasty-host-hypothesis’).

Several climate-change related effects on plant allelochemistry are possible, and these may
trickle their way through trophic webs. Elevated CO2 regimes will also affect plant allelo‐
chemistry in potentially different directions depending upon whether a plant’s defence
chemistry is C-or N-based. Plants with C-based allelochemistry may become more toxic (e.g.
better defended) whereas the opposite may occur with plants with N-based allelochemistry
[52,53,54,55,56,57]. A second affect will be that warming, along with changes in precipitation,
as well as reduced or extended drought periods attendant with climate change will affect
metabolic allocation by plants to secondary defense metabolites. Higher temperatures can
sometimes lead to a reduction in plant allocation to direct defence [58]. Veteli [59] found that
elevated CO2 and temperature increased plant growth but had opposite effects on the growth
rate of an insect herbivore. A third effect will be that range shifting plants will escape from
some of their co-evolved herbivore enemies, leading to changes in metabolic allocation
towards plant defence [60]. If native specialist and generalist herbivores select for high
chemical defences in native plants, then range-expanding plants may invest less in these
defences if they are attacked by fewer herbivores (and thus suffer less herbivore damage) in
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chemistry in potentially different directions depending upon whether a plant’s defence
chemistry is C-or N-based. Plants with C-based allelochemistry may become more toxic (e.g.
better defended) whereas the opposite may occur with plants with N-based allelochemistry
[52,53,54,55,56,57]. A second affect will be that warming, along with changes in precipitation,
as well as reduced or extended drought periods attendant with climate change will affect
metabolic allocation by plants to secondary defense metabolites. Higher temperatures can
sometimes lead to a reduction in plant allocation to direct defence [58]. Veteli [59] found that
elevated CO2 and temperature increased plant growth but had opposite effects on the growth
rate of an insect herbivore. A third effect will be that range shifting plants will escape from
some of their co-evolved herbivore enemies, leading to changes in metabolic allocation
towards plant defence [60]. If native specialist and generalist herbivores select for high
chemical defences in native plants, then range-expanding plants may invest less in these
defences if they are attacked by fewer herbivores (and thus suffer less herbivore damage) in
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their new range [the ‘enemy-release hypothesis’ [ERH],[61,62,63] and more towards other
functions, such as growth that enable plants to outcompete natives (the ‘evolution of increased
competitive ability hypothesis’ [EICA], [62,64]. A third hypothesis, the ‘shifting defence
hypothesis’ [SDH], posits that co-evolved specialists are adapted to high concentrations of
plant allelochemicals, driving selection for a reduction in them to make them less attractive as
oviposition sites [65]. In new habitats, these plants escape their specialists but attract more
generalists, selecting for an increase in chemical defences. Lastly, many invasive plants bring
with them novel secondary metabolites to which the native herbivore fauna is not adapted
and which therefore allows the plant to invest metabolic energy to other vital functions (the
‘novel weapons hypothesis’ [NWH], [66,67]. Thus only a single study has considered climate
change-mediated changes in plant communities on natural enemies of the herbivores on native
and invasive plants [68]. This revealed that there may be shifts in the intensity of natural
enemy-mediated top down trophic cascades versus bottom-up plant-mediated effects on
herbivores on natives and invasives. However, it is far too early to draw conclusions as many
more studies are needed to tease out potential patterns in communities where shifts in plant
composition are occurring as a result of warming.

There is ample evidence in support of these different hypotheses for inter-continental inva‐
sions [63,69]. However, intra-continental invasions based on climate-change related range
shifts [70,71] are likely to have more subtle effects on plant-consumer interactions because
many insects can track their food plants as they move pole-wards [72]. As a result, consistent
patterns remain elusive. Engelkes [68] found that range expanding plants in the Netherlands
were more toxic to naïve herbivores than related natives, and that the range-expanders also
produced higher levels of general defence compounds (phenolics). Fortuna [73] compared
allelochemistry and herbivore performance in native and range-expanding populations of
warty cabbage (Bunias orientalis) and reported that the insects were larger and survived better
on the range-expanding than on the native populations. Moreover, the authors found both
quantitative and qualitative differences in plant allelochemistry between the native and range
expanding plants. It appears that B. orientalis is comparatively rare and local in its native range,
which is perhaps evidence of biotic resistance amongst coevolved members of the native plant
community as well as more top-down control exerted by native co-evolved herbivores and/or
pathogens [61,64]. Other studies have found little or no differences in insect performance on
native and range-expanding populations in plants [74].

Plants also release chemically-based odours via the production of volatiles that are often
induced by stresses such as herbivory [75,76,77]. The precise function of these volatiles is
unclear and remains the subject of considerable debate [78,79,80,81]. It is known that these
volatiles are used by insects to locate plants on which to oviposit [75,82] or on which natural
enemies find their prey or hosts [83,84,85,86]. If insects can drive selection for types and
concentrations of volatiles, then changes in top-down pressures as plants are released from
their enemies (e.g. herbivores) or potential allies (e.g. parasitoids) may also alter volatile
profiles over time. However, thus far the effect of plant volatiles in range expanding plants on
native natural enemies has received virtually no attention. Fortuna [87] found that adult
females of the large cabbage white butterfly, Pieris brassicae, preferred to oviposit on shoots of
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a native brassicaceous plant, Sinapis arvensis, over those of a range expander, Bunias orientalis.
Herbivore performance was higher on the native plant. However, its major natural enemy, the
parasitoid Cotesia glomerata, did not distinguish between volatiles of the two plants. This
suggests that herbivores and parasitoids may respond to different kinds of volatiles – herbi‐
vores clearly on those released by the plant alone and specialist natural enemies to a combi‐
nation of plant and host-or prey-related odours.

A recent study by Yuan [88] laid out a possible framework for the effects of climate change on
plant volatiles, and projected this to the community level. They argued that patterns are likely
to be variable and association-specific, because of the immense complexity in the blends that
make up a plant’s volatile profile. Moreover, other anthropogenic stresses must be factored in,
leading to highly unpredictable scenarios across different scales of space and time. They urged
that more studies with different systems are necessary to tease out mechanisms that may
cascade up to affect higher trophic level consumers.

5. Effects of climate change on insect growth and development

Insects, like all invertebrates, are ectotherms and thus they are highly susceptible to changes
in temperature as well as other abiotic processes linked with climate change [14,15]. Many
studies have examined how insects across different trophic levels respond to variations in
temperature [14]. Rarely have these responses, however, been placed within the context of
climate change, perhaps because warming has only been broadly acknowledged in the past
20 years or so by the scientific community. As with plants, insects can respond in two ways to
local warming regimes. First, they must adapt behaviourally, morphologically and physio‐
logically to such processes as an increased incidence of heat waves and other attendant stresses
such as droughts or higher precipitation regimes or an increase in frost-free periods [15].
Second they can shift their ranges and move pole-wards or to higher elevations (below).

Many studies have reported that the survival, development rate and adult body mass of insect
herbivores and their natural enemies are affected by rearing temperatures [89]. Much less
attention has been paid to transient periods of high or low temperatures (e.g. combining them
under the umbrella of a single experiment, thus creating a more realistic picture of events
transpiring in nature) or rainfall. It is by now known that climate warming is likely to generate
more extreme weather events at local scales, rather than simply resulting in gradual changes
that are measured at large spatial scales across the biosphere. When confronted with these
conditions, insects have to adapt or to move to new habitats where conditions are more
suitable. In time, the latter will result in range shifts, a phenomenon by now well described in
many studies (see next section, below). Those insects that ‘remain behind’will exhibit physio‐
logical responses to warming and phenomena associated with its such as an increase in heat
waves and changes in precipitation.
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6. Range shifts in herbivores and their natural enemies

As with other organisms, various insect taxa are adapted to climate windows and have well-
defined ranges which coincide with both biotic and abiotic conditions [90]. Climate warming
is already known to be driving demographic and geographic responses in insects [6,8,14,91,92].
Range shifts in herbivores and their natural enemies depend on a number of ecological factors
that go beyond warming and which are often complex. For specialist herbivores that feed on
only one or a few related plant species, a major impediment to movement is the availability of
nutritionally suitable plants in their new habitats [6]. Generalist herbivores, on the other hand,
may benefit if they are able to feed on a range of unrelated plants in both their native and
invasive ranges. For many herbivores this is not a problem if their food plants also track the
warming climate or if related plants with similar allelochemistries are also found in the new
ranges of the insects. The oak processionary caterpillar (Thaumetopoea processionea) has
expanded its range dramatically to the north within Europe over the past 30 years, coinciding
with the recent warming episode [93]. Suitable oak trees on which the larvae can feed and
develop, are found over much of Europe, helping to facilitate its spread. Its close relative, the
pine processionary caterpillar (Thaumetopoea pityocampa), has also spread northwards as a
result of recent warming and is projected to arrive in the Benelux region in the near future [94,
95]. Both species are considered as major health hazards owing to the production of numerous
urticating hairs in mid-and late larval instars that contain soluble proteins and which are highly
irritating to the skin and mucous membranes of humans [96]. The oak processionary caterpillar
is actually more abundant now in many parts of its invasive than in its native range, perhaps
because its specialist natural enemies have not effectively tracked its northwards expansion
[93]. This is a worrying pattern that, if repeated in many trophic interactions, could facilitate
pest outbreaks with large attendant economic costs.

Many other insects  are known to be expanding into new habitats  as  a  result  of  climate
warming  [7,97,98].  As  they  do  so,  they  interact  with  native  plants  and their  associated
arthropod communities.  The broader ecological  outcome of these interactions is  open to
considerable debate. There is the possibility of community reorganization or reassembly as
some species compete with and potentially displace others (see more detailed discussion
of this below). Studies examining a suite of ecophysiological processes that underpin the
ways in which these interactions work are urgently required. For instance, different species
within food webs may each respond differently to changes in abiotic conditions such as
temperature and moisture.  The diamondback moth (Plutella xylostella)  is native to Africa
and the Mediterranean region, but has been introduced over many parts of the world where
it is a serious pest of cabbages and related crops [99]. The moth only began to successful‐
ly overwinter in central Europe in the past 20 years, allowing to have two generations per
year and to build up numerically faster by mid-summer [99]. It is attacked by several larval
endoparasitoids,  each  of  which  exhibits  differential  responses  to  temperature.  Recent
warming in central Europe appears to favor thermophilic parasitoids like Costesia vestalis
and Dolichogenidea sicaria over cool-favoring species like Diadegma semiclausum [99, J. Harvey,
personal observations].  In addition to range expansions, many native insects will  benefit
from warming as a  result  of  longer growing seasons and more favorable conditions for
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populations to grow. There is already evidence that some species are experiencing outbreaks
as a result of warming as well as range expansions [100].

7. Effects of warming on the seasonal phenology of multitrophic
interactions

Jeffs and Lewis [17] examined the potential effects of climate warming on host-parasitoid
interactions and developed three primary ways in which parasitoids might respond to
warming: (1) by shifting distributions polewards or to higher elevations; (2) altering their
phenology; (3) adjusting to persist in their current ranges through phenotypic plasticity or
evolutionary adaptations. However, this ignores the potentially negative effects of a failure to
respond to warming, or else the consequences of local changes on the survival and persistence
of parasitoids. For example, warming is occurring so rapidly in many places that many species
or populations may not be able to adapt in sufficient time. The authors fail to discuss the
physiological costs of warming and how this might affect the acquisition and metabolic
allocation of resources by the larvae (from the host) and the adult (from both host and/or non-
host sources). If development of immature stages is negatively affected, this might have
profound effects on adult fitness and thus lead to declines and possible extinction. Further‐
more, phonological shifts depend on the ability of the parasitoid not only to track the host but
the host’s foodplant(s). Changes in important abiotic parameters may unravel trophic inter‐
actions if the species in these links respond differently to warming in terms of their life cycles.
This has already been demonstrated in oak-winter moth interactions and the effects of this are
negatively affecting the reproductive success of both migratory and resident insectivorous
birds. There is a possibility that parasitoids of winter moths are also being negatively affected
by warming. Some plants that are vital for the development and survival of specialist herbi‐
vores may also shift their seasonal growth patterns. For instance, interactions involving the
large cabbage white butterfly, Pieris brassicae, its natural food plants and a specialist gregarious
endoparasitoid, Cotesia glomerata, are complex in the context of life-history interactions
involving the various parties. The herbivore and parasitoid each have 2-3 generations per year,
each of which must seek out new food plant species in which to exploit. This is because most
of its suitable food plants – brassicaceous species – are short-lived annuals or biennials,
whereby different species grow at different times of the growing season [101]. Some species,
such as Brassica nigra, grow early in the spring, whereas others, including Sinapis arvensis and
B. nigra grow in late spring and summer respectively. The consequences of warming on the
phenology of this trophic interaction may critically hinge on how the plants and insects each
respond to increasing temperatures, and how this in turn affects the availability and suitability
of the resources which they exploit as food. For the herbivore, of course, this means the
availability of nutritious shoots on which the caterpillars feed, and for the parasitoid young
caterpillars in which the female wasps oviposit clutches of up to 50 eggs. Warming will
certainly increase the number of generations the insects have, and there already indications,
based on populations in the Mediterranean region that up to 4 generations are indeed possible
in more central and northern parts of Europe. However, if plant growth is temporally advanced
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(something that occurred in 2014) then later generations of the insects may emerge into habitats
with little plant food available. There are, however, many possible scenarios, whereby the
insects may experience neutral or negative effects of warming on their survival and fitness.
Furthermore, this example is hardly likely to be an isolated one; indeed, many trophic
interactions involving specialized consumers are under the same constraints.

8. Climate warming in the context of larger ecological scales

Thus far, the relationship between temperature and insect behavior and development have
been largely confined to pairwise interactions involving a plant and a herbivorous insect, or
even the insect alone when reared on an artificial medium. Slightly more complexity has been
achieved by incorporating a predator or a parasitoid into these studies, but the vast majority
of them have been focused on optimal rearing conditions for biological control rather than on
anthropogenic stresses such as climate change in natural and managed ecosystems. Indeed, in
other fields where anthropogenic stresses are involved, such as invasive species or habitats
loss, little attention has often been paid to insects in a multitrophic framework [10,13,102].
Climate change certainly represents a serious challenge to insects across vastly different scales
of space and time because it will have cascading effects on a wide range of ecological charac‐
teristics and processes in habitats. An important challenge is to scale up the results of small-
scale studies to see how these play out in communities, ecosystems and biomes. In this context
we need to understand how biodiversity over large scales regulates ecosystem-level processes
and how warming, by weakening processes and interactions at smaller scales, will affect this
regulation.

The  traditional  approach  in  examining  the  relationship  between  biodiversity  plays  in
ecosystem functioning has been based species interactions and the consequences of such
interactions for community structure and function. These interactions can be classified as
direct,  involving  pairwise  interactions  between  species  (e.g.  predation/parasitism)  or
indirect, involving mediation by a third party [103]. Therefore, studying how biodiversity
influences ecosystem functioning in multitrophic systems (involving mediation by a third
party)  is  important  for  several  reasons:  (1)  multiple  trophic  levels  represent  the  core  of
ecosystems [104]; (2) as multitrophic diversity increases, average ecosystem properties could
increase,  decrease,  stay  the  same  or  follow  more  complex  non-linear  patterns  [105].
Consequently, as the number of species change within a community, the occurrence and
significance of (in)direct interactions will also change. These, in turn, may be modified by
abiotic  factors,  which  may  generate  cascading  reactions  that  generate  large  ecological
changes with important ecological consequences [103,106].

Three of the well-documented global changes mediated by human activities are: increasing
concentrations of carbon dioxide in the atmosphere; alterations in the biogeochemistry of the
global nitrogen cycle; and ongoing land use/land cover change [106]. Human activity is now
considered as the prime driver of global environmental change [106,107,108,109]. However,
our ability to generate linkages at spatial (landscape) scales relevant to the human enterprise
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is limited at present [110]. Most importantly, the consequences of biodiversity loss on ecosys‐
tem services (e.g. primary and secondary production, nutrient cycling, pest control, pollina‐
tion, etc.) is poorly understood, as is our knowledge of the effects of warming on ecosystem
processes [105]. Therefore, understanding an array of mechanisms that drive the biodiversity–
ecosystem functioning relationship is thus difficult to evaluate in multitrophic systems [105],
because of the unexpected consequences of warming on species interactions and demographics
e.g. when the biology of one species is influenced by the biology of another species [111]; under
simultaneously changing landscape characteristics such as habitat availability and landscape
structure that affect biodiversity [112,113]; through the loss and/or fragmentation of habitats
that drive changes in species abundance with both winners and losers [114].

Multitrophic interactions involve microbes, pathogens, plants, animals and other functional
groups that are found in different positions of the food chain and provide vital functions to
communities and ecosystems [115]. Here, we focus on organisms inextricably linked to plant-
insect interactions. Microorganisms from diverse environments have played an important role
in ecosystem sustainability. Since the spatial and temporal stresses of the microbial system
may be quite different from those of plants and animals [116], many studies of the ecological
responses to global changes have suggested that belowground processes, often mediated by
soil microorganisms, are central to the response of ecological systems to global change [117].
Below-ground microbial mediated processes can both immobilize and release nutrients that
limit primary production and can influence the long-term response of ecosystems to global
change [118]. Investigations into microbial parameters involved in soil quality are increasing
[118,119,120] and it has been shown that human activity can directly or indirectly affect the
functioning and diversity of the soil community [116,121] and these effects are transferred
aboveground where they effect the structure and function of plant-insect communities
[19,122,123]. Bardgett [124] described some potential outcomes for soil microbes and carbon
exchange that include: (i) increases in soil carbon loss by respiration and in drainage waters
as dissolved organic carbon due to stimulation of microbial abundance and activity, and
enhanced mineralization of recent and old soil organic carbon [125,126]; (ii) stimulation of
microbial biomass and immobilization of soil N, thereby limiting N availability to plants,
creating a negative feedback that constrains future increases in plant growth and carbon
transfer to soil [127]; (iii) increased plant-microbial competition for N, leading to reduced soil
N availability and microbial activity and suppression of microbial decomposition and
ultimately increased ecosystem carbon accumulation [117]; (iv) increased growth of mycor‐
rhizal fungi [128,129], which receives carbon in the form of photosynthate directly from the
host plant and retains this carbon, controlling its release to the soil microbial community [130];
and changes in root exudation that are known to play a potentially important role through the
promotion of methanogenesis and hence carbon loss from soil as methane [131], although the
mechanisms involved in this process are poorly understood.

The response of the soil free-living bacterial group (β subclass of the Proteobacteria) on
simulated multifactorial global change was investigated in grassland vegetation dominated
by annual grasses and forbs growing in sandstone-derived soil [118]. The results demonstrate
that shifts in community composition were associated with increases in nitrification, but
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changes in abundance were not, confirming that microbial communities can be consistently
altered by global changes and that these changes can have implications for communities and
ecosystems.

Alternatively, atmospheric CO2 on microbial decomposition in peat was found to be greater
than when these factors operated alone, creating a stronger positive feedback on carbon loss
from soil as DOC (dissolved organic carbon) and respiration [126].

Soil microbes and their activities are inexorably linked to above and below ground commun‐
ities and therefore it is necessary to understand the effects of climate change on carbon budgets
[124]. However, it is important to be aware also of adverse effect of soil microbes on multitro‐
phic interactions, mostly in the case of pathogens. Soil borne pathogens can significantly alter
the spatial distribution and reduce the yield and quality of plants [132,133]. Climate change
generally has a beneficial effect on pathogen suppression and stress tolerance [115]. Bacteria,
fungi and nematodes perform specific functions that help suppress the infection and coloni‐
zation of plant roots by pathogens in the rhizospehere [115].

Plants play a major role in controlling and mediating directly or indirectly all soil multitrophic
interactions [115] and contribute to ecosystems on by providing food, shelter or “ecological
islands” for microbes, fungi, insects, and other organisms. However, dead plants also continue
to supply the environment with nutrients. Thus, qualitative and quantitative changes in plant
physiology, chemistry, tissue composition and signaling pathways under rising CO2 and
temperature regimes may influence the entire cascade of above and below-ground multitro‐
phic interactions [134,135,136,137]. Moreover, the geographical distribution of plants is also
affected by changing temperature and precipitation that alter the structure of plant commun‐
ities at larger scales and which in turn generate new (positive or negative) trophic interactions
[138]. The principle effect of changes in the spatial distribution of plants is also influenced by
the presence or absence of mutualists (pollinator) and antagonist (pathogen and herbivore) in
a changing environment [139] as well as intra-interspecific competitors (taller plants replace
lower congeneric species) [140]. On the other hand, plant phenology is temperature-sensitive
with strong connections with photoperiod [141]. Accordingly, there is critical springtime
photoperiod, which is an important pre-requisite before floral development can begin
[141,142]. Net photosynthesis (primary production) typically peaks within the range of normal
temperatures [143,144], however increasing temperatures can shift this peak and extending
the growing season and consequently accelerate plant growth [145]. This situation can lead to
key differences with respect to interactions with insect mutualists or antagonists [16] and
subsequently changes in the population dynamics can alter evolutionary trajectories [146],
creating “evolutionary noise” with unpredictable consequences for the strength and persis‐
tence of trophic interactions. While evidence of adaptive responses via variation among
genotypes in response to increasing temperature has been described in a marine parasite
Maritrema novaezealandensis [147], the extinction of local populations of the angiosperm Fagus
sylvatica still occurred at the southern range margin despite strong signals of genetic adaptation
in this species to climate warming [148,149]. This variation in responses at the species level
makes it virtually impossible to predict the effects of climate change on trophic interactions,
although available evidence suggests that there will be many more losers than winners [6] and
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as a result we can expect multitrophic (ecosystem) interactions to be simplified (Fig. 2) and
ecosystems therefore to become less stable and resilient [150].

Figure 2. Variation in responses at the species level makes it virtually impossible to predict the effects of climate
change on trophic interactions, although available evidence suggests that there will be many more losers than winners
and as a result we can expect ecosystem interactions to be simplified and ecosystems therefore to become less stable
and resilient.

9. Summary and future directions

Climate change clearly represents a major challenge to biodiversity at all levels of organization.
This includes physiological and behaviorial responses of individual species through trophic
interactions and beyond to the scale of communities and ecosystems. Given that they are
ectotherms, insects will respond to warming in a number of ways. First, they may seek out
micro-climates with more optimal temperatures for biological activity; second, they may shift
their diel patterns of activity to coincide with more optimal temperature regimes; third they
will adjust their broader distributions either moving to higher elevations or polewards.
However, these responses also critically depend upon interactions with other species, includ‐
ing both resources (e.g, plant for herbivores and herbivores for predators) as well as indirect
interactions with species two levels or more apart on the food chain.

Thus far, few studies have explored climate change on trophic interactions integrating three
or more levels of a food chain. Instead, the main focus thus far has been on descriptive studies
or else on two-trophic level interactions, with little attention paid to members higher up the
food chain (e.g. parasitoids and hyperparasitoids), especially in a multitrophic framework.
Given the paucity of studies in this area, it is virtually impossible to predict larger scale
consequences of warming for communities and ecosystems and the services that emerge from
them. It is therefore important to scale up the biological effects of warming on individual

Biodiversity in Ecosystems - Linking Structure and Function1498



as a result we can expect multitrophic (ecosystem) interactions to be simplified (Fig. 2) and
ecosystems therefore to become less stable and resilient [150].

Figure 2. Variation in responses at the species level makes it virtually impossible to predict the effects of climate
change on trophic interactions, although available evidence suggests that there will be many more losers than winners
and as a result we can expect ecosystem interactions to be simplified and ecosystems therefore to become less stable
and resilient.

9. Summary and future directions

Climate change clearly represents a major challenge to biodiversity at all levels of organization.
This includes physiological and behaviorial responses of individual species through trophic
interactions and beyond to the scale of communities and ecosystems. Given that they are
ectotherms, insects will respond to warming in a number of ways. First, they may seek out
micro-climates with more optimal temperatures for biological activity; second, they may shift
their diel patterns of activity to coincide with more optimal temperature regimes; third they
will adjust their broader distributions either moving to higher elevations or polewards.
However, these responses also critically depend upon interactions with other species, includ‐
ing both resources (e.g, plant for herbivores and herbivores for predators) as well as indirect
interactions with species two levels or more apart on the food chain.

Thus far, few studies have explored climate change on trophic interactions integrating three
or more levels of a food chain. Instead, the main focus thus far has been on descriptive studies
or else on two-trophic level interactions, with little attention paid to members higher up the
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species of producers (plants) and consumers (herbivores and natural enemies) to trophic chains
and from there to communities, in order to better understand the potential consequences on
the stability and resilience of ecosystems and the biomes in which they are embedded. This is
a daunting challenge, but one that must be tackled if we are to develop predictive power of
climate change effects on natural and managed ecosystems. Another important area is to
combine warming in an above-and below ground approach integrating trophic interactions
occurring amongst insects and other invertebrates in both compartments, an area that is now
being increasingly considered in community-based research [151].
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Responding to Change — Criteria and Indicators for
Managing the Transformation of Vegetated Landscapes
to Maintain or Restore Ecosystem Diversity

Graham A. Yapp and Richard Thackway

Additional information is available at the end of the chapter

1. Introduction

Australia is an old, flat and dry continent that has thin and nutrient poor soils. However, as
an island continent with a long separation from other land masses, it has distinctive and highly
endemic terrestrial biota — for example, about 92% of flowering plants, 85% of terrestrial
mammals and 89% of reptiles [1, 2].

European settlement, beginning only towards the end of the 18th century, brought the
introduction of pastoralism and cropping to landscapes where the previous human impact
had mainly been the use of fire to assist hunting [3]. Various studies with a focus on the loss
of species suggest that, since European settlement in the late 18th Century, Australia has had
the world’s highest rate of extinctions of mammalian fauna and parallel losses of biodiversity
across many of its ecosystems [4, 5].

Concern about the loss of biodiversity is not new and not surprising. The major causes are
outlined below, but the context, in almost all cases, has been land use change, inappropriate
management of fire regimes, and/or ineffective management of threats imposed by introduced,
often highly invasive, plants and animals. Also, historically there was a general unwillingness
to learn about the structure, composition and function of Australia’s ecosystems and to adapt
land management practices that had been learned in Europe and imported to Australian
ecosystems.

Biodiversity is fundamentally important to ecosystem function [6, 7]. At local scales, biodi‐
versity dependent ecosystem processes provide key ecosystem services — e.g. pollination, the
generation of soils and the recycling of nutrients. At wider landscape or regional scales the
role of biodiversity in ecosystem function and the provision of ecosystem services such as
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http://dx.doi.org/10.5772/58960

Chapter 5



regulation of the hydrological regime and control of soil erosion may be less direct but
nevertheless important [8, 9].

With growing concern about the impacts of global warming, the capacity of managers to
anticipate, recognise and respond to climatic variability will be a key requirement for main‐
tenance of ecosystem function and ecosystem services that depend on biodiversity.

Vegetation is commonly used as the key descriptor of Australian landscapes and the condition
of native vegetation is widely used as an indicator of value for biodiversity and the potential
for its protection and maintenance. We describe an approach (VAST) by which the condition
of vegetation can be effectively described in terms of three diagnostic components — its
structure, composition and regenerative capacity [10]. VAST provides a rationale and method
for measurement, monitoring and mapping change in 22 indicators of ecosystem structure,
composition and function (i.e. key ecological characteristics) over time. Case studies show that
purposeful redirection of the way land is managed is supporting the recovery of biodiversity
through the transformation of vegetation condition.

2. Land use in Australia

Almost 64% of Australia’s land is being used to meet the food and fibre and domestic needs
and to provide export income to support a population that has grown, by current estimates,
to exceed 23.5 million [11, 12]. Of the total land area, only a small proportion — less than 4%
— is under intensive agricultural and urban use where native vegetation has, in general, been
completely removed. About 2% is used for production forestry including plantations. Around
57% of the land area has been modified for agriculture and for pastoral use, with the bulk of
this area used for livestock grazing on natural or modified pastures [see Table 1]. In areas that
have been cleared for agriculture (primarily cereal cropping) and for grazing on improved
pastures, remnant areas of native vegetation provide a much-reduced but very important
reservoir for biodiversity. However, grazing has had considerable impact on biodiversity even
where it uses natural vegetation in semi-arid and arid landscapes.

On the other side of the ledger, nearly 37% of Australia’s land is in national parks, nature
reserves and other protected areas (see Table 1). These areas contribute to maintenance of
biodiversity as the major component of Australia’s National Reserve System (see below).
Extensive areas where use is limited or negligible also contribute to biodiversity conservation
objectives although, despite being little affected by (or in advanced recovery from) clearing,
the impact of fire and feral animals can be significant in these areas.

Changes in land use and land management in Australia are tracked and mapped by cooper‐
ative national programs [1, 2, 15, 16]. Related arrangements are also in place for describing and
mapping change in vegetative cover [17].
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LAND USE
AREA Proportion

(sq. km) (%)

Dryland cropping and horticulture 256 616 3.33

Irrigated cropping and horticulture and intensive animal and plant production 20 146 0.21

Grazing modified and irrigated pastures 730 193 10.50

Grazing native vegetation 3 558 785 46.30

Production and plantation forestry 138 243 1.80

Nature conservation 569 240 7.41

Other protected areas, including Indigenous uses 1 015 359 13.21

Areas of minimal use 1 242 715 16.17

Other (urban, rural residential, waste and mining, water and unknown) 155 850 2.02

Total 7 687 147 100.00

Source: Based on ABARE–BRS [13, 14]

Table 1. Summary of land use in Australia

3. Major impacts on Australian biodiversity

Schedules to Australia’s Environmental Protection and Biodiversity Conservation Act (EPBC)
[18] list 1298 species of “Threatened Flora” (of which 39 are recorded as “extinct”, 139 as
critically endangered, 528 as endangered, and 592 as vulnerable [19], and 451 species of
threatened fauna of which 54 are recorded as extinct, 1 as extinct in the wild, 54 as critically
endangered, 142 as endangered, 193 as vulnerable and 6 as “conservation dependent” [20].
The EPBC also lists 70 Threatened Ecological Communities as vulnerable, endangered or
critically endangered [21]. (Note: this is the current number in the EPBC schedule with the
most recent entry dated 17 July 2014. The State of the Forests report [1, p94] states “at December
2012, the EPBC Act listed 58 threatened ecological communities, of which 27 are forest
communities or contain significant proportions of forest “. For this chapter, we accept the EPBC
schedule).

The EPBC Act recognises 21 specific threatening processes. Clearing and replacement of
vegetation, along with the introduction of new animal species (including both herbivores and
predators), the spread of invasive plant and animal species, changes in fire regimes, manipu‐
lation of the distribution and quantity of water resources in both time and space, and changes
to the physical, chemical and biological state of the continent’s generally ancient and impov‐
erished soils, have all contributed to rapid and extensive loss of biodiversity, including a high
rate of species extinction [2, 22]. Widely accepted assessments of the course of climate change
point to a further increase in pressures on the biodiversity and ecosystem services of Australian
environments [3, 23-25].
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3.1. Vegetation clearance

The most dramatic and widespread impact on ecosystem structure and ecological function has
been land clearance – removal and/or conversion of vegetative type and cover. Australia’s 2013
State of the Forests report [1] notes that clearing or modification for urban settlements and
intensive agriculture has affected as much as one third of native vegetation, with some
communities reduced to as little as 1% of their original areas and others highly fragmented.
Resultant landscapes are a diverse mosaic of fragmented and modified native vegetation and
converted and replaced land cover [26, 27]. The loss of habitat is reflected in long lists of
threatened plant and animal species.

3.2. Fire in Australian landscapes

Fire is a major driver, responsible for the composition of a great many Australian ecosystems,
including most of its forests [28, 29]. Even before European settlement, many Australian
ecosystems were fire-generated and fire-dependant [28]. As settlement extended further
inland, fire was widely used as a tool for land clearance.

Fire is an important tool for management and can be used in the service of biodiversity
objectives but uncontrolled wildfires and inappropriate fire regimes continue to pose an
ongoing threat to maintenance of biodiversity. Problems range from fire regimes that are too
infrequent and allow the build-up of excessive fuel loads (often contributing to highly
damaging wildfires) to burning regimes that are too frequent to allow regeneration, re-
establishment and regrowth of affected communities [30, 31]. Suppression and, in many cases,
the exclusion of fire has been equally as problematic for ecosystem function as have wildfire
or too frequent fire regimes.

Appropriate fire regimes will be increasingly important for management of the expected
effects of climate change on fuel loads, temperature, humidity and other drivers. An increase
in the frequency, intensity and area affected by fire and a reduction in the period available for
safe control burning to manage fuel loads can be expected [1, 24, 25].

3.3. Climate change

There  is  evidence  that  anthropogenic  climate  change  is  already  impacting  ecosystem
processes and biodiversity in Australia [2, 4, 32, 33]. Continuing, and probably accelerat‐
ing impacts,  will  require  adaptive management to  counter  increasing risks  of  pests  and
diseases, altered fire regimes and other expected variations of temperature and rainfall and
extreme events [5, 34, 35].

3.4. Biogeographic regionalisation based on vegetation

Australia's landscapes have been classified in large homogeneous and distinctive bioregions
based on common climate, geology, landform, soil, native vegetation and species information
[36]. Currently, there are 89 geographically distinct bioregions which have been further
subdivided and mapped into 419 more localized subregions with greater geomorphological
homogeneity — see Australia’s Bioregions (IBRA) [37].
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Large areas of Australia, readily identifiable as distinctive biogeographic regions and subre‐
gions, are dominated by two genera – Eucalyptus and Acacia. The first, Eucalyptus, is almost
unique to Australia-only seven of the more than 800 species occur (naturally) beyond Australia
and only one of these does not occur within it (38, 39]. Native forest and woodland forests
dominated by eucalypts comprise 92 million hectares; 75% of the native forest area [1, 40].

The second widely dominant genus is Acacia. Though the genus is widespread elsewhere, most
of the phyllodinous acacias are Australian. As with the characteristic sclerophylly of eucalypts,
the phyllodinous adaptation of acacias is recognised as a response to characteristic edaphic
and climatic conditions of the Australian land mass complicated by the role of fire and their
adaptation to it. Acacias are dominant in almost 10 million hectares — 8% of the forest area [1].

4. The condition of native plant communities (i.e. vegetation condition) as
an indicator of ecosystem function

Vegetation has long been used to characterise Australian landscapes. Key roles of vegetation
in maintaining ecosystem function in Australia are listed in Table 2. The Vegetation Assets,
States and Transitions (VAST) system, as described below, builds on the observation that
vegetation is a major driving force in the dynamics of terrestrial ecosystems such that, in
Australia, it is often used as a proxy to classify ecosystem type and function.

In the 57% of Australia’s land that has been modified to support agriculture and grazing, there
is a mix of intact, disturbed and replaced cover types with identifiable vegetation composition,
structure and condition classes [17]. This ‘mix’ largely determines ecosystem function and the
ecosystem services that a landscape will support [42]. It also underpins the ability to maintain
and enhance, or restore, biodiversity — the ‘regenerative capacity’ of ecosystems. Accordingly,
the VAST system recognises that actions to arrest and/or reverse loss of biodiversity must be
based on an understanding of the present condition of vegetation, how that condition was
reached and what management changes will be required in order to change the structure,
composition and function of the vegetation.

While restoring vegetation structure, species composition and regenerative capacity is an
effective step towards improving ecosystem function, it may not always be appropriate to aim
for overall recovery of biodiversity. The responses of individual species or species assemblages
may change as ecosystem function changes in response to management actions or climate
change or other events such as wildfire.

5. Australia’s National Reserve System (NRS)

Australia’s Commonwealth (i.e. national), state and territory governments have jointly agreed
on a strategy for establishment and management of a national reserve system – a “network of
public, indigenous and private protected areas over land and inland freshwater” [43]. The
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objectives for the system are long-term protection of selected ecosystems and the biological
diversity they support. The strategy implies a whole-of-landscape approach in recognition
that, faced with climate change, the complete, adequate and representative objectives for
biodiversity conservation require a “full range of conservation measures applied to other lands
across the landscape” [43, p3]

The national system of reserves includes areas representative of all 89 bioregions. Some 54
(61%) of these have greater than 10% areal (but not necessarily ecosystem) representation.
Others — mainly those extensively cleared for cultivation or improved pastures — have very
small proportions of their areas in the reserve system. Representation is lower at the next level
of the classification where 44 of the 419 subregions (10.5%) are unrepresented and only 183
(43%) have more than 10% of their area included in the reserve system.

Currently, the National Reserve System (NRS) covers about 13% of Australia’s land area
(approximately 100 million hectares) but it has, essentially, been established from what
remains of lands with relatively intact vegetation or areas with special biological, historical
and/or recreational values. This is particularly the case in over-cleared landscapes that have
been converted to intensive agriculture.

In this chapter, we are primarily (but not exclusively) concerned with lands outside the reserve
system – i.e. ecosystems or landscapes that are primarily used for agriculture and/or grazing
on improved pastures. These show varying degrees of modification. The course of these
changes to their original composition, structure and function and the pathway for recovery of
these landscapes – i.e. transformation back towards their original state – can be tracked,
quantified and displayed by the VAST system here outlined and demonstrated by two case
studies. Because the area outside the NRS is very large, reverse transformation of modified
landscapes will significantly complement the biodiversity objectives being maintained in
reserves. One of the major issues facing public and private land management agencies is how
to assess and report the quantum that these landscapes contribute to the national biodiversity
account and how their contribution is changing over time. VAST provides information that is
relevant to this need. Further, it adds to the available approaches for monitoring responses to
climate change and habitat protection at a landscape scale [34].

6. Approaches to biodiversity objectives — Aiming for maintenance or
recovery

Two approaches are common – one based on land use and the other on land management.

1. As outlined above, Australia has a significant proportion of its land in a system of reserves
that are (meant to be) providing for the maintenance of biodiversity. More land (and
ecological communities) are given a level of protection under various forms of agreements
and these add to the total area of in which maintenance of biodiversity is being supported
by control over threatening processes. The total area under various forms of protective
designation or agreement is about 118 750 sq km – close to 15.5% of Australia’s land surface
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(excluding Antarctica) [1, 13, 44]. The caveat is that it has not been possible – and never
will be possible – to completely control threatening processes such as fire and introduced
weeds and animals. Note: similar approaches are being used with a view to maintenance
of marine ecosystems and biodiversity, but we are not concerned with marine area
protection here. Privately owned and managed reserves comprise only 1% of Australia
(795 sq km) [45].

2. Outside urban areas and the National Reserve System, the majority of Australia’s land is
managed by farmers and graziers. Most of this is extensive cropping and pastoralism —
largely due to impoverished soils and the vagaries of climate — but intensification is
increasing. Many landowners are well aware of and sympathetic to biodiversity concerns
and a number of individual and community initiatives, supported by government
programs, are in operation across rural lands. This approach is the main focus of the VAST
approach and this chapter.

This effectively means that, for large areas the role of land managers (and citizen scientists and
community groups) is critically important to biodiversity maintenance. At local level, much
has been done to control invasive weeds and plant trees and shrubs to control land degradation
and provide habitat for native species – especially through movements such as LANDCARE.
However, a comprehensive study by the National Land and Water Resources Audit [35]
included a sub-regional assessment of constraints to community capacity for adaptive
management to integrate biodiversity conservation into natural resource management. It
concluded that capacity was severely constrained in 14% of Australia’s 419 sub-regions and
significantly constrained in another 33%. It found that conservation is ‘well integrated into
production systems’ in only 1.5% of subregions [35;p130].

Here we describe the use of a Vegetation Assets, States and Transitions (VAST) concept that
is proving an effective way to support adaptive management at site, property and local levels.
VAST addresses the need for managers to:

1. obtain information on vegetation condition by assessing the effects that land management
practices have had on compositional, structural and functional characteristics; and

2. track and report how these characteristics are responding to adaptive changes in their
management practices and, where appropriate, relate these responses to indications of
climate change.

7. The VAST transformation approach to assessing change and trend

VAST is a standardised nationally consistent system for monitoring, evaluating and reporting
the effects of changes in land use and management and assessing their effects on ecosystem
function and the delivery of ecosystem services. It uses key functional, structural and compo‐
sition characteristics of a site and its vegetation — fire regime, soil structure, hydrology,
nutrients and biology, over and understorey vegetation structure and over and understorey
species composition. These ecological criteria are hierarchically integrated with 22 indicators
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that are linked to diagnostic attributes of vegetation condition [17]. A wide range of spatial,
temporal and thematic data and information (e.g. environmental histories, relevant time series
aerial photography and remote sensing and site-based monitoring) can be used to populate
the indicators. The framework is shown in Table 2.

Key functional, structural and
composition criteria

Key Indicators VAST diagnostic
components

Fire regime
1. Area /size of fire foot prints

Regenerative capacity

2. Interval between fire starts

Soil hydrology
3. Plant available water holding capacity

4. Ground water dynamics

Soil physical state

5. Effective rooting depth of the soil profile

6. Bulk density of the soil through changes to soil structure
or soil removal

Soil nutrient state

7. Nutrient stress – rundown (deficiency) relative to
reference soil fertility

8. Nutrient stress – excess (toxicity) relative to reference soil
fertility

Soil biological state

9. Organisms responsible for maintaining soil porosity and
nutrient recycling

10. Surface organic matter, soil crusts

Reproductive potential
11. Reproductive potential of overstorey structuring species

12. Reproductive potential of understorey structuring species

Overstorey structure

13. Overstorey top height (mean) of the plant community

Vegetation structure

14. Overstorey foliage projective cover (mean) of the plant
community

15. Overstorey structural diversity (i.e. a diversity of age
classes) of the stand

Understorey structure

16. Understorey top height (mean) of the plant community

17. Understorey ground cover (mean) of the plant
community

18. Understorey structural diversity (i.e. a diversity of age
classes) of the plant

Overstorey composition

19. Densities of overstorey species functional groups

Species Composition

22. Richness – the number of indigenous overstorey species
relative to the number of exotic species

Understorey composition

21. Densities of understorey species functional groups

22. Richness – the number of indigenous understorey species
relative to the number of exotic species

Source: Thackway, 2013 [46]

Table 2. VAST ecological criteria, performance indicators and diagnostic components
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For practical purposes, the VAST approach uses information on the condition of individual
vegetation sites and patches on the premise that the condition of vegetation can be linked to
the structure (height, cover, growth form, strata), regenerative capacity (resilience), and
composition (species diversity) of vegetation. These are the three components that are used in
VAST as indicators or surrogates to determine the response of the plant community and to
derive scores for the diagnostic components used to define change in condition and its trend.

Vegetation condition is described as the difference between observed or measured values for
diagnostic attributes or criteria relative to a benchmark or ‘reference state’. The identification
of reference states is a fundamental underpinning of the VAST concept (for details see reference
[47]). In Australia the ‘original’ natural vegetation is often used as a benchmark because of its
assumed relationship to biodiversity. Accordingly, residual patches of native vegetation are
generally selected as reference sites. In effect, a reference site is an area that is representative
of low impact uses and management of the plant community such that the native vegetation
has persisted in a largely unmodified state since first European settlement [47].

VAST uses these plant community reference states and representative sites to enable consistent
tracking and reporting of change and trend in key characteristics, performance indicators, and
diagnostic components. The observed ‘distance’ of these diagnostic components from any
‘fully natural’ benchmark provides relative scores that can be summed to assign condition
classes.

Table 3 shows the VAST vegetation condition classes. VAST uses a metric approach to classify
and map vegetation ‘condition states’ that are determined by the effects that land use and/or
land management practices have on compositional, structural and functional characteristics
of the site. The extent to which these characteristics remain intact or, if changed, have been
modified, replaced or altogether removed defines the six VAST vegetation classes.

Increasing
Vegetation
Modification

Vegetation condition classes Characteristics of the vegetation

0 Naturally bare
Areas where native vegetation does not naturally persist, and
recently naturally disturbed areas where native vegetation has
been entirely removed (i.e. subject to primary succession).

I Residual
Native vegetation community structure and composition, with
regenerative capacity intact – no significant perturbation from
land use/land management practices.

II Modified

Native vegetation community structure, composition and
regenerative capacity more or less intact, perturbed by land use/
land management practices such as intermittent low intensity
grazing.

III Transformed
Native vegetation partly removed but community structure,
composition and regenerative capacity has been significantly
altered by land use / land management practices.

IV
Largely replaced and
degraded

Native vegetation largely replaced by invasive native and/or
exotic plant species (commonly areas abandoned or burnt).
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V
Replaced and managed for
intensive production

Native vegetation completely removed and replaced with
intensive agriculture: rain-fed broad acre crops, feed lots,
horticulture, irrigation agriculture and long or short rotation
forestry. Various types are recognised in the vegetation
classification.

VI
Replaced with man-made
structures

Settlements and cultural features – e.g. buildings, roads, water
reservoirs; gardens, parks and amenity plantings.

Table 3. Vegetation characteristics of VAST condition classes

8. Theoretical underpinning of VAST-a model of temporal change

A land manager who wants to change a landscape will need to understand how managing the
10 VAST criteria can restore a site (or landscape) towards a reference state. This applies whether
specifically to recover some species or improve species diversity in general, or to more broadly
improve the production of ecosystem services (e.g. the generation of food and fibre and
regulation of the hydrological regime while providing habitats and food sources to support
increased biodiversity).

Figure 1. Transformation, occupation and relaxation of a given area of land (based on Hamilton et al. 2008 [48]).
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Figure 1 presents the theory underpinning the VAST approach to understanding temporal
changes in vegetation indicators in response to changes in land use and management. While
a site is being managed using a suite of land management practices it is ‘occupied’ and there
is a net loss in some (or all) of the key indicators relative to the reference state. Where a land
manager chooses to relax previous land management practices, allowing reversion of their
effect so that the site can recover or be significantly restored, there is a net gain in indicator(s)
relative to the reference state.

9. A report card on change — Tracking impacts of land use and management

The VAST system can provide a simple graphical report card showing change and trend
relative to a reference state (i.e. natural benchmark). The manager and/or researcher compiles
information on how ecosystems within a (selected) landscape have reached their current state
(i.e. what happened and what is happening now). This information can be used to model how
vegetation — and therefore ecosystems — might be restored within the scope of the objectives
of the manager(s) of a landscape. This provides a baseline and rationale for monitoring changes
in the vegetation structure, species composition and regenerative capacity of the site following
the changes made to land management practices. The results can be used to inform stake‐
holders of progress towards agreed targets for ecosystem structure and function and/or
biodiversity.

One of the most important premises of the VAST system is that, while it emphasises vegetation
structure and composition, it essentially operates on and achieves its results through improved
understanding and management of the key functional, structural and composition compo‐
nents at a site relative to the reference state. Within the limits imposed by regional climate and
microclimates, the recovery of native vegetation communities largely depends on partially or
fully reinstating the soil structure, hydrology, nutrients and biology – often the very criteria
most affected by land clearance, cultivation and the introduction of hard-hoofed animals. Fire
regime and reproductive potential are also critically important criteria particularly in most
grassland and woodland ecosystems many of which, along with some forest ecosystems, are
managed for pastoral production.

Figure 2 illustrates these concepts using a Poplar Box (Eucalyptus populnea) plant community.
At time one (t1) the site is minimally managed. At t1 the site is classified as in an unmodified
state (VAST class I). At time two (t2), land management practices have been used to change
the vegetation structure and composition characteristics, although the functional characteris‐
tics of the site are largely unchanged. The condition at t2 is classified as a modified state (VAST
class II). At time three (t3) land management practices are intensified to further change the
vegetation structure and composition characteristics, although the functional characteristics
of the site still are largely unchanged. The condition at t3 is classified as a transformed state
(VAST class III). Figure 2 shows the direct relationship between the VAST condition classes of
the site and the delivery of ecosystems services [41].
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Figure 2. Trajectory of VAST classes and the effect on ecosystem services

10. Application of VAST to the problem of fragmentation

Given the importance attached to the integrity and extent of native vegetation, its fragmenta‐
tion at local and regional scales poses a number of threats to maintenance of biodiversity. Apart
from lack of connectivity for passage between refuges and food sources, there is increasing
concern about the risk of declining genetic diversity (inbreeding), especially in the context of
climate change [1, 24]. In the VAST system, this is largely encapsulated in indicators of
reproductive potential and in overstorey and understorey structure and composition (see
Table 2).

McIntyre and Hobbs [22] proposed a framework for conceptualizing the effects of landscape
fragmentation and increasing degrees of site modification and understanding their relevance
to management. The framework is widely known and understood and assists conservation
biologists and natural resource managers to address the full spectrum of human impacts
observed across agricultural and fragmented landscapes.
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Muetendeudzi and Thackway [49] have adapted this concept to recognise and map ‘landscape
alteration levels’ as an emergent property of vegetation condition at the site level. Figure 3
shows a schematic model characterising landscape alteration levels in terms of the relationship
between increasing fragmentation and increasing degrees of modification defined in terms of
VAST classes. An appropriate vegetation condition dataset is required for generation of maps
of landscape alteration levels. For this, condition classes must be described as homogeneous
map units at the site level — i.e. as either mapped polygons or raster based maps [17]. VAST
provides a suitable input dataset.

VAST spatial data for fragmentation and degrees of site modification represented are used to
classify landscapes into four categories — intact, variegated, fragmented, and relictual — to
generate national and regional maps and statistics.. This information can provide a valuable
basis for setting conservation priorities in natural management programs [50].

Figure 3. A framework for characterising landscape alteration levels based on increasing fragmentation and increasing
degrees of modification defined in terms of VAST classes.
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11. Application of the VAST approach to site transformation — Two case
studies

Implementation of the approach is shown below in two considerably different case studies —
one in an area originally sub-tropical rainforest, the other an area of Eucalyptus grassy wood‐
land in a cool temperate climatic environment. The location of the case study sites is shown in
Figure 4.

11.1. Rocky Creek Dam, Big Scrub, New South Wales

The Rocky Creek Dam, Big Scrub, New South Wales case study is an area of 25 hectares of hilly
terrain located 28°38'8.54"S, 153°20'32.58"E – see Figure 4. This ‘transformation site’ was
originally Lowland Subtropical Rainforest on basalt-derived soils (see reference [47] for full
definition of ‘transformation site’). The site is located in the South Eastern Queensland
bioregion and the Scenic Rim sub-bioregion. In 1910 the transformation site was completely
cleared of the native rainforest and converted to agriculture. It was cropped in 1910 and then
from 1911-49 it was managed as a continuously grazed pasture supporting dairy cattle.

The transformation site is located near a large remnant area of Lowland Subtropical Rainforest.
In 1990, the land manager, Rous Water, defined the reference state for the Rocky Creek Dam
transformation site as the nearby Rocky Creek Flora Reserve (172 ha), now part of Nightcap
Range National Park [51].

The VAST method (criteria and indicators) was used to assess the link between environmental
response and land management activity and change over time. Information on land manage‐
ment history and its progressive effects on key ecological criteria and indicators was derived
from published and unpublished sources including interviews with the land manager and
discussions with ecologists familiar with the site.

Assessment of the indicators was completed as part of field work in 2010 [52].

11.1.1. Phase 1: 1750-1910

This period coincided with cessation of management by the Goori indigenous people, the area
was opened-up for selection as private land, the ‘cedar getters’ selecting, cutting and removing
large trees. During this period the area remained as VAST I (unmodified 80-100%).

11.1.2. Phase 2: 1911-1949

Commencing in 1911 the site was transformed from VAST I unmodified 80-100%, through
VAST II modified 60-80%; to VAST III transformed 40-60%.

This phase was characterised by the conversion of the rainforest to pasture and its continuing
use for dairying. This included pasture improvement and continuous or set stocking. The aim
of land management during this period was to maintain and improve milk production by
grazing dairy cows on improved exotic pastures. Regeneration of the rainforest was actively
controlled.
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During this period the vegetation condition scores were dramatically reduced from 100% to
43%. Initially, with the conversion of the rainforest vegetation, condition scores were reduced
from unmodified (80-100%) to transformed (56%) with the major change due to the loss of
vegetation structure and species composition. Subsequently ecological function was further
diminished due to changes in soil hydrology, soil nutrients, soil biology and reproductive
potential of the plant community. At the end of this phase the score was 43%.

Figure 4. Location of the Case Study areas
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11.1.3. Phase 3: 1950-1982

Commencing in 1950 the site was classified as VAST III (transformed 40-60%).

This period was characterised by the transfer of ownership of the land from private to public.
Several private properties, including this site, were purchased by Rous Water as part of the
Rocky Creek water catchment area within which the Rocky Creek Dam was to be built. The
cessation of dairying and the abandonment of pasture management, resulted in a major
incursion of lantana (Lantana montevidensis). The Dam was built in 1950-52.

During this period birds and flying foxes (Pteropus spp.) which had spent time in the adjacent
large remnant dropped their faeces into the lantana. The lantana was also ameliorating the soil
conditions that had been degraded during the earlier period of dairying.

The land manager commenced experiments on small test plots using assisted regeneration of
the rainforest by controlling the regeneration of lantana. This showed that the rainforest could
be readily re-established.

At the end of Phase 3 in 1990 the site as a whole was still classified as VAST III (transformed
40-60%).

11.1.4. Phase 4: 1983-2010

This period was characterised by large-scale assisted regeneration which commenced in 1993
and was largely completed in 1999. The process used was to systematically convert small
patches covered entirely with lantana, within the site, back towards the original Lowland
Subtropical Rainforest composition, structure and condition. The main technique was to slash
the lantana to create ground cover mulch and then, as germination of the lantana was observed,
use weed killer to halt its re-establishment. The earlier experiments had shown that the
rainforest plants geminated later than lantana, thus enabling this system of assisted regener‐
ation to be highly successful.

In 1991 the land manager, Rous Water, commenced detailed monitoring and reporting of the
key attributes of species composition and vegetation structure associated with the assisted
regeneration.

Since 2001, the site of restored Lowland Subtropical Rainforest, adjacent to the Rocky Creek
Dam reservoir, has been managed continuously as open public space.

At the end of Phase 4 in 2010 the site was classified as VAST I (unmodified) with a score of
(about) 90%.

Figure 5 shows the change and trend in the transformation of the Rocky Creek Dam transfor‐
mation site. The symbols depicted in the graph are based on qualitative observations and
quantitative measurements (x1, x2, x3) [53, 54].

The figure shows total vegetation status score calibrated to VAST classes:

80-100% of the reference state corresponds to VAST class I– Residual /Unmodified;
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60-80% corresponds to VAST class II– Modified;

40-60% corresponds to VAST class III– Transformed;

Scores from 0-39% corresponding to VAST class IV– Replaced and adventive; VAST class
V–  Replaced  and  managed;  and  VAST  class  VI  Replaced  and  removed  have  not  been
differentiated.

Figure 5. Phases in the transformation of Rocky Creek Dam site.

11.2. Chandler Paddock, Monaro Region, New South Wales, Case study

11.2.1. Introduction

Chandler paddock, Severn Park, Cooma, New South Wales is an area of 107 hectares com‐
prising rolling and hilly terrain; located-36°26'23.4600"S, 148°55'42.0000"E – see Figure 4. The
site is located in the South Eastern Highlands bioregion and the Monaro sub-bioregion of the
Interim Bioregions of Australia classification [36].
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This ‘transformation site’ was originally Eucalyptus pauciflora and E. rubida woodland over
scattered shrubs, over a Themeda and Poa grassland with mixed forbs. The soils are derived
from granite. In 2013, the land manager, defined the reference state for Chandler paddock
transformation site as an extant patch of Eucalyptus pauciflora woodland in Carter paddock,
also located on Severn Park (Charles Massy pers comm).

The VAST method (criteria and indicators) was used to assess the link between environmental
response and land management activity and change over time. Information on land manage‐
ment history and their effects on key ecological indicators and attributes were derived from
published and unpublished sources including interviews with the land manager and discus‐
sions with ecologists familiar with the site. Assessment of the VAST indicators was completed
as part of fieldwork in 2013.

11.2.2. History

Between the 1870s-90s almost all the trees on the upper, mid and lower slopes were ringbarked
and killed to promote pasture production. Ridges were not cleared.

11.2.3. Phase 1: 1750-1855

This period coincided with cessation of management by the Ngarigo indigenous people in the
mid 1830s. By the end of this period the site was classified as VAST I with a score of 100%.

From 1830, the area was opened-up as grazing land with shepherds continuously moving large
flocks of sheep on unfenced natural pastures.

11.2.4. Phase 2: 1855-1875

Grazing on unfenced pastures continued into 1870. Permanent wire fences were erected after
1871 and set or continuous stocking has continued virtually unbroken until July 2014.

Commencing in 1855 almost all trees on the site were killed using technique called ringbarking
to promote pasture production. Regeneration of the Eucalyptus trees and understory shrubs
was actively controlled. The aim of land management during this period was to improve wool
production by grazing merino sheep on native pastures.

By the end of this period the site was classified as VAST I with a score of 95%.

11.2.5. Phase 3: 1876-1929

Commencing in 1876 set or continuous grazing was enabled through the erection of wire
fences. Over the next 50 years the intensive stocking regime and the naturally relatively low
levels of natural productivity resulted in the relatively rapid diminution of key indicators
associated with vegetation structure, species composition and ecological function. During this
period the site was transformed from VAST I (unmodified 80-100%), through VAST II
(modified 60-80%) to VAST III (transformed 40-60%).

Biodiversity in Ecosystems - Linking Structure and Function18128



This ‘transformation site’ was originally Eucalyptus pauciflora and E. rubida woodland over
scattered shrubs, over a Themeda and Poa grassland with mixed forbs. The soils are derived
from granite. In 2013, the land manager, defined the reference state for Chandler paddock
transformation site as an extant patch of Eucalyptus pauciflora woodland in Carter paddock,
also located on Severn Park (Charles Massy pers comm).

The VAST method (criteria and indicators) was used to assess the link between environmental
response and land management activity and change over time. Information on land manage‐
ment history and their effects on key ecological indicators and attributes were derived from
published and unpublished sources including interviews with the land manager and discus‐
sions with ecologists familiar with the site. Assessment of the VAST indicators was completed
as part of fieldwork in 2013.

11.2.2. History

Between the 1870s-90s almost all the trees on the upper, mid and lower slopes were ringbarked
and killed to promote pasture production. Ridges were not cleared.

11.2.3. Phase 1: 1750-1855

This period coincided with cessation of management by the Ngarigo indigenous people in the
mid 1830s. By the end of this period the site was classified as VAST I with a score of 100%.

From 1830, the area was opened-up as grazing land with shepherds continuously moving large
flocks of sheep on unfenced natural pastures.

11.2.4. Phase 2: 1855-1875

Grazing on unfenced pastures continued into 1870. Permanent wire fences were erected after
1871 and set or continuous stocking has continued virtually unbroken until July 2014.

Commencing in 1855 almost all trees on the site were killed using technique called ringbarking
to promote pasture production. Regeneration of the Eucalyptus trees and understory shrubs
was actively controlled. The aim of land management during this period was to improve wool
production by grazing merino sheep on native pastures.

By the end of this period the site was classified as VAST I with a score of 95%.

11.2.5. Phase 3: 1876-1929

Commencing in 1876 set or continuous grazing was enabled through the erection of wire
fences. Over the next 50 years the intensive stocking regime and the naturally relatively low
levels of natural productivity resulted in the relatively rapid diminution of key indicators
associated with vegetation structure, species composition and ecological function. During this
period the site was transformed from VAST I (unmodified 80-100%), through VAST II
(modified 60-80%) to VAST III (transformed 40-60%).

Biodiversity in Ecosystems - Linking Structure and Function18128

This period was characterised by high stocking rates and active control of regenerating
Eucalyptus trees and understory shrubs. Wildfire was actively excluded. In 1900-02 rabbits also
arrived in the district, adding pressure to already overgrazed pastures coinciding with the end
of the Federation Drought in 1902. The result was sheet and rill erosion and loss of the top soil,
the development of gully erosion and a change in the dominance of pasture grasses from more
to less palatable.

By the end of this period the site was classified as VAST III with a score of 50%.

11.2.6. Phase 4: 1929-1990

A new land manager assumed management of the land on its purchase in 1929. A high density
of rabbits infestation was brought under control by 1934. In the 1930s, with the declining
productivity of the pasture, the land manager gained access to off-site mountain grazing in
summer in the nearby Snowy Mountains. Access to off-site grazing rested the pastures and
gave relief to the sheep which were stressed from the damaging spear grass (Aristida spp). In
1965 access to summer grazing ceased with the establishment of Kosciuszko National Park.
With access to off-site grazing during summer no longer available, the land manager com‐
menced applications of 142 kg per hectare between 1980 and 2008 to improve the productivity
of the pasture. Applications of super-phosphate continued until 2008.

In 1980 an attempt to continue to further increase pasture productivity Chandler paddock was
ploughed and sown to a mix of exotic pasture species. By the end of this period the site was
classified as VAST IV with a score of 41%.

The previous phases of increased pasture production led the land manager to establish a stud
merino flock grazing on improved pastures in 1985.

11.2.7. Phase 5: 1991-1999

During this period the land manager observed that the ecosystem had little capacity to recover
quickly from drought, had little natural resilience, and that species composition and vegetation
structure of the pasture was dependant on high levels of super-phosphate.

Figure 6 shows vegetation structure and species composition scores were the lowest for
any of the phases and, by the end of this period the site was classified as VAST IV with a
score of 39%.

11.2.8. Phase 6: 2000-2014

In 2000 the land manager ceased operating the merino stud and began managing the pasture
using principles of in this paddock with flock sheep.

This period is characterised by the cessation of applications of super-phosphate and use of
time-based cell grazing to re-establish the native pasture. This was observed to result in a
higher number and greater diversity of native grasses and herbs, and increased amounts of
ground cover during all seasons of the year, along with higher levels of soil moisture and
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increasing levels of biological activity in the soil. In July 2014 the paddock was sub-divided
into 7 sub-paddocks so as to fully implement holistic grazing management.

By the end of this period the site was classified as VAST IV with a score of 47%. The aim of the
land manager now is to rehabilitate and to maintain the site within the range of scores 60-80%
i.e. VAST II.

Figure 6 shows the change and trend in the Chandler paddock, Cooma transformation site.
The symbols depicted in the graph are based on qualitative observations obtained using expert
elicitation by one of the authors interviewing Charles Massey pers comm.

It is important to note that, since the commencement of the assisted regeneration in 1991, there
was a small scale treatment to investigate the feasibility of changing the land management
objectives to improve the biodiversity objectives.

Figure 6. Six phases in the transformation of Chandler paddock, Severn Park, Monaro.

The figure shows total vegetation status score calibrated to VAST classes:

80-100% of the reference state corresponds to VAST class I– Residual /Unmodified;

60-80% corresponds to VAST class II– Modified;

40-60% corresponds to VAST class III– Transformed;

Biodiversity in Ecosystems - Linking Structure and Function20130



increasing levels of biological activity in the soil. In July 2014 the paddock was sub-divided
into 7 sub-paddocks so as to fully implement holistic grazing management.

By the end of this period the site was classified as VAST IV with a score of 47%. The aim of the
land manager now is to rehabilitate and to maintain the site within the range of scores 60-80%
i.e. VAST II.

Figure 6 shows the change and trend in the Chandler paddock, Cooma transformation site.
The symbols depicted in the graph are based on qualitative observations obtained using expert
elicitation by one of the authors interviewing Charles Massey pers comm.

It is important to note that, since the commencement of the assisted regeneration in 1991, there
was a small scale treatment to investigate the feasibility of changing the land management
objectives to improve the biodiversity objectives.

Figure 6. Six phases in the transformation of Chandler paddock, Severn Park, Monaro.

The figure shows total vegetation status score calibrated to VAST classes:

80-100% of the reference state corresponds to VAST class I– Residual /Unmodified;

60-80% corresponds to VAST class II– Modified;

40-60% corresponds to VAST class III– Transformed;

Biodiversity in Ecosystems - Linking Structure and Function20130

Scores from 0-39% corresponding to VAST class IV– Replaced and adventive; VAST class
V–  Replaced  and  managed;  and  VAST  class  VI  Replaced  and  removed  have  not  been
differentiated.

11.3. Summary of the case studies

Table 2 outlined the ten functional, structural and composition criteria that are the key
characteristics for describing condition relative to a ‘natural’ benchmark. Table 4 shows the
relative values for these criteria for three periods — 1910, 1950 and 2010 for the two case study
sites. Differences between the values for the two sites in the 2010 records can be partly
explained by the interactions between environmental factors — especially wetter sub-tropical
vs dryer cool temperate location — and by differences in management objectives. For the Rocky
Creek Dam site, the managers objective was full recovery towards the original sub-tropical
rainforest with no further incursions of lantana after the exclusion of grazing. For the Chandler
Paddock site, the manager’s objective was to restore the condition and resilience of a native
pasture sufficiently to maintain a sustainable grazing regime with increased productivity.

Rocky Creek Dam, Big Scrub Chandler Paddock, Monaro Region

Year 1910 1950 2010 1910 1950 2010

K
ey

 e
co

lo
gi

ca
l c

ha
ra

ct
er

is
tic

s 
(1
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Fire regime 100% 100% 100% 100% 100% 100%

Soil hydrology 100% 100% 100% 70% 70% 70%

Soil physical state 100% 95% 100% 70% 70% 70%

Soil nutrient state 100% 70% 100% 90% 90% 70%

Soil biological state 100% 10% 100% 70% 70% 70%

Reproductive
potential

100% 75% 90% 65% 25% 15%

Overstorey structure 0% 0% 87% 40% 10% 0%

Understorey
structure

0% 0% 100% 37% 30% 27%

Overstorey
composition

10% 10% 65% 40% 10% 0%

Understorey
composition

10% 10% 85% 30% 20% 20%

Average scores 62% 47% 93% 61% 50% 44%

Table 4. Relative value for VAST criteria for 3 snapshots at the 2 case study sites, benchmarked to the reference state.

A benefit of a standardised national system is that it enables a comparison between the 10
criteria for the two case study sites from two different bioregions (Table 4), however it should
be noted that such widely spaced temporal snap shots do not reflect short term improvements
in condition which has occurred in several criteria between 1999 and 2010 for the Chandler
Paddock, Monaro Region case study site (Figure 6).
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12. Other applications of the VAST approach

Australia’s vegetation has been classified and mapped into 23 Major Vegetation Groups using
information from the National Vegetation Information System [55]. The VAST approach has
been applied to assess the condition of these vegetation types and compare the pre-European
extent with the current vegetation condition for these groups. Figure 7 shows the 23 groups in
seven classes — naturally bare and the six VAST classes ranging from Class I (unchanged) to
Class VI (removed).

This information can be used for natural resource planning and program development. For
example, it provides an indication of which vegetation types may require additional formal
public protection in conservation reserves. The information could also be used to identify those
vegetation types where existing VAST class I and class II areas are likely to be further modified
by progressive adaptation of land use to the impacts of climate change.

Source ABARES 2011 [55].

Figure 7. Extent of modification of major vegetation groups, as assessed by VAST. Sorted alphabetically
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Information derived for Figure 7 has also been used to assess gross modification between
native vegetation (VAST classes 0, I, II and III) and non-native vegetation (VAST classes V and
VI) to show the relative areal extent of change from original pre-European vegetation cover to
the present extent of Major Vegetation Groups. The summary results are shown in Figure 8.

Sources: ABARES [55] and ERIN [56, 57].

Figure 8. Current and pre-1750 extent of Australian major vegetation groups. Sorted by area of the major vegetation
groups. Area in millions of hectares.

13. Discussion

We have described the VAST approach as a tool for managers and researchers to understand
the condition of a site or landscape relative to a reference, essentially natural, state. The case
studies show how intentional changes in land use and/or land management practices can begin
to change condition, sometimes rapidly, on a pathway of reverse transformation. The manag‐
er’s objectives may be manifold, often economic and aesthetic, but very commonly inclusive
of a desire to maintain and enhance biodiversity by improving the quality, extent and/or
connectivity of suitable habitat.
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The collection of data for key indicators, their use to inform strategies and targets for change
in key functional, structural and composition components, and monitoring of the effect of these
strategies is fundamental to the VAST approach. Recording information on the pathway(s)
from “original’ condition (as defined by a reference state that, as closely as possible, represents
pre-European condition) is an essential step if the VAST approach is to be used for reporting
progress.

To date, the VAST 2 system has concentrated on changes that have already been made. The
next essential step is to record the actions now being taken and to define their intention-i.e.
what these actions were intended to achieve and in what time scale it was expected (or hoped)
that the changes would have effect. Then it is necessary to have a schedule and defensible
method for monitoring how the site and the broader landscape are affected both by the
management actions and by external drivers such as weather events and unplanned fire.

We suggest that these essential steps are more broadly applicable to any activity undertaken
with the intention to redress degrading impacts in the landscape — e.g. removal and control
of invasive weeds. While farmers and other landowners have primary responsibility for such
activities on private lands, the work is often done in conjunction with community and other
interest groups. In Australia, involvement in ‘greening’ and a wide range of other environ‐
mental activities, is supported by a very large number of groups involving many thousands
of often highly committed individuals. While much has been attempted in the design and
implementation of government programs to support environmental action — including the
development of indicators and guidelines for monitoring and evaluation — there is much more
that can be done to achieve wider and more consistent monitoring and reporting, especially
of actions undertaken by community groups independently of government programs.

Pilots of VAST have shown that it is possible for management changes to restore a site to
conditions that so closely resemble a reference site as to be judged as ‘natural’. However, while
at times it is possible to achieve such results — usually with a complete change of land use —
some caution is appropriate with regard to sites for which there continues to be a measurable
need for ‘production’ ecosystem services. Attempting to fully restore original composition is
not necessarily always the right approach. Parrotta et al [58] emphasise that “the functional
argument for biodiversity conservation does not necessarily depend on reinstating previous ecological
conditions, although provisioning, cultural, aesthetic and other benefits or services are often enhanced
by native biodiversity”.

As noted above, many of Australia’s landscapes are now a diverse mosaic of modified native
vegetation, ‘replaced’ vegetation cover types, and fragments of vegetation in ‘original’
condition. At a landscape scale there is no right or wrong degree of landscape alteration level,
i.e. combinations of vegetation modification and fragmentation. However, as public and/or
private needs change amid concerns about threats to biodiversity, ecosystem services and
economic activity, there is benefit in improving the quality of vegetation condition information
that can be used in decision making for natural resource management. Along with this, it is
clearly important to have an accounting system that can be used to track progress towards the
sustainable use and management of native vegetation across all land use types, with obvious
relevance for managing biodiversity.
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next essential step is to record the actions now being taken and to define their intention-i.e.
what these actions were intended to achieve and in what time scale it was expected (or hoped)
that the changes would have effect. Then it is necessary to have a schedule and defensible
method for monitoring how the site and the broader landscape are affected both by the
management actions and by external drivers such as weather events and unplanned fire.

We suggest that these essential steps are more broadly applicable to any activity undertaken
with the intention to redress degrading impacts in the landscape — e.g. removal and control
of invasive weeds. While farmers and other landowners have primary responsibility for such
activities on private lands, the work is often done in conjunction with community and other
interest groups. In Australia, involvement in ‘greening’ and a wide range of other environ‐
mental activities, is supported by a very large number of groups involving many thousands
of often highly committed individuals. While much has been attempted in the design and
implementation of government programs to support environmental action — including the
development of indicators and guidelines for monitoring and evaluation — there is much more
that can be done to achieve wider and more consistent monitoring and reporting, especially
of actions undertaken by community groups independently of government programs.

Pilots of VAST have shown that it is possible for management changes to restore a site to
conditions that so closely resemble a reference site as to be judged as ‘natural’. However, while
at times it is possible to achieve such results — usually with a complete change of land use —
some caution is appropriate with regard to sites for which there continues to be a measurable
need for ‘production’ ecosystem services. Attempting to fully restore original composition is
not necessarily always the right approach. Parrotta et al [58] emphasise that “the functional
argument for biodiversity conservation does not necessarily depend on reinstating previous ecological
conditions, although provisioning, cultural, aesthetic and other benefits or services are often enhanced
by native biodiversity”.

As noted above, many of Australia’s landscapes are now a diverse mosaic of modified native
vegetation, ‘replaced’ vegetation cover types, and fragments of vegetation in ‘original’
condition. At a landscape scale there is no right or wrong degree of landscape alteration level,
i.e. combinations of vegetation modification and fragmentation. However, as public and/or
private needs change amid concerns about threats to biodiversity, ecosystem services and
economic activity, there is benefit in improving the quality of vegetation condition information
that can be used in decision making for natural resource management. Along with this, it is
clearly important to have an accounting system that can be used to track progress towards the
sustainable use and management of native vegetation across all land use types, with obvious
relevance for managing biodiversity.
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The VAST system is a flexible tool for identifying what component(s) might to be manipulated
to improve vegetation condition; for demonstrating progress toward the desired vegetation
condition; and selecting sites which represent least-cost options for future land use changes to
improve biodiversity outcomes.

The VAST approach has now been tested and applied to a wide range of sites and landscapes
including sub-tropical wet forests, temperate and semi-arid woodlands, grasslands and arid
ecosystems. Aside from the two case studies presented here, other examples include:

• regenerating a sub-tropical eucalypt forest on a sand mined dune;

• regenerating a temperate grassy eucalypt woodland to improve its biodiversity and grazing
productivity which had become degraded by long-term continuous grazing with sheep;

• regenerating a protected temperate grassland to improve its biodiversity because the area
was degraded by heavy grazing by kangaroos;

• regenerating a eucalypt forest to improve its saw log productivity because the area was
degraded by heavy and sustained logging pressure;

• regenerating former tropical rainforest on an abandoned dairy farm recently occupied by a
dense stand of weeds;

• restoring a former temperate grassy woodland which was converted to improved pasture;
and

• regenerating a temperate rainforest after it was logged once.

We suggest that the approach could now be implemented more broadly at both site and
landscape scales. We envisage a program for monitoring and reporting by community--based
groups to provide consistent information on the trend in biodiversity maintenance that would
be especially important as the widely expected impacts of climate change take effect. The
elements would be:

1. agreed standards for collection and recording of data

2. standards for description of the location, size, previous and current use and management
etc of sites — based on geocoding standards and LUMIS protocols [13]

3. agreed methods for assessing indicators of structure, composition and function — based
on the VAST 2 Handbook [47]

4. standards for defining objectives and targets and monitoring progress — based on
Monitoring, Evaluation, Reporting and Improvement (MERI) schedules for cooperative
government programs [59].

14. Conclusion

The Vegetation Assets, States and Conditions concept provides a reliable approach to identi‐
fying the current condition of a site, identifying appropriate actions to transform the site, and
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recording change in response to both these actions and external events. Being a landscape
approach, it enables a user to visualise and evaluate the costs and benefits of trade-offs between
economic and environmental objectives at a spatial scale at which the delivery of ecosystem
services can meaningfully be influenced and reported. The results also provide a rationale for
prioritising investment in restoring ecological function and for assisting stakeholders to
prepare for, and adapt, to climate change.

Restoring the composition, structure and resilience of vegetation is a viable and effective
pathway for improving ecological function and maintaining or recovering biodiversity. We
have presented a range of information products that are designed to improve the general
understanding of the spatio-temporal processes and patterns and of vegetation condition and
how these are affected positively and negatively by land use and the management of native
vegetation. These information products highlight the observation that, contrary to much
popular opinion, degraded and highly modified ecosystems can be restored and regenerated
and that restored ecosystems can again actively contribute to achieving multiple benefit
outcomes at site and landscape scales. These benefits include the maintenance and recovery
of biodiversity and sustainable use of vegetation.

The case studies show that compiling information and reporting on standardized indicators
will give land managers and other decision makers a proper understanding of the nature of
change and trend and enable them to consider future states, plan management interventions,
and make adjustments in land management programs. Thereafter it is important and, using
the VAST format, it is a relatively straightforward task to monitor and report ecological
outcomes in the short, medium and long-term.
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1. Introduction

Land use change in forest ecosystems is a worldwide problem. In many cases, however, the
change is only temporary, and after a period of economic activity, the original forest must be
reclaimed back to its original (or as close as possible) estate. A typical case is in open-pit mining.
In many juridictions there is a legal requirement for the company to engage in restorative
activities designed to bring back biodiversity and function to those areas espoiled by mining.

To reclaim a fully functional forest ecosystem, soil, topographic and hydrological properties
must foster the biogeochemical and ecological processes required to support a vigorous
vegetative community. While significant advances have been made in this regard, each
reclaimed forest ecosystem is unique, and there remains considerable uncertainty as to how
these interdependent processes will be manifest in any particular instance. One of the most
important interdepencies is between water availability and plant uptake. Our understanding
of biodiversity and linkage with surface water availability and distribution is limited because
this relationship has not been examined within and across scales. The availability and distri‐
bution of water can influence ecosystem structure and function at a range of scales and levels
of organization through its influences on various processes and feedbacks that can affect both
animals and plants. For example, at a landscape level, the distribution of herbivore home
ranges and vegetation communities may be influenced by the mosaic created by water sources.
At the ecosystem and community levels, ecosystem processes such as nutrient cycling,
predator-prey interactions, and interspecific competition may be influenced by the availablil‐
ity and location of water sources. At a population level, surface and soil water availability and
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distribution may influence herbivore and vegetation survivorship through processes such as
droughts, pests and diseases.

Water scarcity can be produced by seasonal or annual droughts, but also by difficulties in
uptake due to salinity or other contaminants. Naturally saline systems within the boreal forest
are infrequent but are widespread across western North America [1]. Typical saline sites can
be found in partially-closed catchment areas with inflows of groundwater [2]. Levels of salinity
in shallow soils generally increase as the elevation declines toward a basin, reflecting the
movement of the salts along the topographic gradient.

Reclaimed landscapes must hold enough water for plant growth but have enough downward
movement of water to flush any contaminants from the rooting zone. Excessive percolation is
also a concern, however, since drainage from toe slopes can carry dissolved contaminates out
of a landform [3]. In northern climates, evapotranspiration is the largest annual loss of water
[4], and a primary factor in the movement of salts to the surface. Interactions between vege‐
tation productivity, nutrient budgets and evapotranspiration must therefore be assessed
simultaneously [5]. There has been little research, however, on how changes in vegetation and
climate affect the energy balance and water movement in northern ecosystems [3].

A broad array of decision support tools is available for projecting forest stand development in
reclaimed ecosystems. These include forest ecosystem classification and ecosite manuals, stand
establishment keys/guides, competition index methodologies, volume tables, site index
curves, soil-site equations, stand density management tools, and growth and yield equations/
tables/decision systems [6]. Many of these tools are empirically based. This means they have
significant limitations in their ability to accurately project productivity because in a strict sense,
their application should be restricted to the stand conditions from which their underlying
relationships were derived [7]. This can be problematic in mine reclamation for two reasons.
First, the soil prescriptions that form the basis for reclamation often lack the historical legacy
(propagule bank, organic matter, soil structural and biochemical properties, etc.) common to
natural sites [8-11]. Secondly, forests are growing under climatic conditions that differ from
the historical climate regime, particularly in more northerly regions. Global circulation model
projections indicate continued increases in atmospheric and surface temperatures at least
through this century, along with associated changes in the precipitation regime. Historical
properties are now no longer tenable as the sole basis for deriving empirical growth relation‐
ships.

With the widespread increase in computing power, model sophistication and complexity have
seen a rapid increase though this has not necessarily resulted in better and more reliable
outcomes [12]. One issue with greater complexity is the increased cost and difficulty of
obtaining calibration data sets for specific local ecosystems. From the perspective of reclama‐
tion, another issue is that most forest stand decision support tools have little or no represen‐
tation of hydrological processes. In essence, the implicit assumption underlying these models
is that the hydrological regime is in an equilibrium condition such that short-term temporal
or spatial fluctuations in available moisture are of little consequence to long-term trends in
productivity.
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One way of resolving these limitations is to build a fully integrated vegetation-hydrology tool
that combines a detailed representation of all critical processes within a single computing
environment. The resulting ‘mega-model’ would possess the benefits of a fully integrated and
interactive system with appropriate feedbacks and system controls. In such models, linkage
between the different components of the model would be in real time, with vegetation growth
and development in each time step related to the hydrological processes driving available
moisture [13].

Seldom it is feasible or desirable, however, to build a model that includes all processes and
scales of interest [14]. There are no a single model can be used in every situation that could
arise during planning or management. If such a model is constructed, it will probably have
one or more issues of being too generalist, having issues to represent processes at different
scales, and continuous tuning and modifications to handle new data and issues [15]. Further‐
more, ensuring these models are reliable requires substantial investments of time and energy,
and their applicability tends to become overly specialized thereby reducing flexibility and
portability (applying the model in different locations or circumstances). Other disadvantages
include an increased calibration load associated with the myriad feedback and system controls,
validation (establishing the veracity of model structure and architecture) and verification
(assessing output accuracy). In this respect, more complex models are not ‘better’ due simply
to the fact they incorporate a greater representation of reality because complexity does not
necessarily equate to improved accuracy and precision. This leads to the modelling mantra
that models should be only as complex as absolutely necessary.

A compromise (and popular) approach is to construct a ‘meta-model’ wherein the most
suitable forest productivity and hydrological models would be coupled as input-output (I/O)
systems. This I/O linkage refers to the idea that output from a given model serves as input to
another. Fall [14] provided a list of the benefits and costs of the meta-modeling approach. The
most important benefits of the meta-modelling approach are that it can use previous knowl‐
edge and expertise generated when developed well document models, but at the same time
allow for flexibility to match the meta-model to the local conditions, data availability and other
user needs. In addition, different teams can work in different processes and sub-models at the
same time, improving the use of time and resources. Such advantage is particularly important
when individuals are separated geographically. Another advantage is that by linking different
models or sub-models, each of them can be analyzed and validated separately. Such advantage
is important to increase understanding of complex interactions between different ecosystem
components, and to allow comparisons of different model components. Data flow in the meta-
modelling approach is also more flexible, and output from one model can be used as input for
several other model components. This allows partial verification as intermediate data can be
analyzed and stored, something important in adaptive management and monitoring. Finally,
in a meta-modelling framework model sensitivity and scenario analyses are facilitated as they
can be performed for different model components.

Not all forest models are applicable to a meta-modelling approach. Hence, the objective of the
research presented here was to identify and compare the available forest models already being
used in research, and to evaluate their suitability for use as decision-support tools in designing
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successful restoration plans to bring forest biodiversity and function back to sites disturbed
by industrial activities (mining in particular).

2. Review methodology

2.1. Literature review on forest growth models

The review covered papers available at the beginning of 2013 in scientific journals, scientific
books, proceedings of scientific workshops and conferences, and technical reports. The
literature search was conducted using the term “forest growth model” in combination with
each of the following 8 keywords: “climate change, gap model, hydrology, mixedwood,
productivity, regeneration, simulation, and succession”. ‘Hits’ were then screened and those
pertaining to ecosystems other than temperate and boreal forests were eliminated (tropical
and subtropical ecosystems, Mediterranean ecosystems, grasslands, etc.). The data bases
consulted were:

• Canadian Forest Service Bookstore (list of publication by Canadian authors compiled by the
Canadian Forest Service compiled by the Canadian Forest Service)

Available at http://bookstore.cfs.nrcan.gc.ca

• ISI Web of knowledge (academic search engine by Thomson Reuters).

Available at http://www.isiwebofknowledge.com

• Google Scholar (academic search engine by Google Inc.).

Available at http://scholar.google.ca

• C.E.M.A. Research library (collection of reports and publication for the Alberta Oil Sands area
compiled by the Cumulative Environmental Management Association)

Available at http://www.cemaonline.ca

• U.B.C. library (academic library at the University of British Columbia)

• On-line catalogue available at http://www.library.ubc.ca

• Register Of Ecological Models (self-registration tool to compile ecological models by the Kasel
University).

Available at http://ecobas.org/www-server/index.html

2.2. Ranking of forest models

Development of a system for ranking models is a challenging and inexact exercise. The criterion
used to build the ranking system, for example, as well as the relative weighting attached to
each ranking variable are important decisions. First and foremost, we are of the opinion that
the scientific peer review process provides the best assurance that model structure and

4 Biodiversity in Ecosystems - Linking Structure and Function146



successful restoration plans to bring forest biodiversity and function back to sites disturbed
by industrial activities (mining in particular).

2. Review methodology

2.1. Literature review on forest growth models

The review covered papers available at the beginning of 2013 in scientific journals, scientific
books, proceedings of scientific workshops and conferences, and technical reports. The
literature search was conducted using the term “forest growth model” in combination with
each of the following 8 keywords: “climate change, gap model, hydrology, mixedwood,
productivity, regeneration, simulation, and succession”. ‘Hits’ were then screened and those
pertaining to ecosystems other than temperate and boreal forests were eliminated (tropical
and subtropical ecosystems, Mediterranean ecosystems, grasslands, etc.). The data bases
consulted were:

• Canadian Forest Service Bookstore (list of publication by Canadian authors compiled by the
Canadian Forest Service compiled by the Canadian Forest Service)

Available at http://bookstore.cfs.nrcan.gc.ca

• ISI Web of knowledge (academic search engine by Thomson Reuters).

Available at http://www.isiwebofknowledge.com

• Google Scholar (academic search engine by Google Inc.).

Available at http://scholar.google.ca

• C.E.M.A. Research library (collection of reports and publication for the Alberta Oil Sands area
compiled by the Cumulative Environmental Management Association)

Available at http://www.cemaonline.ca

• U.B.C. library (academic library at the University of British Columbia)

• On-line catalogue available at http://www.library.ubc.ca

• Register Of Ecological Models (self-registration tool to compile ecological models by the Kasel
University).

Available at http://ecobas.org/www-server/index.html

2.2. Ranking of forest models

Development of a system for ranking models is a challenging and inexact exercise. The criterion
used to build the ranking system, for example, as well as the relative weighting attached to
each ranking variable are important decisions. First and foremost, we are of the opinion that
the scientific peer review process provides the best assurance that model structure and

4 Biodiversity in Ecosystems - Linking Structure and Function146

application are sound and have been subjected to expert scrutiny, particularly for those models
with multiple entries in the scientific literature. Hence, only models cited in three or more peer-
reviewed publications were considered in creating a ranking of model suitability. Models with
lesser publications were therefore omitted from further analysis because their low publication
rates indicate that they have not yet received a proper assessment of their suitability. The
objective of the ranking exercise was to identify the best 3 to 5 models according to five criteria.
The ranking was created in two steps:

2.2.1. Initial partial score (0 to 8 points)

Each model was scored initially using four criteria that varied in maximum value between 1.5
to 2.5 points. A proportional approach was used to derive a relative ranking for each model
within a given criterion: The model with the best mark received the maximum criterion score,
and the remainder were scored in direct proportion to how they compared with the top model.
The four criteria used to create the rankings were:

• Number of publications in the database (for models with ≥ 3 publications; maximum 2.5 points):
An index of model application.

• Time between first and most recent publications in the database (in years; maximum 1.5 points):
An index of model durability.

• Time to last publication (in years; maximum 1.5 points): an index of current activity around
the model.

• Number of citations in Web of Science® (maximum 2.0 points): an index of the utility and
relevance of the work done with the model, as perceived by the scientific community.

A final partial score for a given model was calculated by adding up the score for each criterion.

2.2.2. Full score (0 to 10 points) and shortlisting

An additional criterion was defined as the number of countries, ecosystem types and forest
types in which each model had been applied. This criterion was considered a measure of model
versatility, and was assigned a potential maximum of 2 points. Given the time-consuming
nature of gathering data to calculate the values of this criterion, only models with an accumu‐
lated score of 5 or above (out of a maximum score of 8) for the previous four criteria were given
scores for model versatility. Following the ranking exercise, a total score (out of a maximum
of 10 points) was calculated and those models with 6.5 points or more made the shortlist.

All models can be broadly classified into three categories, depending on their structure and
how they are parameterized:

• Empirical models: use a bioassay method to estimate tree growth. These models are con‐
structed from historical growth patterns of, for example volume-age curves, height-age
cures, yield tables, etc.

• Process-based models: simulate the physical processes underlying ecological dynamics.
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• Hybrid models: combine elements of the above two categories. In this approach, empirical
data are used to parameterize one or more of the ecophysiological processes driving in tree
growth and ecosystem production.

3. Results and discussion

3.1. Literature review

A total of 466 documents were identified through the literature search. Most of the documents
were detected using the general modeling-related keywords: “gap model” (83 documents),
“productivity” (89 documents), “regeneration” (86 documents), and “simulation” (33 docu‐
ments). These 291 documents account for 62.3% of the total. Following the pioneering work of
Botkin et al. [16] with development of the JABOWA gap model, the number of models
addressing forest productivity has increased steadily over the previous four decades (Figure
1). Several factors have likely contributed to this trend. Most models developed prior to the
1990s were designed to simulate timber production. Since then, forest management has moved
from an almost exclusive focus on timber towards an emphasis on the sustainable production
of multiple ecosystem goods and services [7]. Subsequent model developments have reflected
this change.

Figure 1. Number of documents published in a given year as derived from the keyword searches.

Climate and climate change have also emerged as a dominant issue in forest management, as
government and industry strive to understand its impact on the present and future flow of
goods and services. Keywords related to moisture (“climate change”, “hydrology”) accounted
for 96 documents, 20.8% of the total. Of the 96 documents, 33 were related to the “climate
change’ keyword and 63 under “hydrology”. A proportion of the documents under the
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keyword “hydrology” were also related to how climate change might alter the hydrological
cycle. To avoid duplication, those documents were not accounted under the results for “climate
change”. Hence, under the “climate change” keyword only documents that deal with climate
change and anything other than hydrological process are accounted for (mostly temperature-
related research).

Tian et al. [17] argue that current forest growth models are seldom “well balanced” in terms
of equivalence in the detail with which water, C, and N cycles are represented (see also [18,
19]). For instance, G’DAY [20], PnET-CN [21], and Biome-BGC [22] simulate forest growth and/
or biogeochemical processes in detail but are much less rigorous in their approach to repre‐
senting forest hydrology. Unbalanced model design is likely to limit the ability of a given
model to accurately predict the hydrology and biogeochemistry of forest ecosystems in
response to changes in climate, land use, and/or management practices [19, 23].

In recent years, there have been several attempts to better link forest growth with hydrology.
Chen and Driscoll [24] demonstrated that incorporating a more detailed hydrologic cycle into
the Biome-BGC model improved predictions of seasonal effluent nitrate concentrations. Seely
et al. [25] developed a stand-alone hydrology model for forest management applications
(ForWaDy), with the explicit objective of minimizing data requirements. This model has been
incorporated into the forest ecosystem simulation model, FORECAST [7]. Evidence suggests
it provides a robust representation of moisture availability on tree growth, based on the balance
between inputs from precipitation and seepage, and outputs by canopy interception, evapo‐
transpiration, plant uptake, percolation and runoff [26].

Figure 2. Number of document per model, for models with four or more documents in the database.

Despite the large number of models identified from the initial search, only 22 had 3 or more
references (Figure 2). This suggests that many models are developed as one-time tools to
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explore issues of scientific importance, rather than as decision-support tool in support of
management. This can limit the ease with which a model can be applied to situations different
from that for which it was originally designed (i.e., the model´s portability). It might also
constrain the flexibility in model architecture, making it difficult to add management capa‐
bilities at a later date [7].

3.2. Model shortlisting

Only five models had more than 10 references: ECOSYS (18), FORECAST (17), 3-PG (15), BGC
(13), and SORTIE (11; including both of its versions, SORTIE-ND, SORTIE-BC). It should be
noted that the count for BGC is inflated by the fact it has three different variants (TREE-BGC,
FOREST-BGC, and BIOME-BGC) which were grouped together for purposes of analysis.
Arguably, it may be more appropriate to consider each separately since they are applicable to
widely different scales (tree, stand, and biome, respectively). In that case, the ranking for each
separate model would be much lower. The models LINKAGES, BIOMASS and CENTURY had
relatively few publications but they ranked fairly well in the remaining criteria (Table 1). In
the case of ECOSYS, 14 of the 18 references listed the developer (Grant) as the primary author.
This is an unusually high number despite the fact the model was first published 14 years ago
(Table 1). Publications of the remaining top models in the review encompassed a broad range
of authors. This could be an indication that ECOSYS has not received broad acceptance, which
could at least partly explain its low citation rate (see below). The common features of the top
seven models (in green and yellow colours in Table 1) are that they are subject to ongoing
development (≥ 14 years), have been broadly applied in temperate and boreal ecosystems, and
been cited within the last 2 years. The one exception is BIOMASS, which has not been cited in
the previous 4 years. The top models were also heavily cited, with more 80 citations; ECOSYS
was the clear exception, with only 25 citations (Table 1).

On its own, a high citation rate alone does not necessarily mean that a model is indeed being
used extensively or is pertinent to the needs of Total. For example, a model that has been cited
extensively is CENTURY. This model was originally developed for grasslands and so refer‐
ences to CENTURY were relatively frequent in the agricultural literature. In its current version,
the model possesses a crude ability to represent forest growth. Its focus, however, is still mainly
on soil processes even though this may be within the context of forest management. To an
extent our ranking system was designed to take these factors into account by assigning the
publication rate a higher weighting than the citation rate (a maximum score of 2.5 versus 2,
respectively).

An important aspect of model suitability to oil sands reclamation is its portability. Portability
refers to the ease with which a model can be calibrated, and its algorithms applied to, an
ecosystem different from that in which it was originally developed. This is because no tool has
been developed specifically for the conditions that characterize oil sands materials. Hence, the
higher the number of countries and ecosystems where the model has been successfully applied,
the higher its portability. The portability criterion was the final key factor that discriminated
among the “shortlisted” models (BGC, FORECAST, 3-PG, and ECOSYS) and the remainder
(Figure 2). These four models had more than 10 documents in the database, meaning they have
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(Figure 2). These four models had more than 10 documents in the database, meaning they have
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been used in more than 10 different countries and/or ecosystem types, indicating a high
portability potential.

3.2.1. ECOSYS

ECOSYS is a process-based, ecosystem-level model. It was originally developed as a soil model
for agricultural ecosystems, but since then it has evolved into a complex simulator of the plant-
atmosphere-soil system [27]. ECOSYS has a time step of one hour. It has representation of
multi-layered canopies and soils. In this model, flows and transformation of growth resources
(radiation, water, C, N, and P) are simulated for populations of plants and microorganisms.
The model is constructed in order to link at different spatial and biological scales ecological
processes that determine the ecophysiology of linked plant and microbial populations.

The model can represent ecosystems scales from homogeneous stands to heterogeneous
landscapes, including natural and human-made disturbances. The model estimates ecosystem
productivity through an energy balance approach.

Energy flows are simulated between the atmosphere and ground surfaces (snow, soil, litter).
For plants, energy flows are simulated between the atmosphere and leaf or stem surfaces [29].
To calculate total exchange energy, energy exchanges between all plant and ground surfaces
are added up. Hydrological processes (surface runoff, infiltration macro- and micro-pore flow)
are then coupled with surface energy exchange and soil heat transfer [28].

ECOSYS calculates energy exchange in the canopy at an hourly basis, using a two-stage
convergence solution to estimate heat and water transfers for the soil-root-canopy system for
several plant populations and layers of soil and canopy. In the first stage, a canopy temperature
value is calculated for each plant population by closing the canopy energy balance (sensible
heat, latent heat flux, net radiation, and change in stored heat).These fluxes are controlled by
aerodynamic and canopy stomatal resistances [29].

The simulation of water status effects on energy exchange is based on coupling the uptake of
water from the soil through the root to the canopy, with the evaporation of water from the
canopy to the atmosphere. This coupling determines the water status of the canopy and hence
its conductance to water vapor [27].

Leaf C fixation is determined by carboxylation, which is controlled by irradiance, temperature,
and leaf CO2 concentration, and by diffusion, which is controlled by the atmosphere-leaf
CO2 concentration gradient and leaf conductance. The coupling of carboxylation and diffusion
in ECOSYS allows the calculation of a leaf C fixation rate, which is then aggregated to the
canopy level. Net C exchange between plants and the atmosphere is the difference between
the two. Losses of leaf C are accelerated by reducing C fixation compared to maintenance
respiration by reduced availability of growth resources (N, heat, or water). Net CO2 fixation
is calculated for each branch as the difference between gross fixation and the sum of respiration
through maintenance, growth, and reproduction [27].
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Model Model References Time elapsed Time since

last reference

Citations in

Web of

Science

PARTIAL Forest types applied FINAL

Type # score years score years score # Score SCORE # C # E Total score SCORE

BGC process [13] 1.81 23 1.33 2 1.89 178 1.67 6.70 6 14 20 1.48 8.18

FORECAST hybrid [17] 2.36 17 0.98 1 2.00 81 0.76 6.10 6 21 27 2.00 8.10

3-PG process [15] 2.08 14 0.81 2 1.89 118 1.11 5.89 7 10 17 1.26 7.15

ECOSYS process [18] 2.50 14 0.81 1 2.00 25 0.23 5.54 2 11 13 0.96 6.51

LINKAGES process [7] 0.97 26 1.50 2 1.89 110 1.03 5.40 3 7 10 0.74 6.14

BIOMASS process [7] 0.97 20 1.15 4 1.68 149 1.40 5.21 4 7 11 0.81 6.02

CENTURY process [3] 0.42 18 1.04 2 1.89 213 2.00 5.35 4 3 7 0.52 5.87

LANDIS process [7] 0.97 12 0.69 1 2.00 132 1.24 4.90 N / A 4.90

ZELIG process [9] 1.25 24 1.38 1 2.00 27 0.25 4.89 N / A 4.89

SORTIE process [11] 1.53 18 1.04 2 1.89 44 0.41 4.87 N / A 4.87

MGM hybrid [8] 1.11 17 0.98 1 2.00 37 0.35 4.44 N / A 4.44

SILVA process [6] 0.83 24 1.38 5 1.58 45 0.42 4.22 N / A 4.22

FORCLIM process [8] 1.11 18 1.04 4 1.68 35 0.33 4.16 N / A 4.16

SWAT process [6] 0.83 6 0.35 2 1.89 105 0.99 4.06 N / A 4.06

PnET process [5] 0.69 17 0.98 4 1.68 29 0.27 3.63 N / A 3.63

G´DAY process [4] 0.56 17 0.98 3 1.79 28 0.26 3.59 N / A 3.59

LPJ process [4] 0.56 11 0.63 1 2.00 18 0.17 3.36 N / A 3.36

EFIMOD hybrid [4] 0.56 12 0.69 2 1.89 10 0.09 3.24 N / A 3.24

FORWADY hybrid [3] 0.42 14 0.81 2 1.89 4 0.04 3.16 N / A 3.16

PICUS process [3] 0.42 12 0.69 3 1.79 20 0.19 3.09 N / A 3.09

ORCHIDEE process [4] 0.56 4 0.23 3 1.79 39 0.37 2.94 N / A 2.94

TRIPLEX hybrid [3] 0.42 8 0.46 3 1.79 11 0.10 2.77 N / A 2.77

GYPSY empirical [4] 0.56 5 0.29 4 1.68 9 0.08 2.61 N / A 2.61

PROGNOSIS hybrid [3] 0.42 8 0.46 8 1.26 31 0.29 2.43 N / A 2.43

JABOWA process [4] 0.56 22 1.27 19 0.11 25 0.23 2.16 N / A 2.16

CLASS process [3] 0.42 4 0.23 9 1.16 9 0.08 1.89 N / A 1.89

FORMIX process [4] 0.56 9 0.52 13 0.74 3 0.03 1.84 N / A 1.84

FORET process [3] 0.42 17 0.98 19 0.11 32 0.30 1.80 N / A 1.80

FORGRO process [3] 0.42 5 0.29 12 0.84 11 0.10 1.65 N / A 1.65

FORECE process [3] 0.42 7 0.40 17 0.32 5 0.05 1.18 N / A 1.18

# C: Number of different countries where the model has been applied.

# E: Number of different ecosystems where the model has been applied.

N / A: Non applicable, for models that did not pass the cut-off score of 5.0, the number of countries and ecosystems was not
assessed.

Table 1. Ranking and scores of the models included in the comparative study (with 3 or more documents in the
database).

10 Biodiversity in Ecosystems - Linking Structure and Function152



Model Model References Time elapsed Time since

last reference

Citations in

Web of

Science

PARTIAL Forest types applied FINAL

Type # score years score years score # Score SCORE # C # E Total score SCORE

BGC process [13] 1.81 23 1.33 2 1.89 178 1.67 6.70 6 14 20 1.48 8.18

FORECAST hybrid [17] 2.36 17 0.98 1 2.00 81 0.76 6.10 6 21 27 2.00 8.10

3-PG process [15] 2.08 14 0.81 2 1.89 118 1.11 5.89 7 10 17 1.26 7.15

ECOSYS process [18] 2.50 14 0.81 1 2.00 25 0.23 5.54 2 11 13 0.96 6.51

LINKAGES process [7] 0.97 26 1.50 2 1.89 110 1.03 5.40 3 7 10 0.74 6.14

BIOMASS process [7] 0.97 20 1.15 4 1.68 149 1.40 5.21 4 7 11 0.81 6.02

CENTURY process [3] 0.42 18 1.04 2 1.89 213 2.00 5.35 4 3 7 0.52 5.87

LANDIS process [7] 0.97 12 0.69 1 2.00 132 1.24 4.90 N / A 4.90

ZELIG process [9] 1.25 24 1.38 1 2.00 27 0.25 4.89 N / A 4.89

SORTIE process [11] 1.53 18 1.04 2 1.89 44 0.41 4.87 N / A 4.87

MGM hybrid [8] 1.11 17 0.98 1 2.00 37 0.35 4.44 N / A 4.44

SILVA process [6] 0.83 24 1.38 5 1.58 45 0.42 4.22 N / A 4.22

FORCLIM process [8] 1.11 18 1.04 4 1.68 35 0.33 4.16 N / A 4.16

SWAT process [6] 0.83 6 0.35 2 1.89 105 0.99 4.06 N / A 4.06

PnET process [5] 0.69 17 0.98 4 1.68 29 0.27 3.63 N / A 3.63

G´DAY process [4] 0.56 17 0.98 3 1.79 28 0.26 3.59 N / A 3.59

LPJ process [4] 0.56 11 0.63 1 2.00 18 0.17 3.36 N / A 3.36

EFIMOD hybrid [4] 0.56 12 0.69 2 1.89 10 0.09 3.24 N / A 3.24

FORWADY hybrid [3] 0.42 14 0.81 2 1.89 4 0.04 3.16 N / A 3.16

PICUS process [3] 0.42 12 0.69 3 1.79 20 0.19 3.09 N / A 3.09

ORCHIDEE process [4] 0.56 4 0.23 3 1.79 39 0.37 2.94 N / A 2.94

TRIPLEX hybrid [3] 0.42 8 0.46 3 1.79 11 0.10 2.77 N / A 2.77

GYPSY empirical [4] 0.56 5 0.29 4 1.68 9 0.08 2.61 N / A 2.61

PROGNOSIS hybrid [3] 0.42 8 0.46 8 1.26 31 0.29 2.43 N / A 2.43

JABOWA process [4] 0.56 22 1.27 19 0.11 25 0.23 2.16 N / A 2.16

CLASS process [3] 0.42 4 0.23 9 1.16 9 0.08 1.89 N / A 1.89

FORMIX process [4] 0.56 9 0.52 13 0.74 3 0.03 1.84 N / A 1.84

FORET process [3] 0.42 17 0.98 19 0.11 32 0.30 1.80 N / A 1.80

FORGRO process [3] 0.42 5 0.29 12 0.84 11 0.10 1.65 N / A 1.65

FORECE process [3] 0.42 7 0.40 17 0.32 5 0.05 1.18 N / A 1.18

# C: Number of different countries where the model has been applied.

# E: Number of different ecosystems where the model has been applied.

N / A: Non applicable, for models that did not pass the cut-off score of 5.0, the number of countries and ecosystems was not
assessed.

Table 1. Ranking and scores of the models included in the comparative study (with 3 or more documents in the
database).

10 Biodiversity in Ecosystems - Linking Structure and Function152

The simulation of nutrient status effects on energy exchange is based on coupling nutrient (N
and P) uptake from the soil through the root to the canopy, with nutrient assimilation in the
root and canopy. This coupling determines nutrient concentrations in the leaf, which in turn
determines leaf carboxylation rates and hence leaf conductance.

Growth respiration is linked to expansive growth of vegetative and reproductive organs at
different nodes of each shoot branch, using data on biochemistry of growth and yield to
estimate coefficients to partition mobilized C, N and P. Such coefficients also depend on
phenological stages. Estimated growth is then allocated to different stem internodes, leaves,
and sheaths, changing their lengths, areas and volumes [30, 31]. Then, leaf and stem surfaces
(heights and areas) are estimated and used to calculate irradiance interception and aerody‐
namic conductance. Root and mycrorrizhal axes (both primary and secondary) extensions are
driven by growth respiration, mobilizing stored C, N and P [32].

Microbial activity in ECOSYS is represented as a parallel set of substrate-microbe complexes,
which includes the rhizosphere, plant residues and animal manure, and native organic matter
[32-34]. To simulate microbial growth (facultative and obligated aerobic and anaerobic
heterotrophs) at an hourly step, the temperature and water contents of the litter and soil layers
are used [34-36]. Temperature and moisture are derived from the energy balance calculations
described above.

ECOSYS is a highly complex model with substantial calibration requirements. The strength of
its approach is its flexibility, provided by a detailed representation of ecophysiological
processes that allow the exploration of the ecological consequences of modifying many
different environmental factors. The main weakness of this approach is that validating the
accuracy of its simulation algorithms and verifying output are significant challenges, due to
the difficulty of finding independent values of many ecophysiological values. In addition, its
management capabilities appear limited suggesting that the model is best catagorized as a
research tool.

3.2.2. 3-PG

3-PG (the acronym represents Physiological Principles in Predicting Growth) was originally
developed to simulate homogeneous, fast-growing plantations such as Eucalyptus [37], but
has since been calibrated for other forest types [38]. 3-PG is a monthly time-step model working
at stand and population levels. It is a model that includes general ecological processes and
therefore needs to be calibrated for each individual species. It is designed for homogeneous
forests, particularly even-aged or planted stands.

The model is built around the basic principles that drive ecosystem production. These same
principles underlie earlier models such as FOREST-BGC [39] and BIOMASS [40]. The structure
of 3-PG is based on two linked sets of calculations [41]: one set estimates biomass and growth
values, whereas the other set estimates biomass allocation among different tree components.
3-PG is a conservation-of-mass model.

The model, like most process-based approaches, calculates rates of photosynthesis, transpira‐
tion, growth allocation and litter production. 3-PG derives estimates of radiation interception,
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gross primary production (GPP), net primary production (NPP) and allocation of the resultant
carbohydrate pool to component parts of the trees. NPP is calculated as a fixed fraction of gross
photosynthesis [42]. GPP is derived by applying a canopy quantum efficiency value to the
amount of photosynthetically active radiation absorbed by a stand.

Quantum efficiency (the potential rate of photosynthesis) is a constant fraction of absorbed
photosynthetically active radiation, and is constrained by atmospheric vapour pressure deficit.
The latter is a function of stomatal conductance, which is influenced by air temperature, frost,
water balance and nutrition. Canopy conductance is estimated as a function of leaf area index.
The ratio of actual/potential photosynthesis is assumed to decrease in response to a suite of
limiting environmental factors. It decreases with reduced availability of water and nutrients,
which triggers a higher proportion of photosynthate allocated belowground.

Soil nutritional status (the availability of nutrients such as N and P) is represented by an index,
the fertility rating, which can assume a value between 0 and 1 [38]. The fraction of production
not allocated to roots is partitioned among foliage, stem and branches based on species-specific
allometric equations.

3-PG can be used as a stand-level tool, or ground-based forest inventory data can be incorpo‐
rated into a Geographical Information System (GIS) to simulate forest growth over large areas.
3-PG has a wide range of predicted stand properties that are directly compatible with con‐
ventional inventory measurements, including stem density, DBH, basal area, total volume,
current and mean annual increment. In addition, the model outputs information pertaining to
the underlying biophysical relationships. This means that growth patterns can be linked to
specific controls, such as resource deficiencies and climate.

From the perspective of reclamation, a strength of 3-PG is that it appears suitable for predicting
tree growth in areas currently devoid of tree cover and has relatively low calibration require‐
ments [38]. Whether it could be reliably calibrated for oil sands materials, however, is un‐
known. 3-PG can be used to evaluate different management effects of stand density, thinning
and fertilization (within the limitations of the fertility rating approach used for simulating
nutrient availability).Arguably, the main weakness of 3-PG is its relative simplicity. It does not
accommodate stands with complex structure (either in space or in terms of multiple aged trees),
multiple species, and it has no understory representation. In addition, representation of soil
nutritional status is overly simplified and is considered a static site property (it cannot vary
through time). This significantly limits its application to oil sands materials and how soil
properties might be expected to change over time.

3.2.3. BGC

BGC is a family of models, designed to accommodate different biological scales (TREE-BGC,
FOREST-BGC, and BIOME-BGC). The original model was FOREST-BGC [39], an individual-
entity, distance-independent model [42]. The term “entity” is used because STAND-BGC (a
derivative of FOREST-BGC; [43]) grows shrubs and grass in addition to trees. Shrubs and
grasses are described as per unit area entities, while trees have unique dimensions. All the
models have the same core architecture and work on a daily time step, with results typically
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summarized annually. BIOME-BGC is a biome/ecosystem model, with spatial scales from
stand to region.

BGC simulates fluxes and storage of water, carbon, and nitrogen [44-46]. BGC simulates fluxes
and storage of water, carbon, and nitrogen [44-46]. The model has been designed to study the
interactions between management, disturbances, climate and vegetation ecophysiological
features, and their influences in water, nitrogen and carbon flows.

Net primary productivity is calculated as the difference between gross primary productivity
(GPP) and autotrophic respiration, where GPP is a function of air temperature, water vapour
pressure deficit, soil moisture, CO2 concentration, LAI, and solar radiation at the top of the
canopy. N concentrations in root and leaf, combined with temperature, are used to estimate
respiration [47]. Canopy is simulated as one layer with sunlit and shaded foliage. The Farquhar
equation is used to calculate photosynthesis [48]. Atmospheric CO2 and humidity, leaf water
and N contents, radiation and air temperature are used to calculate leaf conductance. Then,
based on LAI values at leaf level, canopy C and water fluxes are calculated.

BGC is fundamentally driven by daily weather data. Therefore, ecophysiological descriptors
of site vegetation, daily weather records and site physical properties are used by the model to
simulate plant, soil, and litter variables, as well as water, carbon and nitrogen fluxes between
the soil, the vegetation and the atmosphere. Unlike earlier models in the BGC model family
(e.g. Forest-BGC, [39]), in Biome-BGC LAI is predicted as a function of the amount of leaf
carbon, one of multiple vegetation state variables that are updated daily within the model [22].
Vegetation type is a user-defined, constant set of ecophysiological parameters. However, the
model simulates changes in vegetation structure as consequence of disturbance, climate and
ecophysiological characteristics of each vegetation type simulated.

The main strength of the model is its application in a broad range of ecosystem types. BGC´s
structure makes the model a suitable research tool to predict the impact of climate change.
Forest-BGC, for example, has been widely used to predict climate change effects on natural
disturbance and carbon dynamics [49]. In addition, BIOME-BGC offers a link between input
data and GIS databases, which is useful for application of data collected from regional studies.
A shortcoming of BGC is that the canopy is homogeneous. Therefore, although leaf area index
is proportional to canopy depth, this may not be sufficient to capture water and carbon budgets
accurately [39]. Its main drawback is the lack of a management interface, which makes it difficult
to consider BGC as a decision-support tool for forest management and land reclamation.

3.2.4. FORECAST

FORECAST is a management-oriented, stand-level forest growth and ecosystem dynamics
simulator [50]. The model was originally designed to accommodate a wide variety of harvest‐
ing and silvicultural systems in order to compare and contrast their effect on forest produc‐
tivity, stand dynamics and a series of biophysical indicators of non-timber values. FORECAST-
Climate version (see below) calculates climate modifiers on forest productivity on a daily basis.
The modifiers are then accumulated across the year to estimate annual biomass production.
FORECAST performs many calculations at the stand level but it also disaggregates stand-level
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productivity across individual stems in relation to age-specific stem size distributions. Top
height and DBH are calculated for each stem and used in a taper function to calculate total and
individual gross and merchantable volumes, and biomass.

Stand growth and ecosystem dynamics are based on a representation of the rates of key
ecological processes regulating the availability of, and competition for, light and nutrient
resources. FORECAST calculates biomass productivity (NPP) based on estimates of inherent
productivity derived from historical bioassay data (see below) constrained by site-specific
nutrient and water availability determined from within the model. The rates of the key
ecological processes driving tree and plant growth are calculated from the bioassay data and
inputted values for ecosystem variables (decomposition rates, photosynthetic saturation
curves, for example) and their relation to nutrient uptake, the capture of light energy, and net
primary production. Using this ‘internal calibration’ (hybrid simulation) approach, the model
generates a suite of growth properties for each tree and plant species [50]. These growth
properties are retained within the model and used to model subsequent growth as a function
of resource availability and competition.

FORECAST’s reliance on historical bioassay data serves to reduce calibration requirements
while ensuring its projections of productivity are reasonable. Calibration data are assembled
that describe the accumulation of biomass (above and below-ground components) in trees and
minor vegetation for three chronosequences of stands, representing three different nutritional
qualities. Tree biomass and stand self-thinning data can be derived from height, diameter at
breast height, and stand density output generated by traditional growth and yield models in
conjunction with species-specific biomass allometric equations [51]. To calibrate the nutritional
aspects of the model, data describing the concentration of nutrients in the various biomass
components are required. FORECAST also requires data on the degree of shading produced
by different quantities of foliage and the photosynthetic response of foliage to different light
levels. A comparable but simpler set of data for minor vegetation must be provided if the user
wishes to represent this ecosystem component (see, for example, [52]). Lastly, data describing
the rates of decomposition of various litter types and soil organic matter are required for the
model to simulate nutrient cycling. The second aspect of calibration requires running the
model in “spin-up” mode to establish initial site conditions. This component is a key feature
in the ability of the model to simulate the site conditions characteristic of oil sands reclamation.
For a broader discussion on this topic, see [7, 53, 54]).

Stand hydrology and water limitation for tree growth (see [25]) are simulated within the
FORECAST-Climate model [55], which on a daily time step provides a mechanistic represen‐
tation of above and belowground hydrological interactions in forest stands with multiple soil
and canopy layers. This facilitates a representation of competition between trees in different
canopy layers and minor vegetation for available soil water. In addition, the hydrological
model also estimates the influence of drought on litter decomposition rates, and therefore on
nutrient mineralization and its availability for vegetation [56]. Hence, as noted above the model
tracks the balance between inputs from precipitation and seepage, and outputs by canopy
interception, evapotranspiration, plant uptake, percolation and runoff.
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FORECAST has been calibrated for the Ft. McMurray region. It has been applied to oil sands
reclamation for over almost 15 years, in large part to compare current and alternative recla‐
mation practices and their relationship to indicators of ecosystem function and the achieve‐
ment of end land-use objectives. In this regard, FORECAST output was used to derive
multipliers and nutrient regime classes for the Landscape Capability Classification System
[57]; to explore issues associated with peat decomposition rates; the depth and type of the
capping material; nitrogen deposition; subsoil organic matter content; species mixes, planting
densities, understory dynamics, and dead organic matter dynamics (specifically snags), all
within the context of growth and yield [58 – 60]. Recently, FORECAST-Climate was used in a
risk analysis of the potential development of water stress in young reclamation plantations
consisting of white spruce, trembling aspen, and jack pine established on different ecosites, as
a function of soil texture and slope position [61]. In the second phase of this work, the principal
objective was an evaluation of the impact of climate and climate change on reclamation success,
as compared to the base case analysis (no climate-related impacts) [62]. The potential effect of
different climate change scenarios on growth and mortality in reclamation areas was therefore
projected using the FORECAST Climate model and associated modelling tools to evaluate their
combined impacts on overall ecosystem development in a risk assessment context. A final
component of this work consisted of: (1) Model projections of tree regeneration under climate
change on actual oil sands reclamation materials, and (2) A comprehensive model analysis of
the risks to ecosystem productivity from climate change as a consequence of the impact of
moisture stress on tree mortality [55]. Recently, funding was approved for a project to:

a. Improve the applicability of two established models that have been used to support
adaptation decision-making within the context of oil sands reclamation, a state-and-
transition simulation model (STSM; [63], and the process based forest ecosystem model,
FORECAST-Climate [55, 62].

b. Develop a decision support tool (DST) by linking the STSM and FORECAST-Climate.

c. Use the DST to evaluate reclamation best management practices in the oil sands sector in
terms of climate-related risk exposure and then inform adaptation and management
planning within the context of climate change at both the stand and landscape scale.

Produce a guidance document on how to implement the tools, interpret output, and assess the
implications for reclamation principles and practices as reflective of an adaptive decision
framework.

4. Conclusions

Over the last four decades, a large number of ecological models that can simulate tree growth
and forest hydrology have been developed for temperate and boreal ecosystems. The models
best suited for simulating forest growth and hydrology in reclamation are likely to be at the
scale of the stand level and in the daily to yearly time scale, as these scales provide sufficient
detail to account for the key processes involved in tree growth but can also use operational
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data from forest management for calibration. In addition, a variety of tools have been devel‐
oped to assist biodiversity planning in forest management. Among these are statistical models
that utilize correlations between forest attributes and the presence of a particular wildlife or
plant species or guild to determine habitat suitability [64]. These models have gained popu‐
larity because habitat descriptors can be derived from variables commonly available in forestry
databases tor through modeling (for example, timber volume, forest age, dominant tree height,
and species composition) [65-68]. When properly applied, they can also be used to predict the
response of selected species to forest reclamation and to evaluate the efficacy of alternative
practices [6, 69, 70].

Few models achieve recognition and use much beyond their development team, and even less
have used within an operational setting [7]. Even among the four shortlisted models (ECOSYS,
BGC, 3PG, and FORECAST) there is considerable variation in their ultility as decision support
tools, particularly within the context of reclamation.

ECOSYS [28] is a complex model, with a strong representation of plant ecophysiological
processes. It is a research tool to explore energy and matter fluxes in forest ecosystems. Its
calibration requirements are substantial. BGC, particularly its most recent variant BIOME-
BGC, is designed to represent the state and fluxes of carbon (C), nitrogen (N), and water (H2O).
The model has been applied to several forest and non-forest ecosystems around the world.
The latest versions of the model include options for alternative forest management activities
(see Table 4). BGC, however, is mainly a research tool designed to start from equilibrium
conditions in a well-established ecosystem [71]. Hence, it is questionable whether the model
is suitable for representing the biophysical characteristics of a reclaimed site. BGC also has
fairly extensive and elaborate calibration requirements, though not as data-intensive as
ECOSYS.

3-PG is a relatively popular forest growth model. It has been used as a research tool in a variety
of forest ecosystems around the world. The model has been applied mostly in plantations,
especially fast-growing species such as Eucalyptus and subtropical pines. 3-PG has been
streamlined in recent years to facilitate its calibration with remote sensing data, therefore
making it easy to apply to new sites and over large spatial scales [72]. One conceptual limitation
of the model in terms of its application to reclamation is that site quality is represented as a
fixed property [49]. This is problematic for two reasons. First, site quality must be known
beforehand. This is generally not an issue in established natural forests (though it can be) but
it has much greater uncertainty in a peat-based reclaimed system. Secondly, a reclaimed site
is expected to transition from nutrient cycling based on the peat/mineral mix to that derived
from the dead organic matter deposited by the developing plant community. It is unclear
whether this transition will accompany a change in site quality. 3-PG also has no understory
representation. Shrubs and herbs can be a key determinant of ecosystem development and
productivity [52, 73].

FORECAST is model with a long history of development, but with a strong focus on manage‐
ment applications [50]. With the inclusion of a hydrology submodel (ForWaDy; see [25]),
FORECAST now has the capability to simulate climate and climate impacts, and its impact on
moisture availability, and C and N fluxes. The calibration requirements of FORECAST are
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moderate (but they are not trivial) though many parameters can be calibrated with standard
inventory data and/or growth and yield tables. Some parameter values are universal and
exhibit little variation; for others, the model is relatively insensitive to their variability (see [74],
for a sensitivity analysis). Although FORECAST is a stand-alone model, it has been used for
landscape-level analysis by linking it to GIS systems that classify the area under study into
different ecosystem types [75, 76]. One advantage with FORECAST is that it has already been
used extensively in oil sands reclamation (12, and references therein), and so datasets have
already been constructed for the dominant tree and understory species. In this respect,
FORECAST can be used to simulate complex mixtures of tree and understory species [77].

“A model should be as simple as possible, but no simpler”. This is the principle put forward
by Albert Einstein (in reference to scientific theories) and is applicable to model construction.
Complex models are often required in ecology when the interactions between different
ecological factors, both biotic and abiotic, need to be explicitly represented and understood
[12]. This is especially important for ecosystems in which there are often no natural analogues,
such as reclaimed landscapes [78]. The four shortlisted models provide a good representation
of the range of complexity and approaches used to estimate biomass production, nutrient and
water cycling. These differences are also reflected in the calibration requirements and calibra‐
tion load associated with a given model. For example, ECOSYS is fundamentally a ‘bottom-
up’ model in that it integrates ecophysiological processes starting at leaf scale to generate
values of biomass production and water consumption at the stand level. BGC, in contrast, is
more of a top-down model. FORECAST and 3-PG are somewhere ‘in-between’, estimating
stand productivity with some simplification of the ecophysiological processes that occur at the
cellular or leaf levels. The range in modeling approaches is also a reflection of the different
origins of each model; FORECAST and 3-PG are forest management models, ECOSYS began
as a crop research model, and BGC a forest ecology research model.

Determining the appropriateness of a given model to support biodiversity restoration within
the context of reclamation depends on the balance between the accuracy required from the
model output, the calibration effort and data available for calibration, model complexity,
model flexibility, model robustness, and the capability to assess model performance [51].
Highly  complex  models  such  as  ECOSYS  simulate  a  large  array  of  ecophysiological
processes  at  fine  temporal  and spatial  scales.  Consequently,  they require  a  considerable
effort to assemble the data required for calibration. Often, it is necessary to make educat‐
ed guesses for parameter values that are difficult to measure or which may not exist for
the  particular  circumstances  to  which  the  model  is  to  be  applied.  For  obvious  reasons,
uncertainty in the input data reduces confidence in model output, an issue that becomes
more problematic as the calibration requirements increase. Relatively simple models such
as 3-PG have low calibration needs which allows for easier portability of the model to new
ecosystem types. An overly simplified structure, however, also reduces model applicabili‐
ty  (and  flexibility)  to  complex  systems  and  to  account  for  interactions  among  all  the
ecosystem  compartments.  Conversely,  robustness  refers  to  a  model’s  capability  to  pro‐
duce acceptable estimates of the target variables in the required application. Robustness is
not an inherent property of model complexity, and both complex and simple models can
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be  robust,  provided  that  calibration  parameters  are  estimated  with  low  uncertainty,
especially for those key parameters for which the model is more sensitive [7].

Recovery of biodiversity in reclaimed sites depends on the timing of reclamation events, the
type of forest system reclaimed, and how progressive reclamation impacts the vegetation
(understory and stem distribution) relative to what would have been present had the landscape
not been mined. Reclamation practices could be targeted toward the habitat requirements of
particular wildlife or vegetation species by preferentially reclaiming more favourable ecolog‐
ical sites. Conversely, a broad range of ecological sites is necessary to promote suitable habitats
for a diverse range of species on the reclaimed landscape. Such planning needs decision
support tools that incorporate the best scientific knowledge available.
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1. Introduction

Since the dawn of classical microbiology, scientists have applied efforts to unravel the
ecological patterns of occurrence, distribution and function of microorganisms in several
ecosystems, including soil. In the last years, the famous Baas-Becking affirmation “Everything
is everywhere, but, the environment selects”, have been largely used as central question, in
microbial biogeographic studies and also in theoretical niche-based theories [1].

Despite we known the importance of soil “small”-microorganisms to maintain the dynamic
balance and resilience of the “big”-ecosystems, little is known about their patterns of assembly
and its relationship with the functions resilience due the conversion of natural areas, such as
tropical forests, to agriculture. Advances arising from genomics era have enabled microbial
ecologists to access the ecological dimension of genetic and functional biodiversity, through
genomic sequencing techniques, at scale and depth never seen before [2].

However, a topic that remains unclear is how to analyze and interpret these patterns of
biodiversity generated by millions (or even billions) of genetic and functional data, resulting
in robust and concise answers about ecological issues, among them: which is/are the effect(s)
of conversion of forest to agriculture on microbial ecological patterns? Moreover, how to
integrate this dimension of genetic and functional biodiversity, with the dimension expressed
by metabolic products and ecological relations of microorganisms, and with a third and not
less important, environmental dimension, which can modulate the patterns of occurrence and
distribution of microorganisms in several ecosystems around the globe? Elucidating these
dimensions, through metacommunity ecology and biogeography may allow us to unravel the
black box of microbial assembly and functionality in the agroecosystems, and give answers to
Baas-Becking affirmation supporters and opponents.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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The dimension 1, has been massively analyzed through large scale sequencing of nucleic acids.
Recently, metagenomic libraries from soil microbial DNA are being used as template [3], in
order to evaluate the effects of the conversion of forest into agriculture [4]. The dimension 2
has been assessed by biochemical assays of production/consumption of microbial-mediated
greenhouse gases and microbial enzyme activities in soil [5–8]. The Dimension 3 is evaluated
by observation or data collection and analysis of environmental factors, including soil
physicochemical, climatic and geographical attributes and their relation with microbial
molecular parameters [9–12]. A multidimensional approach, linking these dimensions that
modulate the distribution and abundance of microorganisms in the ecosystems is obtained by
multivariate pairwise correlations among the parameters evaluated in both the three dimen‐
sions, generating an integrative view in systems biology (Figure 1).

Figure 1. Dimensions to unravel the patterns of distribution and abundance of soil microorganisms in agroecosystems.

The aim of this chapter is to provide to readers some conceptual and practical bases for analysis
and interpretation of microbial metacommunity assembly (structure), functions and their
linkage, with applications in agroecosystems conservation. To achieve that, we consider results
from the recent advances in high throughput next-generation sequencing (NGS) and bioin‐
formatics that allow us to assess deeply, both the taxonomic, the phylogenetic and the genetic
microbial biodiversity, establishing a novel border in microbial metacommunity ecology. We
argue that metacommunity ecology and biogeography may be used as cornerstones to
microbial ecology studies, helping us to elucidate tricking questions regarding microbial
distribution and ecological relationships, from the local community level to the global level.

2. Molecular advances in microbial ecology

The rapid development of molecular biology techniques at the end of the twentieth century
and their successful application to the study of microbial ecology has changed our view of the
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assess structure and function of microorganisms. In recent years, advances in the field of
molecular microbial ecology, in which are included the NGS techniques [13], have revealed a
far unknown microbial biodiversity that was not detected previously by classical microbiolo‐
gy.

The NGS tools have decreased the relative costs of sequencing and increased massively the
capacity of data production and quality. Their advances have contributed significantly to the
understanding of the structure and function of soil microbial communities. Several molecular
methods have been used to investigate the microbial diversity and changes in the microbial
community structure in a wide range of environments (e.g. Shotgun metagenomics).

The studies in microbial ecology have been improved with the development and advance of
the sequencing technologies. DNA sequencing is the process of determining the order of
nucleotides that constitute a DNA molecule. The method determines the order of the four
bases, i.e. adenine (A), guanine (G), cytosine (C), and thymine (T), in a strand of DNA. The
DNA sequencing provides a mean of identifying organisms by comparing to databases. From
a known and identified species, a molecular marker (e.g. 16S rRNA gene) is sequenced and
deposited in publicly available databases for future comparison. DNA sequencing is suitable
for sequence individual genes, molecular markers, larger genetic regions, full chromosomes
or the entire genome. The sequencing approach is a powerful tool for the study of microbial
communities inhabiting soil and could be useful to predict changes in soil properties and
quality, as well as to understand the community assembly in these environments. The
assessment of the microbial diversity will be advanced by the development of new technolo‐
gies that answer some key questions about the “who, what, when, where, why and how” of
microbial communities [14].

The rapid development of molecular biology techniques at the end of the twentieth century
and their successful application to the study of microbial ecology has changed our view of the
assess structure and function of microorganisms. In recent years, advances in the field of
molecular microbial ecology, in which are included the Next Generation Sequencing (NGS)
techniques [13], have revealed a far unknown microbial biodiversity that was not detected
previously by classical microbiology.

The advance in sequencing technologies from Sanger to 454 pyrosequencing and Illumina has
opened new possibilities in microbial community analysis by making it possible to collect
millions of sequences, spanning hundreds of samples. The increase in the number of sequences
per run from parallel pyrosequencing technologies such as the Roche 454 GS FLX (5 x 105) to
Illumina GAIIx (1 x 108) is of the order of 1,000-fold and greater than the increase in the number
of sequences per run from Sanger (1 x 103 through 1 x 104) to 454 [15]. In addition, the use of
barcode strategies allows the analysis of thousands of samples in a single run. With the advance
of such technologies the read length has increased, although they are far shorter than the
desirable length or the read length obtained from traditional Sanger sequencing (~1000 bp)
[16]. The 454 pyrosequencing was the first next-generation sequencing technology available
as a commercial product [17] and can be considered the cornerstone of the sequencing
revolution. The development of the pyrosequencing method allowed an advance of metage‐
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nome studies by increasing the number of reads and decreasing costs per sequence, enabling
a deep phylogenetic community analysis.

The NGS tools have decreased the relative costs of sequencing and increased massively the
capacity of data production and quality. Their advances have contributed significantly to the
understanding of the structure and function of microbial communities. Several molecular
methods are used to investigate the microbial diversity and changes in the microbial com‐
munity structure in a wide range of environments. The use of metagenomics in the studies of
microbial communities has enabled researchers to have an overview not only of the diversity,
but also the functional traits, which are also an important approach to link the microbial
community structure to functions. The rapid advance of sequence technologies allied to
bioinformatics tools are increasing the possibility of massive studies on microbial ecology for
a deep comprehension of the composition and function that soil microorganisms play in a wide
range of ecosystems. The new information available will be useful for a better understanding
of microbial assembly, at both phylogenetic and functional aspect of a community.

3. The metacommunity concept in microbial ecology

The first and simplest concept defines metacommunity as a set of communities that interact each
other exchanging individuals of multiple species, linked by dispersal [18]. Different species
interact each other via ecological relations, at the community (local level). There might be events
of immigration, dispersal, besides other, that modulate the exchange of individuals from local
communities to a broader range of communities, culminating with species evolution [19]. The
use of different terms and different perspectives is a concerning question in metacommunity
ecology. To reach scales of organization and set populations and communities dynamics
within metacommunities, we use the terms and definitions conceptualized by [20] and applied
by [21]. In order to assess the metacommunity assembly we regard the four central theories in
Metacommunity Ecology, namely: (I) patch-dynamic, (II) species-sorting, (III) mass effects and
(IV) neutral theory [22].

Metacommunity studies have been applied to ecology [19,23]. The patters of community
distribution can vary in regional scale across environments, between environments at the same
region and inside a specific environment [24]. Thus, a multidimensional approach is needed
to have a comprehensive picture. To achieve that, four paradigms of metacommunities can be
reached (Figure 2):

i. Patch-dynamic (stochastic+deterministic) – as found to the neutral model, it assumes
that the habitat quality is constant across different arrays (microbial cores) of the
landscape. In this model, both stochastic and deterministic extinctions are affected
by interspecific relations e counterbalanced by dispersion [20].

The approaches undergoing this paradigm are based on two different versions, based in
occupancy formalisms, in which the patches are occupied or vacant by certain populations at
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their equilibrium. Both versions assume that the local and the regional population dynamics
have a time gap, which means that the effects of changes in extinction-colonization patterns
in the local community take certain period to affect the regional metacommunity dynamics.

In the first version for this paradigm, only regional coexistence is considered to influence the
metacommunity patterns. It assumes that species that coexist compete for niche resources, but
there is no interactions between species that influence local community dynamics, since local
communities are not considered in the model. In the second version, given a homogeneous
environment where a set of species co-occur in equilibrium, the regional coexistence is possible
due a trade-off between competition and dispersal or fecundity and dispersal [25] (Figure
1a). A limitation of patch-dynamic paradigm is that a set of local communities or patches are
assumed identical.

ii. Species-sorting (deterministic) – based on the traditional theory of niche segregation
of species that co-occur in certain environment [26]. The theory infers about changes
in communities across environmental gradients [27].

In this case, the role of environmental parameters such as soil fertility and plant cover species,
soil organic matter content, besides other, acquire fundamental importance in modulate the
patterns of distribution and abundance of microorganisms [21]. The species-sorting paradigm
infers that local patches differ in some attributes and the result of local species interactions
depends on the environmental abiotic factors [28].

Figure 2. Representation of four metacommunity hypothetical situations at the local scale (dashed brown circle) and at
the regional scale (dashed blue frame). Schematic situations for two competing species with populations A and B. (a)
Patch-dynamic paradigm, (b) species-sorting paradigm, (c) mass-effects paradigm and (d) neutral paradigm. Adapted
from [20].
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This paradigm assumes that different habitats patches are heterogeneous and that rates of
dispersal are moderate, which means that all species have similar probability to reach all
patches of the metacommunity (Figure 1b). Thus, it is expected to occur a species-sorting
through niche partitioning, since there species are differently adapted to particular conditions,
defined by environmental gradients.

iii. Mass-effects (deterministic) – assumes that a certain population can vary in regional
and local scales. This population can be affected quantitatively by dispersion. This
model of mass effects due dispersion requires that different arrays of habitat have
different conditions in certain moment, and that these relations should sufficiently
tightly related. Thus, dispersion results in a sink/source dynamic between popula‐
tions in different arrays at the landscape [29].

Dispersal has a great role in mass-effects paradigm. In one hand, an increase in immigration
rates might enhance the abundance of certain populations in a local community, in detriment
of neighbor communities from the metacommunity. In other hand an increase in emigration
rates can decrease the rates of birth of local populations apart from the abundance expected
in a close metacommunity (Figure 1c). Considering competing species of microorganisms in
a certain environment where the total community has a constant abundance, a fluctuation in
local population abundances may occur by chance [29].

iv. Neutral Model (stochastic) – one thing that all the previous paradigms have in
common is the assumption that species in local communities differ from each other
in their capacities of competition for niche occupation. The dynamics of a metacom‐
munity depends on the trade-offs resulting from the assembly of several co-occurring
populations.

Neutral paradigm emerges as a null hypothesis for microbial assembly. Thus, in its models,
the persistence in a certain community is the result of random processes of immigration and
extinction (Figure 1d). The species have equal competition capacity [22]. Neural theory is the
simplest way to characterize the complexity of a set of populations in a local community. To
asses that, we only need a θ number of potential species in a given community, and a m
immigration rate parameter [30].

A classical approach to evaluate neutral paradigm was described by [22], through a re-
interpretation of Ewens’ sampling distribution, that was initially developed for genetics
studies [31]. The model undergoing this approach is based on zero-sum dynamics of a
metacommunity. Indices deriving from this view are being also used for local communities
[32], with recent applications in studies related to the patterns of microbial assembly in
agroecosystems and rhizosphere [4,21]

A more comprehensive picture of the application of these paradigms in microbial ecology
studies  can  be  reached  by  both  theoretical  (e.g.  Classic  Metapopulation  –  neutral)  and
numerical (e.g. Zero-Sum Model – neutral, Broken-Stick Model – niche-based) models. The
models describe the organization of microorganisms into communities,  at  the local  level
[4],  and  along  metacommunities,  at  the  regional  level  [21]  (e.g.  Rates  of  dispersal  and
immigration coefficient).
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4. Application of metacommunity models to unravel microbial structure
and functions in agroecosystems

Although we know a lot about plant and animal distribution, demography and functions, these
patterns remain abstruse, when it comes to microorganisms. Knowledge about microbial
assembly and functions, due conversion of pristine forests into agricultural systems, is vital to
understand the possible ecological consequences.

Biogeography and metacommunity ecology studies have made possible to investigate the
mechanisms leading to microbial diversity generation and maintenance in these ecosystems,
such as emergence of new species, extinction, dispersal and ecological interactions [20] in
several levels of complexity and scale ranges. A framework to investigate microbial patterns
is needed, with references to that found to macroorganisms and the establishment of possible
exceptions regarding microbial assembly and functional niche occupation. This comprise the
knowledge whether microbial assembly differ among environments and space, besides the
effects that modulate this variation. Moreover, a biogeographic multiscale approach can help
us to unravel if spatial variation is due to punctual environmental factors, such as land-use
and seasonality [11] or evolutionary selecting events [33].

As mentioned in the previous section, different species inside a local community and even
communities along a metacommunity, use to have different patterns of assembly through
space and time, due different ability to compete, occupy niches, and disperse along the
ecosystems gradient. Thus, besides the application of metacommunity paradigms to describe
microbial assembly and niche occupancy, we can also argue about the limitations and barriers
to dispersal that make some species behavior to differ in a biogeographic scale (Figure 3).

Figure 3. Relationship between geographic distance and microbial community dissimilarity. (a) According to the as‐
sumption “Everything is everywhere”, all communities appear to be similar to each other, apart from distance. (b)
Communities have a continuous decay of dissimilarity over geographic distance. (c) Communities have autocorrela‐
tion until a threshold (vertical dashed line), in which the limit of spatial correlation is reached. (d) Communities have a
lag before autocorrelation begins (vertical dashed line), what means that in low distances, we are sampling systemati‐
cally the same community. Adapted from [34].
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An early conceptual groundwork for microbial biogeography can be found in Candolle
province and habitat definitions for plants [35]. Bringing that into microbial boundaries, a
province could be any area, in which the microbial structure reflects historical evolutionary
events. Thus, the limits of a single province should vary greatly in size and are inwardly linked
to the resolution and the taxa in study [33]. Areas of soybean cultivation, hundreds of miles
distant each other, might be considered particular provinces, considering the general structure
of bacterial communities that inhabit their rhizosphere and surrounding soil. Although, those
areas may also be treated as members of a single province, taking into account that members
of the bacterial class Alphaproteobacteria, are able to colonize the rhizosphere and nodulate
these plants, apart from distance, due a high level of conserved genes related to this mechanism
and a large number of strategies of signaling to a broader range of environments and plant
species [36].

4.1. Local, regional and global factors affect soil microbial community structure

Understanding controls over the distribution of soil microbial communities is a fundamental
step toward describing soil ecosystems, understanding their functional capabilities, and
predicting their responses to environmental change. However, the complexity of these
communities and their interactions with environmental characteristics have made generali‐
zations difficult. Recently, high throughput sequencing technologies have facilitated the
investigation of soil bacterial communities at local [37], regional [12], and global scales [38].

Microbial groups related to environmental characteristics has been recognized as the most
important mechanism controlling soil microbial communities [39] with chemical soil factors
identified as a master variable explaining significant portions of the variation in soil microbial
diversity and community structure at local [40,41], regional [42–44] and global [45,46] scales.

However, while environmental factors have been identified as exerting primary control on soil
microbial distribution, on average approximately 50% of the variation in microbial diversity
and structure remains unexplained [39]. Additionally, very few examinations have been made
of how controls on soil microbial communities operate simultaneously at multiple scales to
contrast local and regional drivers of microbial diversity and community structure.

The factors that control soil microbial community composition are much debated. It has been
suggested that while local scale variation in soil microbial communities can be explained by
plant identity, substrate hotspots and soil chemical factors [47–49], at regional and continental
scales, additional factors, such as climate, topography, and soil pH, become more important
[50–52]. However, pH has been shown to shape soil microbial communities over distances < 1
m2 [53], as well as at field and continental scales [38,41]. Microbial communities have also been
shown to be influenced by vegetation type, land use, soil nutrient status, and soil organic
matter quality and quantity at landscape scales [51,52,54].

The relationship among soil microbial communities and landscape factors, soil factors and
plant communities at different spatial scales is relatively lacking, despite their importance for
ecosystem functioning. This lack of understanding of the factors that explain variation in
microbial communities at larger spatial scales is surprising given their functional importance
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in regulating ecosystem processes, such as carbon and nitrogen cycling [49,55] and the
resistance of nutrient cycles to climate change-related disturbances [56]. In this sense, no
studies have simultaneously tested the importance of a range of abiotic factors, including
climate and soil properties, and biotic factors, such as vegetation composition, across a wide
range of spatial scales. According to [56], this represents a major gap in knowledge given the
potential for both abiotic and biotic factors to explain variation in soil microbial communities.

4.2. Case study: Niche-based theory explains microbial assembly in soybean rhizosphere

The rhizosphere is the immediate surroundings of the plant root, the portion of soil under
influence of root exudates. The rhizosphere is considered a hot spot of microbial species, and
the communities inhabiting this environment are shaped by the nutrients released by the plant,
such as exudates, border cells and mucilage. Studies on rhizosphere microbiome increased in
the last year, mainly because this microbiota can have profound effects on the growth, nutrition
and health of plants in agroecosystems [for rhizosphere microbiome review see [57]].

In  an experimental  research,  [4]  studied the  process  of  microbial  selection in  the  rhizo‐
sphere from bulk soil reservoir under agricultural management of soybean in Amazon forest
soils.  They  used  a  shotgun  metagenomics  approach  to  investigate  the  taxonomic  and
functional diversities of microbial communities and to test the validity of neutral and niche
theories  to  explain the community assembly in the rhizosphere.  The species  rank abun‐
dance  distribution  generated  by  metagenomics  was  fitted  to  five  theoretical  models  of
assembly. The neutral theory predicts that rank abundance distribution will be consistent
with ZSM model [22] and niche-based fits the pre-emption, broken stick, log-normal and
Zipf-Mandelbrot models [58–60].

The authors collected samples of bulk and rhizosphere soil of soybean harvested in agricultural
fields in order to evaluate which microbial groups and functional genes are selected in the
rhizosphere when compared to the bulk soil. At first, they showed that there is a selection
process in the rhizosphere, where the species abundance fitted the log-normal distribution
model, which is an indicator of the occurrence of niche-based process. The niche theory
predicts that changes in species community composition are related to changes in environ‐
mental variables, since species have unique properties that allow them to exploit unique niches
available [61]. Thus, the root exudates may select organisms to inhabit the rhizosphere
environment.

With the sequencing data, the authors also could show what groups of organisms are selected
in the rhizosphere and what function they are playing. In this study [4], they showed that there
was a selection process at both taxonomic and functional levels operating in the assembly of
the rhizospheric community, with different community structure compared to the bulk soil
community. The phyla Actinobacteria, Acidobacteria, Chloroflexi, Cyanobacteria, Chlamy‐
diae, Tenericutes, Deferribacteres, Chlorobi, Verrucomicrobia and Aquificae were selected in
the rhizosphere. In addition, the functional analysis indicated that functions related to the
metabolism of nutrients, such as nitrogen, phosphorus, potassium and iron were more
abundant in rhizosphere than the bulk soil (Figure 4).
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Figure 4. Taxonomical and functional groups selected in soybean rhizosphere, following the niche-based mechanisms.

The phyla indicate in the figure 4 were selected in the rhizosphere and are playing important
functions related to the metabolism of some important nutrients to the plant. The community
selection in rhizosphere is influenced by exudates released from the roots, which create
different niches to be exploited by the soil microorganisms. The roots deposits consist mainly
of carbon, and secondary metabolites such as antimicrobial compounds and flavonoids. Other
soil parameters also are affected by the root system, such as pH, moisture, oxygen pressure
and nutrient availability. In this study, the authors used a community assembly approach to
understand the microbial selection process in rhizosphere, and they have shown that soybean
selects a specific microbial community inhabiting the rhizosphere based on functional traits,
which may be related to benefits to the plant, as growth promotion and nutrition. The microbial
community assembly in the rhizosphere follows largely the niche-based mechanisms, showing
that variations in the rhizosphere promoted by roots exudates shape the microbial community
structure.

5. Concluding remarks

In this chapter, we have discussed the considerations of the applications of metacommunity
theories and biogeography for land-use management and agroecosystems conservation. The
contribution of these models to explain the patterns of structure, abundance and functional
traits at local and regional scales were emphasized here. We settled some bases for the
application of metacommunity models, regarding community assembly and microbial
functions in agroecosystems, including recent results from our group and several theoretical
and experimental studies available in the literature.

Studies of microbial assembly and its linkage to the functional resilience in the agroecosystems
are very important for microbial ecologists. Comparative studies in different agroecosystems
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and regions of the globe are needed, to stablish a huge conceptual view about the patterns of
microbial distribution and ecological relationships. Based on these several studies, we can
argue about soil quality and find global bioindicators of soil health as well as endemic microbial
populations with local and regional importance to maintain the ecosystems equilibrium and
guarantee the biodiversity, acting as niche holders.

Metacommunity and biogeography concepts emerge as important tools to evaluate bioindi‐
cators of soil quality and functional resilience, since both can be applied to a broader range of
environments, from the microcosm scale up to the landscape or regional scale, independently
of the type of soil, management or species to be reached.
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1. Introduction

In last several decades agriculture has been oriented towards industrial and extremely
intensive farming practices, aimed at ensuring enough food for the human population, a goal
that was not achieved. These types of farming practices also caused several negative environ‐
mental impacts such as decreasing biodiversity, including the farm bird index, where a decline
has been observed in Slovenia since 2008. Many farms intensified their activities and became
highly mechanized, whilst those unable to do so became increasingly marginalized and were
sometimes forced to abandon their land, causing equally devastating consequences for
biodiversity [1]. Today, it is globally imperative that the growing demand for food be met in
a manner that is socially equitable and ecologically sustainable over the long term. It is possible
to design farming systems that are equally productive and that maintain or enhance the
provisioning of ecosystem services (i.e., biodiversity, soil quality, nutrient management, water-
holding capacity, control of weeds, diseases and pests, pollination services, carbon sequestra‐
tion, energy efficiency and reducing global warming potential, as well as resistance and
resilience to climate change and crop productivity) and thus agroecosystem resilience and
sustainability [2].

Organic agriculture refers to a farming system that enhances soil fertility by maximizing
the efficient use of local resources,  while foregoing the use of agrochemicals,  genetically
modified organisms and the many synthetic compounds used as food additives. The high
quality of organic food and its added value relies on a number of farming practices based
on ecological cycles, and aims at minimizing the environmental impact of the food industry,
preserving the long term sustainability of soil and reducing to a minimum the use of non-
renewable resources [3].

Organic farming practices have been promoted as reducing the environmental impacts of
agriculture. The results of meta-analysis of studies that compare the environmental impacts
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of organic and conventional farming in Europe show that organic farming practices generally
have positive impacts on the environment per unit of area, but not necessarily per product
unit. Significant differences between the two farming systems include soil organic matter
content, nitrogen leaching, nitrous oxide emissions per unit of field area, energy use and land
use. Most of the studies that compared biodiversity in organic and conventional farming
demonstrated lower environmental impacts from organic farming [4]. Furthermore, organic
farming appears to perform better than conventional farming and also provides other
important environmental advantages such as halting the use of harmful chemicals and their
spread in the environment and along the trophic chain, and reducing water use [3]. A life cycle
analysis approach calculating the ecological footprint of different productions systems
confirmed, respectively, 8.5 and 5.9 times better environmental performance of organic
farming practices, compared to their conventional counterparts in winter wheat and spelt
production [5].

Biodiversity loss and the degradation of ecosystems have important implications for the
environment and are costly for society as a whole [6]. In Europe, loss of plant biodiversity is
primarily reflected in the decline of many species of plants and in the disappearing of local
and old plant varieties. In 2011, the European Parliament adopted the European Union (EU)
Biodiversity Strategy to 2020 with aim of preventing biodiversity loss and the degradation of
ecosystems. The strategy includes combating invasive alien species that jeopardize biodiver‐
sity and aims also at enhancing the positive contribution of European agriculture, forest and
fishery sectors to biodiversity conservation and sustainable use, and to increase by 2020 the
EUs contribution to drawing attention to global biodiversity loss [1]. The World Trade
Organization notes a crop variety loss of 75% during the past 100 years, even of 90% in the EU.
Only 17% of species and habitats assessed under the Habitats Directive have been deemed to
be in good status and the degradation and loss of natural capital is jeopardizing efforts for
attaining the EUs biodiversity and climate change objectives [7, 4], which did not reach its 2010
biodiversity target [1].

Organic farming is a production method that preserves or even enrich biodiversity at the field
level, at the farm level and in the ecosystem as per its regulatory demands, where the objectives
of organic farming in EU regulation 834/2007 is noted thus: that organic farming shall pursue
to establish a sustainable management system for agriculture with respect to nature's systems
and cycles, and sustain and enhance the health of soil, water, plants and animals and the
balance between them, and to contribute to a high level of biological diversity [5]. Organic
farming systems generally harbour larger floral and faunal biodiversity, more so than
conventional systems; however, when properly managed, the latter can also improve biodi‐
versity. Importantly, the landscape surrounding farmed land also appears to have the potential
to enhance biodiversity in agricultural areas [3]. However, the benefits of organic farming to
biodiversity in agriculture landscapes are still being discussed.

Agrobiodiversity  is  an  important  aspect  of  biodiversity  that  is  directly  influenced  by
different  production  methods,  especially  at  the  field  level.  It  can  also  supply  several
ecosystem services to agriculture, thus reducing environmental externalities and the need
for  off-farm  inputs.  Organic  farming  is  considered  an  environmentally-friendly  agricul‐
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ture  practice  and  a  holistic  approach  encompassing  several  demands  and  bans  from  a
regulatory point  of  view [8],  and receives primarily from European countries additional
agri-environmental  payments  for  ecosystem  services,  including  biodiversity.  In  some
countries, payments are available as single biodiversity measures (i.e., hedgerows, insecta‐
ry  strips,  crop  rotation,  or  the  retention  of  semi-natural  areas)  in  agri-environmental
programmes that are also aimed at conventional agriculture.

2. Aim and methodology

The aim of this paper is to establish whether organic farming fulfils the promise of protecting
biodiversity better than conventional farming, based on the review of recent publications
emphasizing the importance of precisely quantifying the effect of organic vs. conventional
farming. Additional to an extensive review, data from the University of Maribor regarding the
effects of different production systems on the earthworm population [9] and the biodiversity
of weed species from field experiments in the north east of Slovenia [10] were compared with
other findings.

The reader is kindly referred to previously mentioned sources [5, 9, 10, 36] for a detailed
description of  differences between farming systems.  For a  better  general  understanding,
some details are explained. Earthworms were collected in October 2009, 2010 and 2011 using
a mustard aqueous solution as a non-toxic irritant that drove deep burrowing earthworm
species to the surface [11]. After measurements were taken, earthworms were returned back
to  the  soil.  Analyses  were  carried  out  using  the  Statgraphics  Centurion  XV  statistical
program [12]. The biodiversity of weed species [9] was measured using two methods: (i)
above-ground weed population sampling;  (ii)  seedbank sampling.  The size  of  the  weed
seedbank was determined within the 0 to 0.2 m soil  layer of each plot using the green‐
house emergence method [13]. The in situ number of the above-ground weed population
per m2 was measured at the end of June or at the beginning of July 2009, 2010 and 2011,
after mechanical control and the use of herbicides.  Weeds were counted in four 0.25 m2

quadrates randomly located in the centre of each plot, parallel to the working direction of
machinery. The weed species were determined when a 2/3 population was at the stages of
2 to 3 true leaves and 1/3 was at  the stages of 4 to 5 true leaves.  Species diversity was
calculated for both seedbank and weed communities using H’ [14].

3. Results and discussion

3.1. Overall data

Results of several research studies and published scientific articles showed that organic
farming benefits to the environment, including biodiversity. Comparison of biodiversity in
organic and conventional farms has shown that organic farming generally had positive
impacts on many species [15]. Results of meta-analyses that compared biodiversity in organic
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and conventional farms found that organic farms generally have 30% higher species richness
and 50% higher abundance of organisms than conventional farms. However, there are wide
variations between different studies, which have to be discussed; for example, 16% of studies
found a negative effect of organic farming on species richness. Additionally, it was also found
that the effect of organic farming on species richness was larger for intensively managed
landscapes than for diverse landscapes with many non-crop biotopes [16]. In 327 out of 396
relevant results [17], a higher degree of biodiversity in organic farming was found when
compared to conventional farming. In 56 papers (14 %), no difference was verified and in 13
contributions (3%), organic farming yielded less biodiversity (seven of them for soil inverte‐
brates). Significantly, the positive effect of organic farming on biodiversity compared to
conventional farming was noticed in 80% of cases; in 16%, differences were unclear and less
biodiversity was found in 4% of comparisons (Table 1).

Author
Number of

comparisons1

Number of
biodiversity
indicators2

Significantly
positive effect –

more biodiversity

No significant
differences –

unclear, indifferent

Significantly
negative effect –
less biodiversity

Rahmann [17] 343 10 327 56 13

Hole et al. [15] 76 9 66 25 8

Pfiffner [18] 44 7 49 5 1

Sum 442 86 22

Share (%) 80 16 4

1 Multiple citations of used studies are possible due to different conclusions for different species or multiple answers; 2

biodiversity indicators i.e., flora, weeds, soil biota, earthworms, pollinators, birds, etc.

Table 1. Impact of organic farming on biodiversity based on the literature review.

On average, organic farming increased species richness by about 30%. This result has been
robust over the past 30 years of published studies. Organic farming had a greater effect on
biodiversity as the percentage of arable fields of the landscape increased, that is, it is higher in
intensively farmed regions [19]. Thus, it may be concluded that organic farming produces more
biodiversity. Research gaps still exist for the understanding of functional biodiversity and
ecosystem impact, which comprise soil biota, landscape (ecosystem and habitat) and genetic
biodiversity on agricultural land in natural habitats [17]. The majority of current studies are
from Northern and Western Europe and North American agriculture practices, while other
regions with large areas of organic farming have been poorly investigated. Comparison
between paired organic and conventional fields in India assessed a wide range of taxa (plants,
soil microbes, earthworms, butterflies, dragonflies and other arthropods, reptiles, molluscs,
amphibians/frogs and birds) trough different methods that showed similar trends. Habitat
area, composition and management of organic fields were likely to favour higher levels of
biodiversity by supporting higher numbers of species, dominance and abundance across most
taxa. Organic fields are systems that are less dependent on external inputs to restore and
rejuvenate the environment, resulting in higher biodiversity that promotes higher sustainable
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production on a long-term basis [20]. The effects of time since conversion to organic farming
on species richness and abundance have been poorly researched. Plant and butterfly species
richness was 20% higher on organic farms and butterfly abundance was about 60% higher,
compared to conventional farms. Time since conversion to organic farming affected butterfly
abundance gradually over a 25-year period, resulting in a 100% increase; however, no effect
was found on plant or butterfly species richness, indicating that the main effect took place
immediately after the conversion to organic farming [21].

Three recent multiregional studies from Europe have also demonstrated the negative effects
of both agricultural intensification (increased use of synthetic fertilizers and pesticides
combined with the reduced use of diversified farming system techniques) and landscape
simplification on components of biodiversity [2]. The EU Biodiversity Strategy to 2020 also
focuses on sustainable farming and forestry as the focus of one of six targets in the form of
improving the integration of biodiversity conservation into key policies for agriculture and
forestry. Combined, these two sectors include almost 72% of land in the EU and play a major
role in Europe’s biodiversity [1].

Crop rotation brings biodiversity in the time scale. It is mandatory on organic farms and is
stated as a method to maintain and increase the fertility and biological activity of the soil, and
means the prevention of damage caused by pests, diseases and weeds [8]. Due to more diverse
crop rotation and the use of green manure and intercroppings on organic farms, there is also
greater biodiversity. Furthermore, using domestic populations of seed varieties preserves
biodiversity, but the production of alternative crops (rare, underutilized, disregarded,
neglected or new) increase biodiversity at the filed level [22].

3.2. Weeds biodiversity

The biodiversity of weed communities in agro-ecosystems provides several valuable ecological
functions [23]. Conventional and integrated production systems tend to be similar in both
intensity of management and within-field biodiversity, but organic production tends to
support greater density, species number and biological diversity in comparison with other
investigated production systems [24]. At the field level, species richness was the greatest on
organic farms where there was a greater abundance of weeds [24-27, 31; organic production
system had the highest biodiversity of weed species [28-31]. Organic agricultural practices
yielded more weed species in root crops, red clover/grass mixtures and in winter triticale.
Weed species richness was reduced in red clover/grass stands, while root crops and spring
barley undersown with red clover and grasses decreased weed species diversity, which is also
important for achieving higher yields in an organic production system. The species composi‐
tion and in particular the quantitative structure of weeds were affected more by crop species
and cultivation regime, compared to different agriculture practices (organic vs. integrated).
Weed communities of crops grown using organic and integrated farming systems were more
similar in terms of species composition than quantitative structure [30].

The maintenance of a diverse weed community is one step towards the sustainability of an
agro-ecosystem through improved nutrient cycling and pest control, improved soil chemical
and physical properties, and the reduction of soil erosion. An important aspect in the evalua‐
tion of the environmental impact of production systems is the biodiversity index for weed
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species (Table 2). Using the Shannon-Weaver diversity index for weeds of different production
systems (conventional, integrated, organic) growing white cabbage and red beet showed that
the biodiversity index was significantly higher in organic systems (0.86 in organic vs. 0.66 in
conventional systems for cabbage and 0.81 in organic vs. 0.59 in conventional for red beet).
Using ecological footprint calculation for the evaluation of different production systems
showed that organic farming had the lowest impact on the environment. In the case of white
cabbage and red beet production, ratio in ecological footprint between organic and conven‐
tional production was 1 to 3.5 [10].

The emerged weed flora is more affected by recent agrochemical inputs than the seedbank,
which is buffered by the persistence of weed seeds in the soil. The seedbank is more strongly
influenced by soil characteristics, such as the percentage organic carbon and percentage total
nitrogen than by management [26]. The same weed species were in the seedbank and at field
counted as germinated weeds, totalling 29 weed species in the survey (Table 2). The accumu‐
lated number of observed species pooled over fields was highest in the organic production of
white cabbage and red beet, with 29 and 28 species, respectively. Within the conventional crop
rotations, 18 species were observed in the cabbage field and 17 in the red beets field, while 20
and 19 were observed in the integrated crop rotation for cabbage and red beets. The differences
in the number of weed species between conventional and integrated fields for cabbage were
not significantly different; however, the difference when comparing organic and conventional
fields was significantly different for both vegetables. For red beet, differences among all
production systems were significant, which is contrary to the findings of [30], where weed
communities of crops grown under organic and integrated farming systems were similar with
regard to species composition but not quantitative structure. Different farming practices
(described as organic, integrated and conventional) appeared to exert selection pressure on
the species composition of the seedbank, building up different communities under the three
farming systems over time [26]. These effects were scale dependent. At a within-field scale,
species richness was greatest in organic farms, where there was a greater abundance of weeds;
this was similar to our results and those of many others [24-31]. These results suggest that
weed species diversity can be promoted by using organic cropping practices [31].

Weeds in white cabbage Weeds in red beet

Production system H' O H' O
Earthworm

population (no./
0.25m2)

Control
Conventional
Organic
Integrated
Biodynamic

0.38d
0.66c
0.86a
0.74b

-

14c
18b
29a
20b

-

0.32d
0.59c
0.81a
0.64b

-

13c
17b
28a
19b

-

11.58b
11.25b
22.41a
13.00b
24.00a

a-d Mean values followed by different letters within a column are significantly different (Duncan, α=0.05)

Table 2. Shannon-Weaver diversity index (H') and the frequency of occurrence (O) of weed species from the 30 species
present in white cabbage and red beet in different production systems [10],3 and the influence on earthworm
population [9, 36].
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3.3. Earthworms population

Organic farming systems are generally associated with increased biological activity and
increased below-ground biodiversity. The main impacts on biological fertility do not result
from the systems per se, but are related to the amount and quality of the soil organic matter
that is used in the farming system, as well as the disruptions of soil habitat using different
tillage tools. Even within the constraints of organic farming practices, it is possible for farmers
to make changes to management practices using less tillage, which will tend to improved soil
biological quality [32]. An important part of soil biodiversity is arbuscular mycorrhizal fungi,
which can provide several benefits to plants and ecosystems. Organic farming enhances
arbuscular mycorrhizal fungi, communities of which are similar in organically managed fields
and in semi-natural species-rich grasslands; however, significantly less communities are found
in conventionally managed fields. Their richness increased significantly over time since
conversion to organic agriculture [33]. Soil microorganisms and other parts of soil biota
including earthworms are also important drivers of soil fertility. Organic farming is based on
the principle of the maintenance and enhancement of soil life and natural soil fertility, soil
stability and soil biodiversity for preventing and combating soil compaction and soil erosion,
and for the nourishing of plants primarily through the soil ecosystem [8]. Furthermore, our
research results investigating the number and mass of earthworms as an indicator of soil
biodiversity confirmed the effects of different production systems (conventional, integrated,
organic, biodynamic) on the population of earthworms following the harvesting of different
crops [9].

The studied production systems significantly influenced total earthworm population (Table
2) and small earthworms [36]. Both were shown to be higher in number in the biodynamic and
organic production systems compared to the control, conventional and integrated production
systems. When compared to control plots, as well as those managed without fertilizers and
plant protection agents, there were roughly 2.7 and 2.5 times more small earthworms in
biodynamic and organic production systems, respectively. In the same manner, the total
earthworm population in the biodynamic production system was 207% and in the organic
production system, 193% of this was counted for the control treatments. Similarly, the
beneficial effect of organic farming on earthworms has been emphasized by other investiga‐
tions [34, 35]. The abundance of earthworms, as well as their total body mass, was affected by
plant species occurring in crop rotation. Oil pumpkins were revealed to have a beneficial effect
on earthworms. There was also a significant production system and plant species interaction
concerning the population of small earthworms [36]. In addition to a production system, tillage
is also a major driver for altering communities of earthworms and microorganisms in arable
soils. The use of reduced tillage provides an approach for eco-intensification by enhancing
inherent soil biota functions in organic arable farming [37].

3.4. Some other ecosystem services connected to biodiversity

Biodiversity, as one of the most important ecosystem services of organic farming, is firmly
connected to biocontrol and pollination services [2]. While the field of organic crop production
has increased globally, the potential interactions between pest management in organic and
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conventionally managed systems have to date received little attention [38]. Organic agriculture
improves biodiversity at the field level, but potential interactions with the surrounding
landscape and the potential effects on ecosystem services are less well known. Predation of
aphids was the highest in organic fields in mixed landscapes and lower in more uniform
surroundings. The results of comparing 153 farms from five countries showed that organic
agriculture improved the biodiversity of plants and birds in all landscapes, but only in more
diverse surroundings did it improve the potential for biological control. Contradictory results
showed the necessity for taking into consideration production methods (organic vs. conven‐
tional) and regional landscape complexity for developing agri-environmental schemes for the
future [39]. Organic farming is one of the most successful agri environmental schemes, as
humans benefit from high quality food and farmers from higher prices for their products;
additionally, this approach often successfully protects biodiversity. Based on the assessment
of 30 triticale fields (15 organic vs. 15 conventional) and the comparison of five conventional
fields that were treated with insecticides and 10 non-treated conventional fields, it was found
out that organic fields had five times higher plant species richness and about 20 times higher
pollinator species richness compared to conventional fields. In contrast, the abundance of
cereal aphids was five times lower in organic fields, while predator abundances were three
times higher and predator-prey ratios 20 times higher in organic fields, indicating a signifi‐
cantly higher potential for biological pest control in organic fields [40]. Aphid density was also
significantly lower in organic wheat fields compared to conventional fields, based on the
assessment of 216 wheat fields during a two-year study [41]. Another positive impact of crop
genetic diversity where wheat is concerned was found on below (collembola) and above‐
ground arthropod (spiders and predatory carbides) diversity at the field scale, which may be
the result of a wider variety of food resources or more complex crop architecture. Increasing
crop genetic diversity can therefore be an easy-to-implement scheme for benefiting farmland
biodiversity [42].

Despite decades of European policy to ban harmful pesticides, the negative effects of pesticides
on wild plant and animal species are nonetheless present and can be observed through losses
pertaining to biodiversity. Chemical pesticides minimize opportunities for biological pest
control. If there is an aim for biodiversity to be restored in Europe, opportunities should be
created for crop production utilizing biodiversity-based ecosystem services such as biological
pest control; what is needed is a Europe-wide shift towards farming employing the minimal
use of pesticides over large areas, not only on organic farming areas [43]. Insecticide treatment
in conventional fields had only a short-term effect on aphid densities, while later in the season,
aphid abundances were even higher and predator abundances lower in treated compared to
untreated conventional fields. Preventative insecticide application in conventional fields has
only short-term effects on aphid densities but long-term negative effects on biological pest
control. Therefore, conventional farmers should restrict insecticide applications to situations
where thresholds for pest densities have been reached. Organic farming increases biodiversity,
including important functional groups like plants, pollinators and predators, which in turn
enhance natural pest control [40].

Biodiversity supplies multiple ecosystem services to agriculture. In addition to the potential
for biological pest control, pollination problems are a topic now also being addressed in EU
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agriculture policy [43]. Declines in insect-pollinated plants and their pollinators have been
reported as a result of agricultural intensification [44]. Reducing farming intensity with
conventionally managed leys does not seem to be as effective as organic farming for delivering
crop pollination services [45]. The abundance of pollinators was more than 100 times higher
on organic fields. Plant and pollinator species richness, as well as predator abundances and
predator-prey ratios, were higher at field edges compared to field centres, highlighting the
importance of field edges for ecosystem services [40].

Pollination systems within intensive grassland communities may be different from those in
arable systems. Results from comparing plant community composition among 10 pairs of
organic and conventional dairy farms indicate that organic management increases plant
richness in field centres, but that landscape complexity exerts a strong influence on both
organic and conventional field edges. Insect-pollinated forb richness showed positive rela‐
tionships to landscape complexity, reflecting what has been documented for bees and other
pollinators [44].

Hedges provide important nesting, feeding and sheltering sites for birds in agricultural areas,
while organic farming also enhances the environments of farmland birds [15, 18, 46]. However,
little is known about how the interaction of (the amount of) hedges and variables pertaining
to the organic management of the landscape scale affects birds. Birds were surveyed in the
fields and in the adjoining hedges on conventional and organic winter wheat fields and
meadows. More bird species occurred in organic than in conventional fields, regardless of
land-use type. Hedge length had a much stronger effect on bird richness than organic farming
practice. The interaction of landscape complexity and hedge length was found to be connected.
Hedge length enhanced bird richness only in the case of simple landscapes. In more complex
landscapes, the local effect of hedge length levelled off, because bird richness was high even
without local hedges. Adding hedges or introducing organic farming practices should be
primarily promoted in simple landscapes, where it particularly makes a difference for
biodiversity [46].

The effect of organic farming differs depending on the scale of uptake of a particular landscape.
The local effect of organic farming was found to be consistently strong, with higher diversity
in borders adjoining organic fields, most likely due to the lack of herbicides used on organically
managed farmland. In addition to the proportion of semi-natural habitat, which is important
for farmland biodiversity, the management practice of cropland can also influence diversity
in semi-natural habitats. Forb richness, which was evaluated as an agri-environmental
indicator for biodiversity was also higher within borders situated in landscapes with a high
proportion of organic land, irrespective of local management; this was possibly as a result of
the dispersal of primarily annual plant species from the organically managed fields into the
borders (mass effect). Farming practice at a local and a landscape scale can independently
influence plant species richness, indicating that organic farming can also influence diversity
at larger spatial scales, as well as outside organically managed land [47]. Organic farming
enhances species richness and the abundance of many common taxa, but its effects are often
species specific, as well as trait or context dependant. Landscape enhances or reduces the
positive effects of organic farming, or acts through interactions where the surrounding
landscape affects biodiversity differently on organic and conventional farms [48].
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Around the world, small farms are those that practice high-diversity agriculture. Small farmers
often choose to cultivate several varieties of the same crop; additionally and perhaps more
importantly, different farmers in a given locality often cultivate different varieties. On the other
hand large farms usually sow a single variety over a wide area [49]. Small farms may in this
way have an indirect, positive effect on biodiversity, since these farms normally have smaller
land parcels and thus more field edges, which are relatively species-rich. Although the average
organic farm is bigger in the EU than its conventional counterparts [50] and in some cases is
“conventionalized”, organic farming is nonetheless generally viewed as small farms. The
world's majority of food is produced by smallholder farmers who grow over 70% of all our
food. Organic farming on small farms leads to an increase in food production and to greater
benefits for the ecosystem by improving soil organic matter, reducing erosion and increasing
biodiversity. At the same time, organic farming also allows farmers to receive higher prices
for their value-added produce and provide them with opportunities to export to markets niche
[51]. The report of a study focusing on farming systems in Africa showed that it is possible to
set broad priorities for agricultural intensification based on the organic principles of health,
ecology, fairness and caring for the earth. Ecological principles and technologies can be used
to support farmers in obtaining food security and improving their livelihoods without
destroying the local indigenous biodiversity [52].

3.5. Agri-environmental payments and farmers' attitudes towards biodiversity

Agricultural intensification has caused significant declines in biodiversity, while the profound
intensification of European agricultural practices in the past number of decades continues.
This is due to decreasing crop diversity, simplification of cropping methods, the use of
fertilizers and pesticides and the homogenization of landscapes, all of which have negative
effects on biodiversity in agricultural areas. Agricultural management practices can have a
substantial positive impact on the conservation of the EUs wild flora and fauna. Agri-
environmental schemes including organic farming are thought to benefit biodiversity. Agri-
environmental payments are part of Common agriculture policy, which promotes the
multifunctional role of farming as a provider of food products and a steward of diverse
landscapes, as well as the cultural and natural heritage of rural areas. Furthermore, in the
future, according to the EU regulation 1305/2013, each member state has to introduce agri-
environmental measures for enhancing biodiversity and the preservation of high nature value
farming and forestry systems [53]. Ecosystem services payments must be based on a standar‐
dized and transparent assessment of the goods and services provided. This is especially
relevant in the context of EU agri-environmental programmes, but also for organic-food
companies that foster environmental services on their contractor farms [54].

Agri-environmental schemes have been introduced to minimize the effects of agricultural
intensification and enhance farmland biodiversity, but evaluations have produced inconsis‐
tent results [47]. Biodiversity is in different countries supported by different measures (i.e.,
strips and hedges, crop rotation, autochthone varieties, Nature 2000 measures), as is organic
farming, which enhances the species richness and abundance of above and below soil taxa
[15-20]. Traditional farming contributes to the safeguarding of certain natural or semi-natural
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habitats. Many valuable habitats and the presence of species have a direct interdependence
with agriculture (e.g., many bird species nest and feed on farmland). Two major changes have
contributed to upsetting the delicate balance between agriculture and biodiversity: (i) special‐
ization and intensification of certain production methods (such as the use of more chemicals
and heavy machinery); (ii) marginalization or abandonment of traditional land management,
a key factor in preserving certain habitats and site-specific biodiversity. In some EU member
states, land abandonment and the withdrawal of traditional management may become a threat
to biodiversity on farmland. Therefore, preventing these processes is a key action for halting
the loss of biodiversity. The Common agricultural policy addresses the preservation of habitats
and biodiversity by specific rural development measures targeted at the preservation of
habitats and biodiversity (agri-environmental and Nature 2000 payments), as well as require‐
ments included in the scope of cross compliance for birds and habitats [55].

Agri-environmental payments to farmers for the conversion from conventional to organic
farming or remaining inorganic should encourage them to participate in schemes, thereby
responding to the increasing demand by society for the use of environmentally-friendly farm
practices and also for high standards of animal welfare, as is the case in organic farming. In
order to increase synergy in biodiversity and the benefits delivered by the organic farming,
other measures should also be promoted and supported among organic farmers in order to
cover larger areas or other protected areas, e.g., Nature 2000 [53].

In agricultural landscapes, farmers have a large impact on biodiversity through the manage‐
ment decisions and agricultural practices that are used on their farms. Farmers' perceptions of
biodiversity and its different values influence their willingness to apply biodiversity-friendly
farming practices. Organic and conventional farmers' perceptions of the different values of
biodiversity were analysed across three European countries. Farmers' perceptions of biodi‐
versity were strongly connected to their everyday lives and linked to farming practices. In
addition to recognizing the importance of variety, species and habitat diversity, farmers also
acknowledged wider landscape processes and attached value to the complexity of ecological
systems. It was found that organic farmers tended to have a more complex and philosophical
approach to biodiversity, with little differences being observed between these farmers;
conventional farmers, on the other hand, exhibited more differences among themselves.
Furthermore, ethical and social values were important for all farmers, but economic value was
more important for conventional farmers, which has an impact on their behaviour [56].

Based on a survey among organic and conventional farmers, it was concluded that they had
similar attitudes to farming results and to the environment; however, organic farmers were
better informed about environmental issues and carried out more environmentally-friendly
practices and behaviours. More biodiversity was found on environmentally-friendly orien‐
tated farms and less on high production-orientated farms. Organic farmers with more positive
attitudes to the environment and who were better informed about environmental topics had
higher biodiversity on their farms compared to others. Although there were disparities
between attitudes and actual behaviours in relation to the environment among organic farmers
sharing similar attitudes to conventional farmers, they were more prepared to inform them‐
selves about and carry out environmentally-friendly farming. Results of the comparison study
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showed that biodiversity benefitted more from organic farming and environmentally- oriented
farmers, and that there is an important link between farmers' environmental attitudes and
knowledge and the beneficial effects of organic farming on biodiversity [57].

Farmers strongly acknowledged ethical and social biodiversity values. This suggests that soft
policy tools can also foster biodiverse-sensitive farming methods that are complementary to
mainstream monetary incentives [55]. As farmers receive a majority of agri-environmental
payments, they can be more involved in data generation and conservation management. Farm
size is very important in terms of the amount of payments that are provided per hectare and
for improving biodiversity on a bigger scale. A standardized model for measuring on-farm
biodiversity does not yet exist in practice. Performance indicators should be focused on and
farmers should be included in generating this information. A framework is needed for
assessment of the results and for management measures that can be employed on farms.
Another requirement is ease of application, which encompasses the simplicity of gathering
input data and its clarity to those farmers who will apply it [54]. Conservation-oriented
thinking and better environmental education among farmers should be encouraged for those
who already participate in an agri-environmental scheme and even more so amongst new‐
comers. In this way, the benefits of the agri-environmental schemes for the environment can
be maximized [57].

An open source farm assessment system was prepared for the assessment of biodiversity
including biotopes, species, biotope connectivity and the influence of land use. Interviews with
the test farmers showed that the assessment methods can be implemented on farms and that
they were understood by farmers [54].

4. Conclusions

The analysed data showed that in the past decades, the specialization and intensification of
agriculture production methods have had negative effects on biodiversity. The future holds
the challenge of designing more sustainable farming systems that are productive and maintain
or enhance the provision of ecosystem services, including biodiversity. The significantly
positive effect of organic farming on biodiversity compared to conventional farming was
noticed in 80% of cases; in 16%, differences were unclear and less biodiversity was found in
4% of comparisons [15, 17, 18], where seven to 10 biodiversity indicators were taken into
account. Small farms in particular may have an indirect positive effect on biodiversity. These
farms generally have smaller land parcels and thus more field edges, which are relatively
species-rich.

We can conclude that the benefits of organic farming on biodiversity are as follows:

i. Organic farming increased species richness by about 30% and had a greater effect on
biodiversity, as the percentage of the landscape consisting of arable fields increased.
It was found that organic fields had up to five times higher plant species richness
compared to conventional fields. For example, plant and butterfly species richness
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positive effect of organic farming on biodiversity compared to conventional farming was
noticed in 80% of cases; in 16%, differences were unclear and less biodiversity was found in
4% of comparisons [15, 17, 18], where seven to 10 biodiversity indicators were taken into
account. Small farms in particular may have an indirect positive effect on biodiversity. These
farms generally have smaller land parcels and thus more field edges, which are relatively
species-rich.

We can conclude that the benefits of organic farming on biodiversity are as follows:

i. Organic farming increased species richness by about 30% and had a greater effect on
biodiversity, as the percentage of the landscape consisting of arable fields increased.
It was found that organic fields had up to five times higher plant species richness
compared to conventional fields. For example, plant and butterfly species richness
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was up to 20% higher on organic farms and butterfly abundance was about 60%
higher. After the conversion from conventional to organic farming abundance of
butterflies was increased for 100%. Organic farming enhanced arbuscular mycorrhi‐
zal fungi and its communities. This was similar in organically managed fields and in
semi-natural species rich grasslands, but significantly fewer communities were found
in conventionally managed fields. Their richness increased significantly over time
from the point of a conversion to organic agriculture.

ii. The occurrence of weed species was significantly higher in the organic production of
white cabbage and red beet compared to integrated and conventional production.
The biodiversity index was significantly higher in organic production compared to
the conventional method, 0.86 vs. 0.66 for cabbages and 0.81 vs. 0.59 for red beets.
Conventional and integrated production systems tended to be similar both in terms
of the intensity of management and regarding within-field biodiversity; however,
organic production tended to support greater density, species number and biological
diversity compared to other investigated production systems.

Earthworms were more abundant on organically managed fields. In organic and
biodynamic farming plots, the number of earthworms was on average two times
higher compared to integrated, conventional and control plots.

iii. Biodiversity as one of the most important ecosystem services of organic farming is
firmly connected to biocontrol and pollination services, which are enhanced when
using no or less chemicals. The abundance of cereal aphids was five times lower in
organic fields, while predator abundances were 20 times higher in organic fields,
indicating a significantly higher potential for biological pest control in organic fields.
Organic fields had 20 times higher pollinator species richness compared to conven‐
tional fields. Pollinators and predator abundance was higher at field edges compared
to field centres, highlighting the importance of field edges for ecosystem services.
Edges provide important nesting, feeding and sheltering sites for birds in agricultural
areas. Thus, organic farming enhances farmland birds.

Overall, organic agriculture appears to perform better than conventional farming and provides
important environmental advantages such as halting the use of harmful chemicals and their
spread in the environment and along the trophic chain, reducing water use, as well as reducing
carbon and ecological footprints. As we have underscored, organic farming fulfils the promise
to protect biodiversity better than conventional farming. However, in the European commis‐
sion document, The EU Biodiversity Strategy to 2020 [1], organic farming is not even men‐
tioned, while in the European Parliament resolution regarding the strategy [6], organic farming
is mentioned only once in the context of a call for a strengthening of Pillar II and for drastic
improvements to the environmental focus of that pillar, and to the effectiveness of its agri-
environmental measures. Supporting farmers to convert their properties to organic land and
to maintain organic farming within the scope of agri-environmental schemes as a part of
Common agriculture policy can have a significant impact on biodiversity as a result of
management decisions farmers apply to their agricultural land.
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Hydromorphology and Biodiversity in Headwaters — An
Eco-Faunistic Substrate Preference Assessment in Forest
Springs of the German Subdued Mountains

Martin  Reiss and Peter  Chifflard

Additional information is available at the end of the chapter

1. Introduction

Springs are autochthonous inland freshwater ecosystems, which occur where groundwater
reaches the surface [1-2]. From a limnological point of view springs are divided into two
subtypes: the springhead (eucrenal) and the springbrook (hypocrenal), because of a differen‐
tiation in their species composition caused by differences of structural and environmental
parameters [3]. That is only part of the reality for the hypocrenal when springs connected with
flowing surface waters and be integrated into the upper part of a stream system (headwater).
Regarding the common limnological spring types based on hydromorphological properties
(rheocrene spring: fast flowing or falling water occurrence; helocrene spring: diffuse or laminar
flowing water occurrence; limnocrene spring: water occurrence in a still water pool), springs
can also occur in still surface waters without run-off [4-5]. This is of importance for the
understanding and interpretation of species presence and biodiversity of springs, because
depending on the spring type it is a lotic or a lentic aquatic ecosystem with an appropriate
flow velocity as a hydromorphological factor (lotic: 0.1 to 1 m/s; lentic: 0.001 to 0.01 m/s) [6].
Furthermore, it should be emphasized that springs are ecotones with boundary or transition
areas between different habitats [7]. The species composition is influenced by interacting with
other different species communities and can be characterized as taxa rich regarding the whole
habitat (crenon) [8]. Beside typically aquatic spring species (crenocenosis) other aquatic fauna
elements occur from groundwater (stygobionts) and related surface waters (brook/river biota
or still-water biota). Also semi-aquatic and terrestrial fauna are an integrated part in spring
ecotones with specific transition zones as fauna elements (semi-aquatic: Fauna hygropetrica,
Fauna liminaria; terrestrial: hydrophilic terrestrial fauna) [9-10]. Springs in the German
subdued mountains are commonly cold stenothermic habitats, which means the mean annual
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water temperature is about the local mean air temperature (8-12° C) [5] without higher annual
amplitudes for the springhead (2°C) and moderate low annual amplitudes for the springbrook
(5°C) [11]. This abiotic peculiarity of a more or less isotherm setting means that in spring
ecosystems relatively constant environmental conditions are proclaimed [12]. However, there
are other important key factors or filters [13], especially geochemical parameters (e.g. pH value,
nutrient content) that influences the occurrence and distribution of species in springs. In this
case, the spatial dimension or scale is taken into consideration. The spring area size is usually
small (a few square meters), but structures and functions of the spring ecosystem are an integral
component of the landscape and manifold linked with other landscape elements. Based on the
concept that a water body is strongly influenced by landform and land use within the sur‐
rounding catchment at multiple scales [14], the term springscape illustrates the relationship and
spatial embedding of ecological structures and functions regarding biodiversity [15]. Most
ecological studies of spring species and communities focus on the distribution within the entire
spring area as the habitat, e.g. to characterize the strength of binding to the spring habitat
(stenotypy) [10]. Undisturbed forest springs of the mid-latitudes in Europe have a predomi‐
nantly mosaic hydromorphological structure that suggests a potential differentiation of the
colonization of substrates as microhabitats. It follows that the eucrenal itself is not a discrete
spatial entity at the micro scale, because it is made of different substrate types that build
heterogeneous mosaic-like structures or patches [16]. It is possible to subdivide the spring level
at the nano scale, because invertebrates and other organisms inhabit the substrata. However,
the fauna-microhabitat-relationship of springheads (eucrenal) has not been studied sufficient‐
ly [17], so this research wants to fill that gap to quantitatively describe and qualitatively assess
substrate preferences of invertebrates in springheads as an ecotone.

2. The ecohydrological importance of substrates as microhabitats in
springheads — State of research and open questions

Substrate is a complex variable of the physical environment and itself a basic material usually
to build out heterogeneous patches in aquatic ecosystems [13]. Substrate is an important
ecohydrological component that influences the occurrence, adaptation, survival and reproduc‐
tion of the springhead fauna (Figure 1). Catchment properties like land use pattern (e.g. forest
type), parent rock material of soil genesis, slope position and slope inclination as well as
hydrological structures like spring type (flow regime), surface roughness, vegetation / forest
structures and soil texture determine substrate types and their composition. There are inorgan‐
ic or mineral and organic substrate types with separate corresponding nomenclature and
classification. Table 1 show a classification based on size categories of mineral particles. Organic
substrate types vary greatly in size and a systematic classification by size class does not seem
very practical. However, a consistent and therefore comparable nomenclature in freshwater
ecology is helpful for interpreting structures and functions of microhabitats. Here, especially
for the river bed assessment within the implementation of the European Water Framework
Directive a standardized designation for organic substrates as organic microhabitats exists [33]
and provides the basis for adaptation to the conditions of springheads (Table 2).
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Figure 1. Influence of hydromorphological properties on the springhead fauna. Modified after [32].

Mineral Substrate Description
Particle Size

(Equivalent Diameter)

Megalithal Upper Side / Top of blocks or in-situ rock > 40 cm

Macrolithal Head-sized boulder with a variable proportion of smaller grain sizes 20 cm – 40 cm

Mesolithal
Fist-sized cobbles / stones with a variable proportion of smaller grain
sizes

6,3 cm – 20 cm

Microlithal
Pebbles and course gravel with a variable proportion of smaller grain
sizes

2,0 cm – 6,3 cm

Akal
Gravel (fine to middle grained gravel) with a variable proportion of
smaller grain sizes

0,2 mm – 2,0 cm

Psammal

Ps
am

m
op

el
al Sand (fine to coarse grained sand) with a variable proportion of

smaller grain sizes
0,063 mm – 0,2 mm

Argyllal Fine sediment (clay, silt) more or less solidified < 0,063 mm

Pelal Fine sediment (clay, silt) mixed with organic matter (loose material) < 0,063 mm

Table 1. Nomenclature and classification of inorganic / mineral substrate types in springheads. See [1] and [33].

Structures and functions of substrates in running waters with a distinct hydrological flow
regime are very well investigated [13, 18-19] and a special discipline has evolved: The river
bottom ecology [20]. The research results from fluvial ecosystems cannot be transferred
automatically, because of the special environmental conditions of springheads (e.g. cold
stenothermic, oligotrophic, mostly low flow velocity) and their small sized ecotone character‐
istics. However, the bottom substrate in fluvial ecosystems like brooks and rivers is often one
of the most significant factors affecting the species composition of the benthic fauna in the
substratum [21-26]. Some studies consider the mapping of substrate types in springs for a
hydromorphological based water typology [27-29], but without a given classification scheme
and a method instruction for the assessment of substrate type coverage within a field survey.
Referring to an estimation procedure by [30] a first combining example for a coverage
classification and a description for an ecological assessment procedure for springheads and
springbrooks is given by [31]. There are five classes based on the aggregation of levels of
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coverage: 0 – absent; 1 – low level (10-20 % coverage); 2 – medium level (30-40 % coverage); 3
– strong level (50-60 % coverage) and 4 – continuous level (> 70 % coverage). The mapping of
the substrate as a potential microhabitat, combined with a simultaneous integrated field
sampling of the invertebrate fauna based on the coverage of substrate types as a water type
specific method has so far been developed only for brooks (rhithral) and rivers (potamal), e.g.
[33-34]. Studies on the role of substratum for species richness in springs are executed, but with
different levels of detail of the research question with respect to the substrate preference of
species. A study in the limestone Alps of Austria shows that different substrate types empha‐
sized the differences of species composition and abundance in springs on carbonate substrata
[35]. The microhabitat preferences of benthic invertebrates and especially for Oligochaeta has
been studied and illustrated by the example of karst springs in the Krakow-Czestochowa
Upland in Southern Poland [17]. Here, the substrate type was found to be the main discrimi‐
natory factor with regard to the fauna density. Orthocladiinae (subfamily of non-biting
midges), Cyprididae (ostracods), Turbellaria (planarians) and only one Oligochaeta (Nais
communis) were more abundant in coarse mineral substratum whereas Chironominae (non-
biting midges), Limnephilidae (northern caddisflies), Bythinellinae (prosobranch spring
snails) and most Oligochaeta (subclass of earthworms) were more numerous in fine mineral
substratum. Another outcome of this research is, that from a higher substrate heterogeneity
results a higher biodiversity. In a study with the aim to find environment variables, which
represent the species composition of fauna in certain assemblages of Danish springs, the result
is that higher substrate heterogeneity increases the biodiversity especially in helocrene
springheads [36]. The correlation between substrate type diversity and richness in species are
also confirmed by investigations in Canadian springs [37] and in springs of the USA [38] for
North America. Even [39] can also show a clear relationship between the species composition
of insects in springs of the Sacra catchment (Adamello Brenta Regional Park, Italy) and the
grain size of mineral substrate. The occurrence of certain substrate types determines fauna
assemblages as a key factor beside physical-chemical parameters in a study in perennial
limestone springs in Northwest Switzerland [40]. In a different geological setting of perennial
siliceous sandstone springs in the Nationalpark Pfälzerwald (Southwest Germany) also the

Organic Substrate Description

Emergent macrophytes Spring-fed herbaceous macrophytes

Submerged macrophytes
Subaqueous herbaceous macrophytes
(partly above the water or completely under water)

Moss cushions Contiguous patches or layers of mosses

Fine roots Floated living fine roots of the riparian area

Xylal Dead wood, non-living tree trunks, branches and/or roots

CPOM Course particular organic material (e.g. leaf litter)

Coniferous litter Only needle litter of coniferous trees or shrubs

FPOM Fine particular organic material

Algae Filamentous algae, algal tufts

Table 2. Nomenclature of organic substrate types in springheads. See [10] and [33].
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substratum leads to main separations in the species composition of aquatic invertebrates [41].
For alpine limestone springs in the Schütt catchment in Kärnten, Austria the role of habitat
structure on the community composition was studied with a particular focus on the spring-
dwelling animals colonizing the aquatic and the adjacent aquatic-terrestrial transition zones
[42]. Here, microhabitat composition and the concomitance of lotic and lentic areas in the
springheads furthered a high species diversity and abundance without an influence of the
altitude of the investigated springs. In certain dominant microhabitats taxa specific substrate
preferences were detected. Ephemeroptera (mayflies) prefer micro- and mesolithal, the
caddisfly Crunoecia irrorata, however found mainly in CPOM. The study shows also a certain
distribution of taxa according to the different spring ecotone zones, at which crenobionte
species mainly occur in semi-aquatic areas (Fauna hygropetrica and Fauna liminaria) and only
a few crenobionte taxa exclusively in the aquatic environment. This finding underlines the
importance to investigate springheads as an ecotone and to include all transition zones from
aquatic to terrestrial areas within the methodological concept of eucrenal studies (Figure 2).

For diatoms, only the grain size of mineral substrates has an influence on the colonization of
certain species, because a significant correlation with different microhabitats in springs cannot
be determined [43]. There are also studies that achieve no or an unclear relationship between
substrate occurrence and species diversity in the results. [44] deduce a mixture of substrate
specific microhabitat types and general spring types from empirical field data: Mineral
dominated springbrooks, helocrene springs, moss cushions, limnocrene springs. For all these

Figure 2. The eucrenal of spring ecosystems as an ecotone with its related transition fauna zones. See [10].
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subtypes of springs specific inhabited taxa of Crustaceans (Crustacae) and insects are found,
with the exception of helocrene springs. A statistically significant correlation between these
habitat types and species diversity cannot be described. For the latter result, it should be noted
that it is not useful to aggregate data of fauna assemblages at different spatial scales (e.g.
cumulate microhabitat and habitat scale) to run statistical analysis to differentiate fauna
communities, because the hierarchical levels of spatial scales must be considered [15, 45]. By
using multivariate statistical ordination methods to analyze fauna composition in the eucrenal
of springs in Northwest Switzerland (Swiss Plateau and the Jura Mountains) on the habitat
scale the most important identification criteria are the spring type, substrate and discharge
intensity [46]. A further regional specific faunistic relevant differentiation of spring types is
possible on the basis of the criteria substrate (microhabitat scale). Especially for the structural
separation into fine and coarse mineral substrates and particularly specific organic substrates
such as CPOM and emergent macrophytes a faunistic relevance is detectable. Even in studies
of karst springs in the Wye catchment in the Peak District National Park (Derbyshire) in
England no dominant relationship between the occurrence of different microhabitats and the
species composition of invertebrates was found [47-48]. The results obtained from the springs
and springbrooks examined that discharge variability has a greater influence on macroinver‐
tebrate community composition than the distribution and diversity of substrate types. A
separate data analysis according to the areas springhead and springbrook would show a more
significant influence of microhabitats to differentiate fauna communities of the eucrenal and
hypocrenal. The characteristics of a springbrook (hypocrenal) are that here, significantly more
lotic and crenoxene taxa are to be expected caused by a higher velocity flow than in the
springhead (eucrenal) with a higher proportion of crenobionts within the fauna community
[49]. The springhead should be seen as an autonomous ecotone with a complex of microhabi‐
tats, so that sampling and analyzing methods has to be performed using tools adapted to every
microhabitat type [50].

In summary, the review of the state of research about fauna-microhabitat-relationships and an
eco-faunistic substrate preference assessment to analyze research deficits shows that some
structural hydromorphologically based water type subdivisions of springs using a variety of
substrate types already exist, e.g. to differentiate existing spring typology approaches. The
integrative joint consideration of the function and the ecological significance of the substratum
as a hydromorphological element and as a microhabitat for invertebrates of springheads are
lacking in assessment methods and analyses. In eco-faunistic studies that interpret the fauna-
microhabitat-relationship in the eucrenal of springs, combined quantitative and qualitative
investigations and analysis of the substrate preferences of invertebrate taxa regarding the
springhead as an ecotone are still missing. Thereby faunistic research focuses mostly on the
aquatic taxa only, rarely on terrestrial organisms. The scientific deficits described are the
motivation for new research about fauna-habitat-relationships in springs. The results of the
prospective study presented here were conducted in order to answer the following main
research questions:

1. Is there a substrate preference for specific taxa considering the ecotone characteristics of
springs? (Quantitative Structural Analysis);
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2. Which functions of microhabitat types of springs could be characterized with the inves‐
tigation of the substrate preference of specific taxa? (Qualitative Functional Analysis);

3. How strong is the relationship (or correlation) between microhabitat diversity (substrate
type richness) and biodiversity? (Structure-Function Synthesis).

3. Study area and methods

The selection of study sites (Figure 3) was based on two main criteria. First, only forest springs
have been investigated in order to ensure a wide range of possible selection of different
substrate types. Therefore, certain categories of protected areas were deliberately chosen in
forest landscapes as forest reserve, national park, and core zone of the biosphere reserve or
nature reserve to identify an equally wide variety of hydromorphological structures. Different
land uses or management strategies in forests implicated anthropogenic influences such as
artificial water control structures and were included consciously. Second, study sites were
selected that were as little as possible or not studied to close regional gaps in knowledge for
species inventory and for locational eco-faunistic characterization. The study sites are located
in the central area of the German subdued mountains. Table 3 gives an overview to their natural
physical geographic characteristics.

Figure 3. Study Area in Central Germany.
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Study site Altitude and Climate Groundwater Body Main Forest
Communities

No. of
investigated

springs

Niddahänge
(Vogelsberg)

Up to 670 m a.s.l., 1200-1300
mm annual mean precipitation,

5-6° C annual mean air
temperature

Volcanic rocks (Miocene) Beech Forest, Alder
Swamp Forest,

Sycamore-Ash-Forest

24

Forest Reserve

Schafstein (Rhön) Up to 830 m a.s.l., 1100-1200
mm annual mean precipitation,

5° C annual mean air
temperature

Beech Forest, Birch-
Rowan-Forest, Linden-

Wych Elm-Forest

9

Core Zone Biosphere
Reserve

Hainich Up to 500 m a.s.l., Limestone Beech Forest 11

National Park (Middle Triassic)

Burgwald Up to 440 m a.s.l., 600-700 mm
annual mean precipitation, 7-8°
C annual mean air temperature

Sandstone Beech Forest, Pine and
Spruce Forest

30

Nature Reserve
(partial)

(Lower Triassic)

Kellerwald Up to 630 m a.s.l., 600-800 mm
annual mean precipitation, 6-8°
C annual mean air temperature

Greywacke, Clay Shale
(Lower Carbonifereous)

Beech Forest 40

National Park

Krofdorfer Forst Up to 400 m a.s.l., 600-700 mm
annual mean precipitation, 8-9°
C annual mean air temperature

Greywacke, Clay Shale
(Upper-Devonian)

Beech Forest, Spruce
Forest

38

FFH* Site

Total no. of springs 152

Table 3. Natural physiogeographic characteristics of the study sites. * FFH: European Habitat Directive (Flora-Fauna
Directive).

In this study, a total number of 152 springs are surveyed and analyzed. Related to the natural
area classification of the Federal Republic of Germany [51] the study sites can be grouped in
4 different landscapes (thick lined frames in Table 3) regarding geological subsoil character‐
istics (Groundwater Body in Table 3). On the landscape scale the study sites can be aggregated
into two main groups concerning chemical groundwater criteria: 1) study sites with siliceous
springs (Niddahänge, Schafstein, Burgwald, Kellerwald and Krofdorfer Forst); 2) study site
with limestone springs (Hainich).

The investigation approach based on a hierarchical spatial framework for spring habitats to
aid the illustration and understanding of functional, structural and process relationships on
different scales [15]. The springscape (Figure 4) is a theoretical concept concerning specific
geographical dimensions as levels of habitat filters that operate to influence species distribu‐
tion and abundance within the landscape [52]. This implies that hierarchically nested envi‐
ronmental factors like substrate type influences the assemblage of species at progressively
more localized spatial scales (e.g. at the microhabitat scale) [13].

Every substrate type is arranged at the microhabitat scale (or nano scale) and can be seen as
the smallest habitat unit as a relatively homogeneous minor area where species occur. It is
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istics (Groundwater Body in Table 3). On the landscape scale the study sites can be aggregated
into two main groups concerning chemical groundwater criteria: 1) study sites with siliceous
springs (Niddahänge, Schafstein, Burgwald, Kellerwald and Krofdorfer Forst); 2) study site
with limestone springs (Hainich).

The investigation approach based on a hierarchical spatial framework for spring habitats to
aid the illustration and understanding of functional, structural and process relationships on
different scales [15]. The springscape (Figure 4) is a theoretical concept concerning specific
geographical dimensions as levels of habitat filters that operate to influence species distribu‐
tion and abundance within the landscape [52]. This implies that hierarchically nested envi‐
ronmental factors like substrate type influences the assemblage of species at progressively
more localized spatial scales (e.g. at the microhabitat scale) [13].

Every substrate type is arranged at the microhabitat scale (or nano scale) and can be seen as
the smallest habitat unit as a relatively homogeneous minor area where species occur. It is

Biodiversity in Ecosystems - Linking Structure and Function8212

similar to the habitat scale of the patch dynamic concept [16]. These substrate types form a
mosaic-structured complex, which determine the entire substratum within the ecotone of a
springhead on the habitat scale. The arrangement of substrate types corresponds to the patch
scale of the patch dynamic concept [16]. Springhead (eucrenal) and springbrook (hypocrenal)
consolidated the spring area at the meso scale within the stream system [31]. Several spring
areas are part of headwater catchments, which are taken together in a higher-level system of
a river catchment. Spring and river catchments are part of the landscape scale of the patch
dynamics concept [16]. Finally, such stream systems can be a part of major, continent-scale
river basins. For the microhabitat scale a new method to detect substrate types within spring‐
head ecosystems and to sample the invertebrate fauna of each substrate type within an ecotone
approach was developed. It is a multi-habitat sampling technique with a 2-layer approach
(Figure 5).

The principle is similar to the AQEM/STAR approach to assess the riverbed of river segments
[33,53], but with basic changes in the procedure considering essential springhead environ‐
mental characteristics. The inorganic and organic layers are considered individually in a 2-
layer approach by taking the area of the whole springhead habitat as a reference surface (5-10
square meters). The appraisement of substrate type coverage was documented in a record
sheet. The number of sub-samples taken in each layer corresponds to the fraction of the
substrate types of the reference surface that layer has, with one sample taken per 5 percent
coverage. On the example of the substrate type microlithal (coarse gravel in Figure 5) a
coverage ratio of 40 percentages was estimated, 8 separate samples of fauna collections have
to be performed. For each sample, a substrate specific sampling technique (e.g., sampling by
net, collecting with tweezers) is performed for 2 minutes over a 10 cm by 10 cm reference area.
A specific handheld net sampler was used with a mesh width of 100 µm. For taxonomic

Figure 4. The springscape: A hierarchical spatial system of springs. See [15].
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determination invertebrates were preserved in ethanol alcohol (90 %) and stored in small (6
ml) Wheaton polyethylene jars. The samples are archived in the laboratory of the Biospeleo‐
logical Register maintained by the Hesse Federation for Cave and Karst Research [54] and are
available for genetic research by the Bavarian State Collection of Zoology in Munich. Some
taxonomic groups were passed on to specialist taxonomists for detail determination: Dr. Peter
Martin (Kiel, Germany) for Halacaridae and Hydrachnellae of the order Acari (water mites);
Dr. Axel Schönhofer (Mainz, Germany) for Opiliones (harvestmen); Christoph Bückle (Tübin‐
gen, Germany) for Auchenorrhyncha (cicadas) and Andreas Allspach (Frankfurt / Main,
Germany) for Trichoniscidae (woodlice, isopods). Mapping and sampling were taken once a
time for 152 springs in 2008. In 2009 a control sample in 4 representative helocrene springs
carried out to identify possible changes in substrate coverage. As a descriptive statistics
method the relative frequency (fi) was calculated to compare the habitat type occurrence of the
different substrate types for the quantitative structural analysis (Equation 1):

f i =  niN
Equation 1. Calculation of the relative frequency (fi) of a taxon within a substrate type
(=substrate preference); ni: absolute frequency of a taxon within a substrate type; N: total
number of samples of a substrate type.

The SIMPER analysis (similarity percentages) was executed (Equation 2) to test the validity of
aggregated microhabitat types with specific taxa as statistical descriptors by ranking similarity
in fauna community pattern [55-56].

Sjk =  ∑i p=  l Sjk(i)

Figure 5. The 2-Layer approach for a multihabitat sampling technique for springheads. See [10].
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Equation 2. Calculation of the SIMPER analysis. S: Group within a pair of samples j, k; i: ith
term of Sjk; l Sjk(i): Bray-Curtis coefficient, see [57].

Therefor a similarity coefficient with a standard deviation regarding the abundances of taxa
was calculated. Most commonly occurring taxa with high abundances are the best descriptors
to identify ecological relevance (or validity) in microhabitat types. The qualitative functional
analysis of diet types was performed using existing feeding type valence values [58-59] and
new established values for water mites in cooperation with Dr. Peter Martin [10]. To calculate
a metric for the biodiversity of the invertebrate fauna the Shannon Index was used as a basis
for the Structure-Function Synthesis [60]. In addition, the Evenness Index was performed as a
structure metric to analyze the statistical distribution of the Shannon Index [61]. The interpre‐
tation of the relationship between structure and function within the context of analyzing
hydromorphological structures and biodiversity the Pearson correlation coefficient was
applied for statistical calculation. A multivariate statistical method was applied using a
principal component analysis (PCA) to characterize variables to differentiate springheads.

A modeling of aggregated microhabitat types was performed using a new and specially
developed three-step decision scheme to subdivide hydromorphological based habitat types
for springheads (Figure 6).

Figure 6. Decision Scheme for modelling microhabitat types of springheads. See [10].
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4. Results

In this study 11.663 individuals (single organisms) in 639 sampling jars were sampled and
determined, which corresponds to an overage value of 76 individuals per springhead.
Arthropoda accounted for the largest share (81%), followed by Mollusca (11 %), Annelida (4
%), Nemathelminthes (2 %) and Plathelminthes (1 %) regarding the phylum of invertebrates.
The dominant class is Insects (51 %), followed by Arachnida (13 %), Crustacea (12 %), Gastro‐
poda (8 %), Clitellata (4 %), Entognatha (4 %), Bivalvia (3 %), Nematoda (1 %), Turbellaria (1
%) and Others (1 %). The major group within the order is Diptera (24 %), followed by Coleop‐
tera (15 %), Trichoptera (8 %), Araneae (7 %), Plecoptera (5 %), Stylommatophora (5 %),
Oligochaeta (5 %), Amphipoda (4 %), Veneroida (3 %), Acari (3 %), Isopoda (3 %), Cyclopoida
(3 %), Hemiptera (3 %), Neotaenioglossa (3 %), Harpacticoida (2 %), Basammotophora (2 %),
Seriata (2 %), Opiliones (1 %), Hymenoptera (1 %), Gordiida (1 %), Diplopoda (1 %), Lepidop‐
tera (1 %) and Others (1 %; 11 further groups). A detailed presentation of results regarding the
taxonomic rank of families is given by [10]. The taxonomic ranks of Genus and Species are
considered in the results of the substrate and microhabitat preferences. The species composi‐
tion of the six different study areas is very similar, regarding a cluster analysis and a nonmetric
multidimensional scaling. Using mean abundances a separation is possible corresponding to
a differentiation based on natural physiogeographic characteristics (Table 3). The overage
value of springhead specific genus and species is about 28 percentages for all study areas.

4.1. Results of the quantitative structural analysis

Relative presence within all investigated springs means the percentages of the occurrence of
a substrate type in 152 springs as the statistical main unit (Example: Psammopelal is present
in 61 springs of 152 total springs, that results 40 %). The relative coverage ratio was calculated
as the mean value of the related substrate type of all studied springheads. The results in Table
4 showing the presence and the coverage of the investigated substrate types of all 152 studied
springs.

The most present substrate type is psammopelal with a ratio of 40 percentages. This mineral
substrate type represents 51 percentages of the coverage in comparison to all substrate types.
The second common substrate type is coarse particular organic matter (CPOM) with 21
percentages presence and 37 percentages coverage. The most common coarse mineral substrate
type is microlithal with 18 percentages presence and 20 percentages coverage. Further
representative organic substrate types are xylal (coarse woody debris), emergent macrophytes
and moss cushions. Artificial substrates are of minor importance. Most of the springheads can
be characterized as structurally undisturbed and non-degraded habitats. Nevertheless, the
results of the found substrate types represent diverse microstructures related to forestland
cover.

The results of the aggregated microhabitat types performed using the decision scheme (Figure
6) is documented in Table 5. In comparison to the findings of the substrate types (Table 4) it is
to ascertain that the most common habitat types of all studied springs are organic dominated
(74 %). Here, the dominant microhabitat type is the organic-dominated, fine-material-
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abounded microhabitat type (43 %), which represents the importance of fine mineral substrate.
Exclusively mineral habitat types are less representative (11 %). However, their presence and
importance as habitat types had not been sufficiently documented by previously existing
mapping methods, because of the non-regarding of overlapped substrates. Here the applica‐
tion of the 2-layer approach is a benefit for ecological characterization and classification.

Substrate Type Presence (relative) Coverage (relative)

Argyllal 2 % Fine Sediment 2 % Fine Sediment

Psammal 4 % 2 %
47 % 55 %

Psammopelal 40 % 51 %

Akal 10 % Coarse Sediment 4 % Coarse Sediment

Microlithal 18 % 20 %

Mesolithal 10 % 5 %
49 % 38 %

Macrolithal 7 % 4 %

Megalithal 5 % 5 %

Open Construction 2 % Technolithal 3 % Technolithal

Closed Construction 2 % 4 % 4 % 7 %

Emergent macrophytes 15 %
Organic Matter

20 %
Organic Matter

Submerged macrophytes 1 % 1 %

Moss cushions 19 %
100 %

10 %
85 %

Xylal 22 % 12 %

CPOM 21 % 37 %

Coniferous litter 4 % 3 %

FPOM 17 % 2 %

Algae 1 % 0 %*

Without organic substrates 15 % 15 %

Table 4. Presence and coverage of subtrate types within the investigated springheads. * 0,4 % rounded down=0 %.
First layer: Mineral and artificial substrate types (100%); Second layer: Organic substrate types and coverage without
substrates (100%).

Hydromorphology and Biodiversity in Headwaters — An Eco-Faunistic Substrate Preference Assessment in ... 13
http://dx.doi.org/10.5772/59072

217



Habitat Type Percentages Microhabitat Type (HT) Percentages

Organic
dominated

74 %

Organic-dominated, fine-material-abounded HT (Of) 43%

Organic-dominated, coarse-material-abounded HT (Oc) 24%

Organic-dominated, fine- to coarse-material-abounded HT (Of-c) 7%

Mineral
dominated

11 %

Mineral-dominated, fine-material-abounded HT (Mf) 6%

Mineral-dominated, coarse-material-abounded HT (Mc) 3%

Mineral-dominated, fine- to coarse-material-abounded HT (Mf-c) 1%

Mixed Type 7 %

Mixed type (organic/mineral), fine-material-abounded HT (O/Mf) 3%

Mixed type (organic/mineral), coarse-material-abounded HT (O/Mc) 4%

Mixed type (organic/mineral), fine- to coarse-material-abounded HT
(O/Mf-c)

0%

Artificial
7 %

Technolithal with open construction (To) 3%

(Technolithal) Technolithal with closed construction (Tc) 4%

Special Type 1 % Special Type (S) 1%

Total 100 % Total 100 %

Table 5. Ecohydrological microhabitat types for springheads within the investigated springheads.

Relative Frequency (fi) Preference Classification

≥ 50% strong + +

25 – 49 % common +

< 25 % rare -

0 % absent

Table 6. Assessment Scheme to classify the substrate preference. See [62].
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Fa
un

a 
A

re
a

Taxon

Mineralic Substrates
Organic Substrates

Fine Sediment Coarse Sediment

Arg Psa Psp Aka Mic Mes Mac Meg eMp sMp Moss Xyl CPOM CoL

aq
ua

tic

Agabus sp. - - - + -

Arr font. - - - - +

Bezzia sp. - ++ -

Byt com + - - - - - - -

Byt dun - - - - - - - - - - +

Cord bid + ++ +

Cren alp - - - - - - - - +

Galba tr - - - - - +

Gamm fos - - - - - - - - - - +

Gams pul - + - - - - +

Habrol con - - ++

Helop sp. ++ + +

Hydrov pla ++ +

Hygrob nor ++

Leuctra sp. - + - - - - - +

Loboh web ++

Nemoura sp. - - - - - - + -

Niph aqu - - - - ++

Niph schell - - - - - - +

Partn steinm - + - -

Pisidium sp. - - ++ - - - - - - - +

Polyc fel + - - +

Proton sp. - - - - + -

Protz squ squ + ++

Seric sp. - - - - + - - - - - -

Sold chap ++

Sold mon ++

Sperchon sp. ++ -
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Fa
un

a 
A

re
a

Taxon

Mineralic Substrates
Organic Substrates

Fine Sediment Coarse Sediment

Arg Psa Psp Aka Mic Mes Mac Meg eMp sMp Moss Xyl CPOM CoL

Velia sp. + - - - +

hy
gp

Anac sp. - - - - - - - + + -

Cruno irr - - - - - - - - - +

Dixa sp. - - - - - - - +

ln

Carych sp. - + - - - +

Carych trid - + - - - +

te
rr

es
tr

ia
l-h

yg
ro

pi
lo

us

Cicad vir ++

Discus rot - - - - - - + -

Eisen tetr - - - - - + +

Ligid hyp - ++ - -

Monac inc - - ++ - - -

Oligol trid ++

Oniscus as - - ++ -

Paran quadrip + ++

Polydesmus sp. ++ +

Trichoniscus sp. - - - + + +

te
rr

es
tr

ia
l

Bryo pter ++

Eucon fulv - - ++

Euconulus sp. - - - + +

Ixodes sp. ++

Leiob blackw ++ +

Lithobius sp. + - - -

Neob carc - + ++

Neob sim ++ +

Stenod hols ++

Stenod laev ++

Table 7. Substrate preference. Fauna Area: hygp – hygropetric; ln – liminaria. See assessment scheme in Table 6.
Abbreviation: Arg: Argyllal; Psa: Psammal; Psp: Psammopelal; Aka: Akal; Mic: Microlithal; Mes: Mesolithal; Mac:
Macrolithal; Meg: Megalithal; eMp: Emergent Macrophytes; sMp: Submerged Macrophytes; Moss: Moss cushions; Xyl:
Xylal; CPOM: Coarse particular organic matter; CoL: Coniferous litter.
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The classification of the substrate preference of the found taxa was performed using the
assessment scheme showing in Table 6. Taxa with a relative frequency of 25 and more
percentages are classified as good descriptors for substrate type preference. The results of the
substrate preference analysis are shown in Table 7. Generally, we found 30 taxa with a substrate
preference for CPOM, 17 taxa with a substrate preference for psammopelal, 12 taxa with a
substrate preference for xylal, 8 taxa with a substrate preference for emergent macrophytes, 5
taxa with a substrate preference for moss cushions, 4 taxa with a substrate preference for
microlithal and 1 taxa with a substrate preference for megalithal. For all other substrate types
we cannot found a substrate preference. These results represent not only the quantity of the
methodological approach, because of the more intensive sampling of fauna in more represen‐
tative substrate types. The results are also characterizing qualitative aspects like choosing a
specific food source. In usually oligotrophic springheads organic matter is an important
substrate as a food basis. That means, the most representative substrate type psammopelal
(mineral substrate) is not the substrate type with the most fauna preference value for spring
related invertebrates. Taxa are more present in organic substrates like CPOM or xylal. In FPOM
and algae no taxa were found.

The results of the microhabitat type preference are documented in Table 8. The SIMPER test
shows a differentiation in the microhabitat preference for the most abundant taxa. We analyzed
an excerpt of the most representative organic and mineral microhabitat types (Table 5).
Although organic substrates clearly dominate (74 % mean coverage), also a substrate prefer‐
ence of mineral substrates (11 % mean coverage) can be recognized. It is also interesting that
not only aquatic taxa contribute to the characterization of the faunal relevance of these
aggregated microhabitats. We found also hygropetric fauna (Anacaena sp., Crunoecia irrorata)
and terrestrial-hygropilous fauna (Trichoniscus sp.) in the species pool.

Already two taxa (Pisidium sp., Anacaena sp.) describe almost half (46 %) the contribution to
the substrate preference of the organic-dominated, fine-material-abounded microhabitat type
(Of). The organic-dominated, coarse-material-abounded microhabitat type is signified by 4
taxa (Sericostoma sp., Crunoecia irrorata, Anacaena sp., Trichoniscus sp.) with more than the half
of there contribution (52 %). Here, the caddisfly Sericostoma sp. seems to be a good taxon to
differentiate organic dominated microhabitats with coarse mineral abounded substrates,
because of the preferential occurrence in such substrate types (substrate preference: microli‐
thal). Therefor a precise quantitative analysis of the substrate preference (Table 7) is implicitly
necessary to interpret SIMPER test results. The faunistic relevance of the less representative
mineral dominated microhabitats (Mf, Mc) is partial uncertain. The most dominant taxon is the
stonefly Leuctra sp., which characterizes fine mineral substrates (psammopelal) and the organic
substrate type CPOM. A similar uncertainty can be observed for the water scavenger beetle
Anacaena sp. as the second most representative taxa for the mineral-dominated, coarse-
material-abounded microhabitat type. This taxon occurs mostly in organic substrates like
CPOM and xylal. However, other faunistic findings are very plausible to interpret microhabitat
preferences. For example, the pea clam Pisidium sp. prefers organic and fine mineral substrates
and determines the mineral-dominated, fine-material-abounded microhabitat type. Although,
spring taxa are normally not very abundant, it is possible to statistically validate modeled
microhabitat types within a SIMPER analysis and to differentiate microhabitat preferences by
taxon related contributions.
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Taxon
Substrate

Preference

Contribution (SIMPER) in % (Microhabitat Preference)

Of Oc Mf Mc

Bythinella compressa

mineral

3

Leuctra sp. 3 2 30

Sericostoma sp. 3 15 15

Pisidium sp.
mineral

24 8 13 11
organic

Anacaena sp.

organic

22 12 17

Bythinella dunkeri 2 6 6 3

Crenobia alpina 5 7

Crunoecia irrorata 6 15 19 3

Dixa sp. 6 5 13

Eiseniella tetraedra 3 3

Galba truncatula 4 11 2

Gammarus fossarum 6 10

Nemoura sp. 13 3 19

Trichoniscus sp. 5 10

Table 8. Results for the contribution of the SIMPER analysis. Of: organic-dominated, fine-material-abounded; Oc:
organic-dominated, coarse-material-abounded; Mf: mineral-dominated, fine-material-abounded; Mc: mineral-
dominated, coarse-material-abounded.

It is to summarize that there is a significant substrate preference of certain taxa within separate fauna areas
of the spring ecotone. A quantitative determination of indicator taxa of aquatic, hygropetric, liminarian,
terrestrial-hygropilous and terrestrial fauna areas can be given as a basis for an eco-faunistic substrate
preference assessment in forest springs of the German subdued mountains.

4.2. Results of the qualitative functional analysis

The qualitative function of substrates as microhabitats is related to the life strategy of an
animal, which means the question about the use of a substrate type by a specific taxon. Can
we qualitatively validate a specific quantitative assessed substrate preference by regarding
autecological information about a taxon? Life strategies are diverse to characterize (movement
type, diet type), however, they can all lead to a certain adaptation to the habitat [63]. Therefore,
a suitable variable to analyze microhabitat functions is to typify the feeding group of a taxon.
It allows the classification whether the taxon occurs for a direct food intake (substrate as food
basis), indirectly for food intake (e.g. predators follows taxa with direct food intake) or another
reason is to describe. The result of the qualitative functional analysis is summarized in Table

Biodiversity in Ecosystems - Linking Structure and Function18222



Taxon
Substrate

Preference

Contribution (SIMPER) in % (Microhabitat Preference)

Of Oc Mf Mc

Bythinella compressa

mineral

3

Leuctra sp. 3 2 30

Sericostoma sp. 3 15 15

Pisidium sp.
mineral

24 8 13 11
organic

Anacaena sp.

organic

22 12 17

Bythinella dunkeri 2 6 6 3

Crenobia alpina 5 7

Crunoecia irrorata 6 15 19 3

Dixa sp. 6 5 13

Eiseniella tetraedra 3 3

Galba truncatula 4 11 2

Gammarus fossarum 6 10

Nemoura sp. 13 3 19

Trichoniscus sp. 5 10
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organic-dominated, coarse-material-abounded; Mf: mineral-dominated, fine-material-abounded; Mc: mineral-
dominated, coarse-material-abounded.
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9 and Table 10. Most aquatic insects, especially stoneflies (Plecoptera), caddies flies (Trichop‐
tera) and mayflies (Ephemeroptera) are almost exclusively present as larvae. The aquatic and
hygropetric beetles were only found as imago. For most of the taxa the microhabitat function
can be interpreted as the area of food intake or the substrate itself is the food source. The latter
means, e.g. shredder organisms occurred dominantly in CPOM (coarse particular organic
matter), because leaf litter is the original food basis. Interesting is the fact, that CPOM is the
most dominantly organic substrate type and the preferential substrate type while FPOM is not
representative. Here, we can assume that fine particular organic matter is transported
downwards into parts of the springbrook or the epirhithral of the headwater, because of a
dominant activity of shredders in the springheads. Therefore, barely collectors were found
which filters or catch FPOM. Here, we have to confirm the River Continuum Concept with
respect to headwaters and the declaration that shredders play a major role [64]. An importance
of emergent macrophytes is conspicuous for the fauna areas of the terrestrial-hygrophilous
and terrestrial zones. Microhabitat function is also food intake, but here, non-aquatic plant
suckers occur. Other functional feeding groups are also existent, e.g. xylophages on coarse
woody debris (xylal) or detritus and/or sediment feeder in fine mineral substrates, while
psammopelal is the dominant mineral substrate type. Predators also occur, partial there are
the major feeding group regarding the equivalence values of feeding groups [10], as in the
aquatic and terrestrial fauna area. The substrate type itself has no direct significance as a food
basis, because predators using microhabitats as hunting grounds. Therefore, it is indirectly of
importance that specific taxa from other functional feeding groups showing a distinctive
substrate preference, because predators reproduce a similar substrate preference, as the prey
seeks for special microhabitats. We can classify corresponding substrate preferences for CPOM
or psammopelal considering predators. A similar conclusion can be made for parasites like
the spring specific taxa group of most water mites, certainly with a possible specific host
preference within certain microhabitats. Another function of substrates can be deduced
without analyzing the trophic state of taxa. Microhabitats are refuge areas for different
organisms within the whole ecotone. Aquatic taxa like the pea clam (Pisidium sp.) or the
terrestrial non-spring specific ticks (Ixodes sp.) find an area to retreat suboptimal environmental
conditions. Pea clams burrowed actively into fine wet sediment (psammopelal) to survive
times without discharge in the springhead, while ticks waiting in more or less bodily immo‐
bilization for host organisms. For some taxa a certain interpretation about their diet type is not
really possible, because autecological information is lacking. For example, we found biting
midges of Bezzia sp. larvae (Ceratopogonidae) with a high abundance and a specific substrate
preference for fine mineral sediment (psammopelal). The Taxon is not specified in common
functional feeding group reference lists [58-59]. Adult animals are plant and bloodsuckers, so
that for the larvae the aquatic environment of fine sediment is a refuge area or a nursery
ground. The larvae also survive droughts in springheads in wet fine sediment [65], so that this
taxon needs more attention as a substrate preference indicator for temporary springs. For the
two marine mite species of Soldanellonyx we did not found any information about diet type,
what makes an interpretation of the microhabitat function impossible.
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Fa
un

a

A
re

a Taxon Substrate
Preference

Diet Type (Feeding Group)↓ Microhabitate Function

aq
ua

tic

Agabus sp. CPOM Predator (9) Hunting Ground

Arr font. CPOM Predator (7), Parasite (3) Hunting Ground

Bezzia sp. Psammopelal
Not specified; Bezzia are plant and

blood suckers (host insects)
Refuge Area for larvae?

Byt com Psammopelal
Grazer (7), Sediment/Detritus

Feeder (3)
Area of food intake; Substrate as

food source

Byt dun CPOM Grazer (10)
Area of food intake; Substrate as

food source

Cord bid
Microlithal,

Psammopelal,
CPOM

Predator (10) Hunting Ground

Cren alp CPOM Predator (10) Hunting Ground

Galba tr CPOM
Sediment/Detritus Feeder (4),

Grazer (3), Shredder (3)
Area of food intake; Substrate as

food source

Gamm fos CPOM
Shredder (7), Sediment/Detritus

Feeder (2), Grazer (1)
Area of food intake; Substrate as

food source

Gams pul
Psammopelal,

CPOM
Shredder (7), Sediment/Detritus

Feeder (2), Grazer (1)
Area of food intake; Substrate as

food source

Habrol con CPOM
Grazer (7), Sediment/Detritus

Feeder (3)
Area of food intake; Substrate as

food source

Helop sp. Moss, Xylal, CPOM not specified
Larvae are predators (= Hunting

Ground)

Hydrov pla
Psammopelal,

Microlithal
Predator (7), Parasite (3) Hunting Ground

Hygrob nor Psammopelal Predator (7), Parasite (3) Hunting Ground

Leuctra sp.
Psammopelal,

CPOM
Shredder (4), Sediment/Detritus

Feeder (4), Grazer (2)
Area of food intake; Substrate as

food source

Loboh web Psammopelal not specified
Opiliones are predators (=

Hunting Ground)

Nemoura sp. CPOM
Shredder (6), Sediment/Detritus

Feeder (4)
Area of food intake; Substrate as

food source

Niph aqu CPOM Sediment/Detritus Feeder (10)
Area of food intake; Substrate as

food source
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Fa
un

a

A
re

a Taxon Substrate
Preference

Diet Type (Feeding Group)↓ Microhabitate Function

Niph schell CPOM Sediment/Detritus Feeder (10)
Area of food intake; Substrate as

food source

Partn steinm Psammopelal Predator (7), Parasite (3) Hunting Ground

Pisidium sp.
Psammopelal,

CPOM
Filtering Collectors

Area of food intake; Refuge
Area (dry period)

Polyc fel
Psammopelal,

CPOM
Predator (10) Hunting Ground

Proton sp. Xylal
Shredder (6), Sediment/Detritus

Feeder (2), Grazer (2)
Area of food intake; Substrate as

food source

Protz squ squ
CPOM,

Psammopelal
Predator (7), Parasite (3) Hunting Ground

Seric sp. Microlithal
Shredder (7), Sediment/Detritus
Feeder (1), Grazer (1), Predator

Area of food intake; Substrate as
food source; Hunting Ground

Sold chap Psammopelal Not specified
No interpretation possible

(Food: Bacteria, Algae; Plant
suckers, Predators)

Sold mon Psammopelal Not specified
No interpretation possible

(Food: Bacteria, Algae; Plant
suckers, Predators)

Sperchon sp. Psammopelal Predator (7), Parasite (3) Hunting Ground

Velia sp. Microlithal Predator (10) Hunting Ground

Table 9. Diet types and microhabitat functions of the investigated springheads for aquatic taxa. × see Table 5; ↓ see
[58-59]; (*) clear preference, but without value.

Fa
un

a
A

re
a

Taxon
Substrate

Preference
Diet Type (Feeding Group)↓ Microhabitate Function

hy
gr

op
et

ric

Anac sp. Xylal, CPOM
Sediment/Detritus Feeder (4), Grazer

(4), Shredder (2)
Area of food intake; Substrate as

food source

Cruno irr CPOM
Xylophage (5), Shredder (3), Predator

(2)
Area of food intake; Substrate as

food source; Hunting Ground

Dixa sp. CPOM
Filtering Collectors (7), Sediment/

Detritus Feeder (3)
Area of food intake; Substrate as

food source

lim
in

ar
ia

Carych sp.
Psammopelal,

CPOM
Shredder (10)

Area of food intake; Substrate as
food source
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Fa
un

a
A

re
a

Taxon
Substrate

Preference
Diet Type (Feeding Group)↓ Microhabitate Function

Carych trid
Psammopelal,

CPOM
Shredder (10)

Area of food intake; Substrate as
food source

te
rr

es
tr

ia
l-h

yg
ro

ph
ilo

us

Cicad vir
Emergent

Macrophytes
Plant Sucker (10)

Area of food intake; Substrate as
food source

Discus rot Xylal
Shredder (*), Sediment/Detritus

Feeder (*)
Area of food intake; Substrate as

food source

Eisen tetr Xylal, CPOM Sediment/Detritus Feeder (10)
Area of food intake; Substrate as

food source

Ligid hyp
Emergent

Macrophytes
Shredder (6), Xylophage (2), Sediment/

Detritus Feeder (2)
Area of food intake; Substrate as

food source

Monac inc
Emergent

Macrophytes
Xylophage (*), Shredder (*)

Area of food intake; Substrate as
food source

Oligol trid
Emergent

Macrophytes
Predator (10) Hunting Ground

Oniscus as Xylal
Shredder (6), Xylophage (2), Sediment/

Detritus Feeder (2)
Area of food intake; Substrate as

food source

Paran quadrip Xylal, Megalithal Predator (10) Hunting Ground

Polydesmus sp. Xylal, CPOM Shredder (7), Xylophage (3)
Area of food intake; Substrate as

food source

Trichoniscus sp.
Moss, Xylal,

CPOM
Shredder (8), Sediment/Detritus

Feeder (2)
Area of food intake; Substrate as

food source

te
rr

es
tr

ia
l

Bryo pter
Emergent

Macrophytes
Plant Sucker (10)

Area of food intake; Substrate as
food source (only ferns)

Eucon fulv CPOM Shredder (*), Xylophage (?)
Area of food intake; Substrate as

food source

Euconulus sp. Xylal Shredder (*), Xylophage (?)
Area of food intake; Substrate as

food source

Ixodes sp. Moss Parasite (10) Refuge Area

Leiob blackw
Emergent

Macrophytes,
CPOM

Predator (10) Hunting Ground

Lithobius sp.
Emergent

Macrophytes
Predator (10) Hunting Ground

Neob carc CPOM, Xylal Predator (10) Hunting Ground
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Preference

Diet Type (Feeding Group)↓ Microhabitate Function

Carych trid
Psammopelal,

CPOM
Shredder (10)

Area of food intake; Substrate as
food source

te
rr

es
tr

ia
l-h

yg
ro

ph
ilo

us

Cicad vir
Emergent

Macrophytes
Plant Sucker (10)

Area of food intake; Substrate as
food source

Discus rot Xylal
Shredder (*), Sediment/Detritus

Feeder (*)
Area of food intake; Substrate as

food source

Eisen tetr Xylal, CPOM Sediment/Detritus Feeder (10)
Area of food intake; Substrate as

food source

Ligid hyp
Emergent

Macrophytes
Shredder (6), Xylophage (2), Sediment/

Detritus Feeder (2)
Area of food intake; Substrate as

food source

Monac inc
Emergent

Macrophytes
Xylophage (*), Shredder (*)

Area of food intake; Substrate as
food source

Oligol trid
Emergent

Macrophytes
Predator (10) Hunting Ground

Oniscus as Xylal
Shredder (6), Xylophage (2), Sediment/

Detritus Feeder (2)
Area of food intake; Substrate as

food source

Paran quadrip Xylal, Megalithal Predator (10) Hunting Ground

Polydesmus sp. Xylal, CPOM Shredder (7), Xylophage (3)
Area of food intake; Substrate as

food source

Trichoniscus sp.
Moss, Xylal,

CPOM
Shredder (8), Sediment/Detritus

Feeder (2)
Area of food intake; Substrate as

food source

te
rr

es
tr

ia
l

Bryo pter
Emergent

Macrophytes
Plant Sucker (10)

Area of food intake; Substrate as
food source (only ferns)

Eucon fulv CPOM Shredder (*), Xylophage (?)
Area of food intake; Substrate as

food source

Euconulus sp. Xylal Shredder (*), Xylophage (?)
Area of food intake; Substrate as

food source

Ixodes sp. Moss Parasite (10) Refuge Area

Leiob blackw
Emergent

Macrophytes,
CPOM

Predator (10) Hunting Ground

Lithobius sp.
Emergent

Macrophytes
Predator (10) Hunting Ground

Neob carc CPOM, Xylal Predator (10) Hunting Ground

Biodiversity in Ecosystems - Linking Structure and Function22226

Fa
un

a
A

re
a

Taxon
Substrate

Preference
Diet Type (Feeding Group)↓ Microhabitate Function

Neob sim Moss, Xylal Predator (10) Hunting Ground

Stenod hols
Emergent

Macrophytes
Plant Sucker (10)

Area of food intake; Substrate as
food source

Stenod laev
Emergent

Macrophytes
Plant Sucker (10)

Area of food intake; Substrate as
food source

Table 10. Diet types and microhabitat functions of the investigated springheads for the other taxa. × see Table 5; ↓ see
[58-59]; (*) clear preference, but without value.

Figure 7. Feeding groups within the spring ecotone.

In general, there is a heterogeneous feeding group composition within the aquatic and
hygropetric fauna areas of the spring ecotone (Figure 7), although only three different taxa
could be indexed for the hygropetric fauna, but with diverse feeding type valence values. In
contrast, for the Fauna liminaria just one feeding group (shredder) is dominant, because only
the small air-breathing snail Carychium with only one main feeding type valence value is
indicated. The terrestrial-hygrophilous and terrestrial fauna is also characterized by a hetero‐
geneous feeding group arrangement. Here, shredders and predators are of similar importance
in comparison to the aquatic fauna area, but with different taxa and substrate preferences. That
means, also the adjacent non-aquatic spring areas showing a high diversity concerning their
trophic state. That underlines a basic necessity of sampling and indicating terrestrial inverte‐
brates in spring ecotones. Thereby, we can interpret trophic functions within hydromorpho‐
logical structures with the result, that for terrestrial non-aquatic spring invertebrates similar
functions of microhabitats can be ascertained, but in comparison to the aquatic spring
invertebrates within different hydromorphological structures (substrate types).
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It is to summarize that we can identify specific trophic functions of different microhabitat types. Aquatic
and terrestrial spring invertebrates using specific substrates as a food basis, so that the substrate type is
the area of food intake. Otherwise microhabitats were used as hunting grounds and refuge areas.

4.3. Results of the structure-function synthesis

There is an important relationship between the diversity of substrates and species diversity.
The statistical correlation (R2=0,88) between substrate diversity and biodiversity is highly
significant (Figure 8). It is remarkable that the trend of the two curves (substrate diversity,
Shannon-Index) is very similar, i.e. an increase in the substrate diversity leads to an almost
identical increase in the Shannon index as an indicator value for biodiversity. The evenness
values are between 0,7 (study areas: KW, VB) and 0,9 (study area: H) and emphasize the good
quality of the results with a normal distribution of the fauna data (evenness values for the
study areas RH: 8,0; BW and KR: 8,3). A further univariate analysis of the Shannon-Index with
other location parameters and a correlation between these parameters and the occurrence of
spring related taxa showing that substrate diversity is a key parameter determining biodiver‐
sity in springheads (Figure 9 and Figure 10).

Figure 8. Substrate Diversity and Biodiversity. Study Areas: BW: Burgwald, H: Hainich, KR: Krofdorfer Forst, RH:
Rhön (Schaftstein), VB: Vogelsberg (Niddahänge).
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Figure 9. Univariate Correlation Shannon-Index and other location parameters.

Figure 10. Univariate Correlation spring fauna (occurrence) and other location parameters.
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The substrate diversity is one of the most important discriminatory factors for biodiversity in
springheads besides forest cover type and pH (Figure 9). It is also an essential key driver for
the occurrence of the spring fauna (crenobionts), which means taxa with a very strong and
exclusive relationship to the eucrenal (Figure 10).

Figure 11. Principal component analysis.

The importance of substrate diversity as a key parameter determining biodiversity in spring‐
heads is also confirmed by a statistical multivariate analysis (Figure 11).

Indices Undisturbed Artificial Relative Tendency

Shannon-Index 2 1 ⇘48% Decrease

No. of Species (mean) 8 3 ⇘57% Decrease

No. of Individuals (mean) 41 11 ⇘73% Decrease

Table 11. Biodiversity of undisturbed and artificial degraded springsheads. Data rounded off to whole numbers.

The artificial degradation of springheads with open or closed technical constructions (spring
tapping and/or piping) is an immense stressor for fauna species in the eucrenal (Table 11). This
can be shown strongly on the detailed quantitative analysis; not only the Shannon-Index and
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the number of species decrease significantly, especially the number of individuals’ decreases
sharply. The loss of biodiversity is significantly caused by spring tapping and is a consequence
of the loss of substrate richness and microhabitat diversity. Here, the hydromorphological
structure (substrate type diversity) is an important ecosystem service to preserve and develop
biodiversity in springheads.

It is to summarize that there is a very strong relationship between microhabitat and substrate type diversity
and biodiversity. The substrate diversity is one of the most significant discriminatory factors for biodi‐
versity in springheads. The degradation of hydromorphological structures causes a substantial loss of
species and abundance of species. Nature conservation strategies for spring ecotones have to consider the
importance of substrate type richness and heterogeneity to protect and develop biodiversity in spring‐
heads.

5. Further research

The results of this study provide numerous starting points for further research. One of the
most pressing issues is the question about the relevance of dynamics and resulting changes in
the occurrence and coverage of substrate types on species presence and species composition.
The investigated springs of the study areas are predominantly helocrene springs with low
amplitudes of the annual discharge. Further research in karst springs with episodic and
temporally very high discharge may abruptly change hydromorphological structures. Are
these disturbances significant also to detect in a temporally or more long-term variation in
species composition? How stable are such more or less dynamic hydromorphological spring‐
heads or is there a tendency to equilibrium conditions after substrates changing events?
Hereby, it is to verify the transferability of the methodological approach of the research. In
addition, generally long-term monitoring of hydromorphological and environmental moni‐
toring is still lacking in studying spring ecology. A representative selection of already fewer
objects of investigated springheads would determine a good approach to analyze long-term
changes and trends in the future. Particularly, research is needed about the impact of land use
change, which will require future projections of probably modifications of the occurrence and
mosaic structures of substrates. What is the influence of a potential forest conversion to
microhabitat heterogeneity and biodiversity in forest springheads? Regarding land use pattern
comparison research is necessary to study substrate preferences of the spring fauna in non-
forest areas, e.g. extensive wetland, grassland and springs in flood plains. Can we observe
shifts of substrate preferences of known spring species caused by the absent of substrate types
or can we characterize an absent of these known taxa or can we find complete different taxa?
Beside the empirical study from field surveys also habitat modeling is crucial to answer those
questions. Therefore, more detailed experimental research to strengthen the knowledge of
autecological conditions, especially for non-aquatic spring species, but also for aquatic fauna
with a recent not specified classification of the feeding type is needed. Especially, there is no
robust information about the indexing of feeding groups for species of the Family Halacaridae
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(marine mites), which are a consistent part of springhead communities in the Meiobenthos
(Mesofauna). Considering the background of future climate change conditions the importance
of microhabitats like fine mineral substrates as refuge area (“moist islands”) caused by
decreasing time periods of drought not only for aquatic organisms with adaption strategies,
but also for terrestrial-hygrophilous of the adjacent areas of springheads should be investi‐
gated. Also applied research for ecological assessment procedures is an essential issue and
would benefits the practical orientated outcome of this basic research in spring ecology. For
the protection and management of springs it is useful to implement the quantitative results of
the substrate preference in existing or new metrics to characterize the ecological quality of
these freshwater habitats.

6. Conclusion

Springs are considered as unknown habitats, most notable the relationship between inverte‐
brates and hydromorphological structures. Research about the ecological importance of
substrates for the inhabitation of species and consequences for biodiversity is still necessary
to improve the knowledge about the relationship between structures and functions in spring‐
heads. This is needed if effective protection strategies and ecologically worthwhile nature
conservation shall stand on a scientifically founded basis. Therefore, a first and operable
mapping, sampling and assessment method was developed and can be used for further
research and methodologically advances and modifications. Mainly, the theoretically back‐
ground of the 2-layer approach is meaningful to assess also biased, not representative substrate
types. Nevertheless, it is practicable to classify and verify ecological valid microhabitat types
within representative substrate types for springheads. Here, we use a common limnological
substrate type nomenclature, similar used for running waters, to compare the results with
other water types or segments of brooks and rivers (rhithral, potamal). A quantitative approach
to categorize substrate preferences is possible and can use as a basis to characterize the
importance of mineral and organic substrate types in spring ecosystems. For specific inverte‐
brate taxa a significant substrate preference is notable. Therefore, springheads were analyzed
regarding their ecotone characteristics. Springheads are both, firstly an interface between the
subterranean groundwater and the surface freshwater, secondly an embedded aquatic
ecosystem with transition zones to terrestrial ecosystems. Hence, the whole importance of
substrate heterogeneity and complexity in relation to biodiversity can be illustrated, although
springheads are small sized inland water ecosystems or sometimes classified within small
water bodies. The results of the found fauna reflecting the ecotone and a separate consideration
of the substrate preference by fauna areas like the aquatic, hygropetric, liminaria and adjacent
terrestrial fauna zone can be conducted. A taxa specific substrate preference considering the
ecotone characteristics of springs can be determined. A qualitative functional analysis was
done concerning each categorization of the feeding group (diet type) of the specific taxa.
Thereby, an interpretation of microhabitats functions shows, that most of the taxa are present,
because the substrate itself is the food basis or the place of food intake, especially for shredders,
but also as a hunting ground for predators or a refuge area to survive non-optimal environ‐
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mental conditions. To conclude the structure-function synthesis we can significantly prove a
strong relationship between the diversity of substrates and species diversity. An increasing
diversity of substrate types leads to a higher biodiversity. Hydromorphological degradation
results in the distinctive decrease of invertebrate species and their abundances, especially
caused by technical spring tapping. Substrate respectively substrate diversity is an important
discriminatory factor to classify springhead ecosystems and their invertebrate fauna. It shows
mainly the susceptibility and the need of nature conservation of these special habitats.

Nomenclature

We used abbreviations for taxa names in tables as listed below. (common name mentioned as
far as applicable).

Abbreviation Taxon Common Name

Agabus sp. Agabus sp. Aquatic Beetle

Arr font. Arrenurus fontinalis Water Mite

Bezzia sp. Bezzia sp. Biting Midge

Byt com Bythinella compressa Spring Snail (Rhoen Spring Snail)

Byt dun Bythinella dunkeri Spring Snail (Dunkers Spring Snail)

Cord bid Cordulegaster bidentata Dragonfly (Sombre Goldenring)

Cren alp Crenobia alpina Triclad (Turbellaria)

Galba tr Galba truncatula Freshwater Snail

Gamm fos Gammarus fossarum Scud (Amphipod Crustacean)

Gams pul Gammarus pulex Scud (Amphipod Crustacean)

Habrol con Habroleptoides confusa Mayfly

Helop sp. Helophorus sp. Scavenger Beetle

Hydrov pla Hydrovolzia placophora Water Mite

Hygrob nor Hygrobates norvegicus Water Mite

Leuctra sp. Leuctra sp. Stonefly

Loboh web Lobohalacarus weberi Marine Mite

Nemoura sp. Nemoura sp. Stonefly

Niph aqu Niphargus aquilex Groundwater Amphipod (Crustacean)

Niph schell Niphargus schellenbergi Groundwater Amphipod (Crustacean)

Partn steinm Partnunia steinmanni Water Mite

Pisidium sp. Pisidium sp. Pea Clam
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Abbreviation Taxon Common Name

Polyc fel Polycelis felina Planaria

Proton sp. Protonemura sp. Stonefly

Protz squ squ Protzia squamosa squamosa Water Mite

Seric sp. Sericostoma sp. Caddisfly

Sold chap Soldanellonyx chappuisi Marine Mite

Sold mon Soldanellonyx monardi Marine Mite

Sperchon sp. Sperchon sp. Water Mite

Velia sp. Velia sp. Water Strider

Anac sp. Anacaena sp. Water Beetle

Cruno irr Crunoecia irrorata Caddiesfly

Dixa sp. Dixa sp. Meniscus Midge

Carych sp. Carychium sp. Hollow-shelled Snails (Ellobiidae)

Carych trid Carychium tridentatum Herald Snail

Cicad vir Cicadella viridis Leafhopper (Cicada)

Discus rot Discus rotundatus Rotund Disc

Eisen tetr Eiseniella tetraedra Square Tail Worm (Earthworms)

Ligid hyp Ligidium hypnorum Woodlouse

Monac inc Monachoides incarnatus Land Snail (“Incarnadine Snail”)

Oligol trid Oligolophus tridens Harvestman (Arachnids)

Oniscus as Oniscus asellus Woodlouse

Paran quadrip Paranemastoma quadripunctatum Harvestman (Arachnids)

Polydesmus sp. Polydesmus sp. Flat-backed Millipede

Trichoniscus sp. Trichoniscus sp. Woodlouse

Bryo pter Bryocoris pteridis Bug

Eucon fulv Euconulus fulvus Hive Snail (Land Snail)

Euconulus sp. Euconulus sp. Hive Snail (Land Snail)

Ixodes sp. Ixodes sp. Tick

Leiob blackw Leiobunum blackwalli Harvestman (Arachnids)

Lithobius sp. Lithobius sp. Stone Centipede

Neob carc Neobisium carcinoides Pseudoscorpion

Neob sim Neobisium simile Pseudoscorpion

Stenod hols Stenodema holsata Bug

Stenod laev Stenodema laevigata Bug
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1. Introduction

Freshwater biodiversity provides a broad variety of valuable goods and services for human
societies, some of them irreplaceable [1]. Globally, the biodiversity of freshwater ecosystems
is rapidly deteriorating as a result of human activities [2]. It is possible that in future decades
human pressure on water resources will further endanger aquatic biodiversity present in these
systems [3]. The need to protect these ecosystems and many others led to the creation of the
Natura 2000 network in Europe. This network is the most important conservation and
management tool in the European Union. It was established under the Habitats Directive
(92/43/EEC) and the Birds Directive (79/409/EEC), and its main objective is to ensure the long-
term conservation of the most important European species and habitats in a sustainable way
with human activities. It is formed by Special Areas of Conservation (SAC), which are
protected areas established with the purpose of conservation of habitat types and/or species
included in the Habitats and Birds directives. In Spain, there are 1,448 SAC covering a total of
23.17% of the territory. Only 11.65% of the Autonomous Community of Galicia (North-western
Spain) is protected (59 SAC), in spite of having a great variety of freshwater ecosystems.

Wetlands are sites of high biodiversity and productivity [4], but these ecosystems have
undergone a serious decline worldwide [5,6]. Among stagnant water bodies, ponds constitute
essential freshwater ecosystems for biodiversity conservation. Due to their heterogeneity and
the varied network of habitats they provide, they often support higher diversity than more
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permanent and large freshwater habitats and act as stepping stones for the dispersal of species
[7]. Among these freshwater ecosystems are temporary ponds, which are endangered due to
their small size and shallowness [8]. Small changes in hydrological regimes can greatly impact
the ecological regime of temporary ponds [9] and it is expected that the reduction in rainfall
brought about by climate change will affect their hydrology [10]. Temporary ponds have been
neglected for years and are affected by human activities, such as agriculture, urbanization, etc.
The inclusion of the Mediterranean temporary ponds (code 3170*) as a priority habitat for
conservation in the Habitats Directive (EEC, 1992) highlights the importance of these ecosys‐
tems and the necessity to conserve them.

Temporary ponds support a great diversity of freshwater fauna, including invertebrates.
Under this assumption, the purpose of this chapter was to analyze the importance of the
invertebrate fauna in maintaining the ecological balance of temporary ponds and assess the
effectiveness of protecting areas in the conservation of their biological values. So, we wonder
if SAC are efficient in wildlife conservation and whether the freshwater invertebrates are good
indicators of the environmental quality of temporary ponds. To do this, we studied the
invertebrate fauna in different ponds within the SAC "Veiga de Ponteliñares" (North-Western
Spain).

2. Definition and characteristics of temporary ponds

According to the Ramsar Convention, temporary ponds are usually small (< 10 ha) and shallow
wetlands which are characterized by alternating of flooded and dry phases, and whose
hydrology is largely autonomous (Figure 1). They occupy depressions, often endorheic, which
are flooded for a sufficiently long period to allow the development of hydromorphic soils and
wetland-dependent aquatic or amphibious vegetation and fauna communities. However,
equally importantly, temporary ponds dry out for long enough periods to prevent the
development of the more widespread plant and animal communities characteristic of more
permanent wetlands.

Temporary ponds are habitats with a predictable annual dry phase of 3-8 months, usual‐
ly during summer and autumn [11]. According to [12], temporary ponds can be classified
as  intermittent  (with  a  seasonal  cyclic  pattern  of  dryness  and  flooding)  or  episodic
(unpredictably flooded). These habitats must undergo a periodic cycling of flooding and
drought  for  a  correct  functioning  [13].  They  are  usually  located  in  shallow  areas  with
impermeable ground and present a small catchment area [9].  Water volume depends on
the  balance  between  inputs  (precipitation,  surface  runoff,  melting  snow and  inflows  of
groundwater) and outputs (evapotranspiratiom, infiltration and overflow) [14]. One of the
main characteristics of temporary ponds is their isolation. If they were connected to more
permanent  habitats,  this  would  probably  cause  the  colonization  of  species  typical  of
permanent habitats and the disappearance of those typical of temporary habitats due to
competition and predation.
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Figure 1. Temporary pond in the SAC Serra do Careón (NW Spain).

Extreme fluctuations affect the physical and chemical characteristics of the water. Nutrients
such as nitrate or phosphate appear usually in low concentrations, but vary throughout the
different hydrological stages of the pond. The same happens with pH, dissolved oxygen or
salinity. The latter present higher values in the last part of the wet phase because the ion
concentration increases when the pond is drying. In general, dissolved oxygen concentration
is low and organisms have developed several adaptations to survive, for example, swimming
near to the water surface or having more haemoglobin [9]. Mineralization is low with electric
conductivity reaching values of 0.05-0.3 mS/cm in the maximum flooding period [15].

These environments occur in many parts of the world, but are well represented in arid, semi-
arid and Mediterranean areas. Mediterranean temporary ponds constitute one type of
temporary ponds and are considered a priority habitat type in Europe (code 3170*). According
to the Interpretation Manual of European Union Habitats (EUR27, July 2007) these are very shallow
temporary ponds (a few centimetres deep) which exist only in winter or late spring with a flora
mainly composed of Mediterranean therophytic and geophytic species belonging to the
alliances Isoetion, Nanocyperion flavescentis, Preslion cervinae, Agrostion salmanticae, Heleo‐
chloion and Lythrion tribracteati.
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3. Biodiversity of temporary ponds

Temporary ponds constitute an important habitat for the breeding, feeding and migration of
amphibians, reptiles, invertebrates, birds and mammals [16]. Because of their relatively
isolated status in comparison to permanent water bodies, their unpredictable date of flooding
and their small size and shallow conditions, biodiversity in these ponds is high [9]. In addition,
several studies have probed the importance of temporary ponds for rare and endangered
invertebrate species [8,17,18].

According to [19], hydroperiod is one of the main factors affecting the composition and
structure of aquatic assemblages. As a result, temporary ponds support biological communi‐
ties different to those that inhabit permanent habitats. Organisms living in temporary waters
have to adapt to temporary drought conditions to survive, sometimes being exclusive to these
ecosystems [20]. They develop morphological adaptations, life cycles and dispersion mecha‐
nisms which make them survive in dry seasons. Based on the four groups proposed by [21],
aquatic organisms have two strategies to survive drought: to pass the dry phase via resistant
life stages or to actively migrate when water disappears. For example the aquatic beetle Berosus
signaticollis (Charpentier) remains embedded in the sediment to complete its life cycle [19], the
crustacean Tanymastix stagnalis Daday resists the drought with resting eggs [22] or the
damselfly Lestes dryas Kirby and the dragonfly Sympetrum sanguineum (Muller) complete their
life cycles before the drying season [23].

Invertebrates of temporary ponds usually exhibit traits of r-selected species, especially great
dispersal ability, rapid growth, short life-span, small size, and opportunistic/generalistic
feeding [12]. Insects and crustaceans constitute the larger invertebrate groups in these ponds
[19]. Among aquatic invertebrates, several groups or species can be considered typical of
temporary ponds, like the large branchiopods Lepidurus apus (L.) and the genus Triops;
cladocerans in the genus Daphnia; the fairy shrimp Tanymastix stagnalis; odonates in the genera
Lestes or Sympetrum; hemipterans in the genera Gerris, Notonecta, Sigara or Hesperocorixa;
aquatic beetles in the genera Agabus, Graptodytes, Berosus, Helophorus or Hydroporus, among
others [15,24,25].

Temporary ponds are especially favorable habitats for amphibians (Bufo, Hyla, Rana or
Triturus) to feed and breed (Figure 2). Larvae can feed on the abundant phyto and zooplankton,
and aquatic vegetation is ideal for egg laying. Many of these ponds are fishless, thus reducing
predation pressure that has a great impact on larvae [26]. Reproductive success depends on
the hydroperiod length, because if the pond dries out too soon the offspring can die [9]. In
addition, temporary freshwater bodies are very important not only for waterfowl and
migratory birds but also for other bird species that inhabit temporary ponds and their
surroundings [13].

These ponds also support rich and diverse plant communities, especially in the Mediterranean
region, hosting rare and endangered species [9]. Species composition depends on the flooding
length, the type of substrate and water depth. In general these species are able to produce seeds
in a short period of time to complete their life cycles [13]. We can typically find species of the
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genera Isoetes, Callitriche, Ranunculus, Eryngium or Juncus. Regarding phytoplankton, a great
number of different species belonging to Dinophyceae, Clorophyceae, Euglenophyceae,
Zygnematophyceae or Cryptophyceae are usually found in these habitats. Phytoplankton and
periphyton constitute the basis of the food webs in temporary ponds [27].

4. Threats

Temporary ponds constitute endangered habitats due to their shallowness and temporali‐
ty, and probably in future decades their situation will get worse. In general stagnant water
bodies have been considered for a long time as unproductive areas inhabited by disease-
transmitting insects. Besides, the need for new farmlands has caused the reduction of these
habitats  [28].  The  lack  of  information  on  the  natural  values  of  temporary  ponds  and
appropriate management measures results in their deterioration or even disappearance. For
example,  in Spain it  was estimated that in the late twentieth century more than 60% of
wetlands have disappeared [29].

According to [13], threats to temporary ponds, especially Mediterranean ones, are mainly
related to invasive species, pollution, changes in the hydrological functioning and climate
change. These threats can be resumed as follows:

Figure 2. Frogs in a temporary pond in A Serra da Capela (NW Spain).
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• Invasive species: allochthonous flora and fauna species can displace autochthonous ones.
The introduction of invasive species of fishes, crabs or reptiles that predate crustaceans,
insects and amphibians can produce the disappearance of the latter ones which are not used
to inhabit ponds with this type of predators.

• Pollution: fertilizers and pesticides affect the water chemistry of the ponds. Many species
are sensitive to pesticides and disappear in polluted habitats. On the other hand, fertilizers
cause the eutrophication of the water, which can modify flora and fauna assemblages.

• Changes in the hydrological functioning: these changes are all related to human activities,
such as urbanization, over-exploitation of aquifers, draining for new farmlands or dredging
for watering cattle.

• Climate change effects: temporary ponds depend on flooding and drought phases for a
correct functioning of the habitat. Changes in rainfall and temperature due to climate change
can greatly affect these ecosystems. Global warming is also transforming permanent water
bodies into temporary ones.

In relation to the latter, in the twenty-first century ponds will have to face global challenges
[30]. The expected reduction of humid years and of rainfall globally may lead to a decrease in
the probability of survival of populations of characteristic pond species [31]. Thus, changes in
the hydrology will be a key factor to investigate. In this sense, long-term monitoring can
provide particularly rich information, especially in the context of global change, and many
protected areas have now set up systems to monitor their biodiversity [30].

5. Case study

5.1. Introduction

As mentioned before, hydroperiod is the main stressor in temporary habitats. Due to the
instability of the system, temporary ponds are very diverse ecosystems. Information about the
relative biodiversity value of different water body types is a vital pre-requisite for many
strategic conservation goals [32], including sustainable catchment management as required by
the EC Water Framework Directive (2000/60/EC). In this sense, the composition and abundance
of benthic invertebrates is one of the most important criteria to be considered. So, the knowl‐
edge about the aquatic invertebrates inhabiting the different temporary pond types is essential
for developing management strategies.

The use of different groups as indicators for monitoring population trends in other groups of
aquatic invertebrates and for identifying high biodiversity areas at a regional scale has been
suggested. For example, aquatic Coleoptera are generally considered a suitable group to assess
the environmental and conservation value of wetland sites and habitats [33-36,28,37]. Aquatic
Hemiptera are also considered potential bioindicators of water quality [38], so they can be used
in terms of regional or global conservation planning of freshwater biodiversity [39].
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In Spain, studies focused on temporary ponds have been mainly carried out in the Mediter‐
ranean region [e.g. 19,40-45]. In Galicia (NW Spain) several studies in stagnant waters have
been carried out during the last years [e. g. 25]. We can conclude that the Mediterranean area
of this region has a great biodiversity of aquatic organisms, but there are no studies dealing
with the biology and ecology of temporary ponds.

The main objectives of this study were (a) to analyze the composition and structure of the
invertebrate fauna assemblages in three temporary ponds using data obtained in studies
carried out in two periods of time; and (b) to assess the effectiveness of the SAC on the
conservation of their biological values by studying the change in these assemblages.

5.2. Study area

The study was carried out in "A Veiga de Ponteliñares", located in the Autonomous Region of
Galicia (North-western Spain) (Figure 3). Although this area is protected under the Natura
2000 network as a SAC and is included in the Biosphere Reserve Área de Allariz, it is one of
the smallest protected areas in Galicia, with a surface of 130 Ha. It is formed by alluvial water
meadows with temporary flooding along the banks of the Limia River. These meadows
represent a small part of what it was in this area until the middle of the 20th century, when
these fields were dried including the Antela Lake. This shallow lake, which it was considered
the biggest in the Iberian Peninsula, was 6 km long from northeast to southeast and 4 km wide,
with a depth of 3 m in the rainy season and less than 1 m in the dry season. The Limia River
valley is a highly humanized area with many crops, blasting companies and poultry and pig
farms.

The SAC is included in the Mediterranean Region. The climate of the study area is warm
temperate, with a mild temperature [46]. Dry summers cause the ponds to dry out, for between
two and four months, depending on the year.

Three temporary ponds were sampled in the study area: Veiga da Pencha, A Telleira and A
Veiga (Figures 4-6). Table 1 shows the pond codes, which are used in the paper, and the location
in UTM coordinates. These ponds are Mediterranean temporary ponds, which is a priority
habitat for conservation (code 3170) included in the Annex I of the Habitats Directive and are
classified as intermittent waters according to [12].

Pond Code UTM X UTM Y

A Veiga AV 29T 595.518 4.655.117

Telleira TE 29T 595.966 4.655.513

Veiga da Pencha VP 29T 594.548 4.654.969

Table 1. Names of the studied ponds with their codes and UTM coordinates.

Veiga da Pencha (VP) is a temporary pond (15 m maximum width x 100 m maximum length)
formed at the end of a stream that was probably connected to the Limia River before the
construction of a road on the river side. It is not independent of the stream until late spring
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and dries completely at the end of the summer. The pond is surrounded by willows and

birches.

Figure 4. A Veiga da Pencha pond.

Figure 3. Map indicating the location of the studied ponds within the catchment of the Limia River. VP: Veiga da Pen‐
cha; AV: A Veiga; TE: A Telleira.
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A Telleira (TE) is the smallest sampled pond (4 m width x 7 m length). It is located at the end
of a temporary stream connected to the Limia River. The pond is formed due to the temporality
of the stream. The size of the pond decreases during the dry season but maintains its water
volume longer than the other ponds probably due to a freatic contact with the Limia River.

Figure 5. A Telleira pond.

A Veiga (AV) is located in the southern limit of the SAC. It is an irregular and elongated (10
m maximum width x 52 m length) temporary pond. The extremes of the pond dry out rapidly
at the end of the rainy season and the central part of the pond dries at the end of the summer.

The studied ponds have important riparian vegetation that consists mainly of grasses and
autochthonous deciduous trees, as well as a significant macrophyte cover. The riparian
vegetation is mainly composed of Alnus glutinosa (L.) Gaertn, Erica sp., Eryngium viviparum J.
Gay, Fraxinus excelsior L., Quercus robur L. and Salix atrocinerea Brot. The main macrophyte
species are Agrostis sp., Callitriche palustris L., Cyperus sp., Damasonium sp., Ranunculus
peltatus Schrank and Scirpus lacustris (L.) Palla.
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Figure 6. A Veiga pond.

5.3. Material and methods

5.3.1. Sampling

The three ponds were sampled in two periods, 2001-2002 (before being included in the Natura
2000 network) and 2007-2011 (after being included in the Natura 2000 network). During 2001
and 2002 samples were taken seasonally, and during the period 2007-2011 surveys were carried
out in spring and summer of every year. In total, 24 samples were processed. Fauna was
collected using an entomological net (500 µm mesh, 30 cm diameter and 60 cm deep) across a
10m transect running parallel to the margin. This semi-quantitative method allows for direct
comparisons across sites or time because sampling effort can be assumed equivalent. The
material was preserved in 99% ethanol, and sorted out and identified at the laboratory. After
being studied, the specimens were conserved in 70% ethanol and deposited in the scientific
collection of the Aquatic Entomology Laboratory at Vigo University.

5.3.2. Data analysis

The structure of the assemblage was assessed using different diversity indices: Richness (S);
Rarefied richness (ES); Abundance (N) and the Shannon-Wiener diversity index (H’). Rarefied
richness is the expected number of taxa for a given number of randomly sampled individuals
and facilitates comparison of areas in which densities may differ [48]. It calculates the number
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of expected species from each sample if all samples were reduced to a standard size of n
individuals. The values of this index were calculated for 200 individuals ES (200). The Shannon-
Wiener index measures the average degree of uncertainty in predicting to which species will
belong an individual randomly chosen from a collection [49]. It assumes that all the individuals
are randomly selected and that all species are represented in the sample. The greater the index
value, the greater the diversity in the habitat. According to [49], the usual range for this index
is 1.5-3.5.

Similarity relationships among invertebrate assemblages in all samples were determined by
the Bray-Curtis coefficient and graphically presented using non-metric Multi-Dimensional
Scaling (NMDS) mapped in two dimensions. Then, we grouped the samples according to two
factors: Pond (A Veiga, Telleira and Veiga da Pencha), and the two periods (2001-2002 and
2007-2011). An analysis of similarity (ANOSIM) was used to test whether the established
groups based on biotic data differed significantly.

To investigate the groups’ consistency the SIMilarity PERcentages-species contributions
(SIMPER) analysis was used to obtain differences between all pairs of groups and the contri‐
bution of each species for the groups. SIMPER examines the contribution of each species to the
average Bray-Curtis dissimilarity between groups of samples and also determines the
contribution to similarity within a group [47]. Statistical analyses were carried out with
PRIMER version 6.

5.4. Results

5.4.1. Diversity indices

Table 2 shows the minimum, maximum and mean (including standard deviation) diversity
indices (total abundance, richness, rarefied richness and Shannon-Wiener diversity) for each
sample.

TE AV VP

Minimum Maximum Mean ± SD Minimum Maximum Mean ± SD Minimum Maximum Mean ± SD

S 13 35 23.4 ± 8.02 10 61 31.75 ± 18.59 21 77 41 ± 20.38

ES (200) 10.58 22.47 15.78 ± 5 10 25 18.93 ± 5.62 16,77 34,26 24.04 ± 5.36

N 246 5469 1512 ± 2258 68 18149 3185 ± 6381 110 16349 3405 ± 5290

H'(log2) 1.43 3.15 2.46 ± 0.71 1,86 4 2.97 ± 0.74 2,19 4,58 3.41 ± 0.74

Table 2. Minimum, maximum and mean values of the different diversity indices.

The total abundance was of 70,512 specimens. The most abundant were insects (34,600) and
crustaceans (32,582). Among insects Coleoptera was the most abundant group (15,497
specimens), followed by Diptera (7,760), Hemiptera (3,681) and Odonata (3,119). The most
abundant crustaceans were Cladocera (23,712), Copepoda (5,599) and Ostracoda (2,501).
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The greatest abundances were observed in AV in April 2007, with 18,149 specimens collected,
and in VP in the same sampling (16,349 specimens). On the contrary, the lowest values were
obtained in AV in December 2001 with only 68 individuals captured and in VP in May 2002
(110 specimens). Mean abundance was significantly higher in VP (3,405 specimens) and AV
(3,185) than in TE (1,512).

Regarding species, the most abundant were the water beetles Graptodytes flavipes (Olivier)
(5,216 specimens), Anacaena lutescens (Stephens) (1,580), Haliplus lineatocollis (Marsham) (1,114)
and Hydrochus angustatus Germar (1,027). Several species were represented by only one
specimen, among which we highlight the crustacean Lepidurus apus, the beetle Helophorus
bameuli Angus and the dragonfly Boyeria irene (Fonscolombe).

In total, 169 invertebrate taxa were collected in the three studied ponds (Table 3). The most
representative group were insects (145 taxa), followed by gastropods (6 taxa) and crustaceans
(5 taxa). Among insects, we highlight Coleoptera (94 species), Hemiptera (20 species) and
Odonata (14 species). The other faunal groups recorded were Cnidaria, Bivalvia, Hirudinea,
Oligochaeta, Arachnida and Collembola.

Taxa TE AV VP

Cnidaria

Hydridae

Hydra sp. X

Bivalvia

Sphaeriidae X X

Pisidium sp. X X

Gastropoda

Ancylidae X X

Lymnaeidae X

Myxas sp. X X

Radix sp. X

Physidae X

Planorbidae X X

Hirudinea

Erpobdellidae X X

Glossiphonidae X

Haemopidae

Haemopis sanguisuga (L., 1758) X

Hirudinidae X X

Oligochaeta

Enchytraeidae X

Lumbricidae X

Lumbriculidae X X

Naididae X
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Taxa TE AV VP

Crustacea

Asellidae X X X

Cladocera X X

Copepoda X X

Ostracoda X X

Triopsidae

Lepidurus apus (L., 1758) X

Arachnida

Hydracarina X X X

Collembola X X

Insecta

Coleoptera

Gyrinidae

Gyrinus substriatus Stephens, 1829 X X X

Haliplidae

Haliplus guttatus Aubé, 1836 X

Haliplus heydeni Wehncke, 1875 X X X

Haliplus lineatocollis (Marsham, 1802) X X X

Haliplus sp. X X

Peltodytes rotundatus (Aubé, 1836) X

Noteridae

Noterus laevis Sturm, 1834 X X X

Dytiscidae

Agabus bipustulatus (L., 1767) X X X

Agabus brunneus (Fabricius, 1798) X

Agabus didymus (Olivier, 1795) X X

Agabus labiatus (Brahm, 1791) X

Agabus paludosus (Fabricius, 1801) X

Agabus sp. X X

Bidessus goudotii (Laporte, 1835) X X X

Colymbetes fuscus (L., 1758) X X X

Cybister lateralimarginalis (De Geer, 1774) X

Dytiscus marginalis L., 1758 X X

Dytiscus pisanus Laporte, 1835 X

Dytiscus semisulcatus O.F. Müller, 1776 X X

Dytiscus sp. X

Graptodytes bilineatus (Sturm, 1835) X

Graptodytes castilianus Fery, 1995 X X X

Graptodytes flavipes (Olivier, 1795) X X X

Graptodytes fractus (Sharp, 1882) X

Graptodytes ignotus (Mulsant & Rey, 1861) X X
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Taxa TE AV VP

Graptodytes varius (Aubé, 1838) X

Hydroporus gyllenhalii Schiødte, 1841 X X X

Hydroporus planus (Fabricius, 1781) X

Hydroporus pubescens (Gyllenhal, 1808) X X

Hydroporus sp. X X

Hydroporus vagepictus Fairmaire & Laboulbène, 1854 X X X

Hydroporus vespertinus Fery & Hendrich, 1988 X X

Hydrovatus clypealis Sharp, 1876 X X

Hygrotus inaequalis (Fabricius, 1776) X X X

Hyphydrus aubei Ganglbauer, 1892 X

Ilybius meridionalis Aubé, 1837 X

Ilybius montanus (Stephens, 1828) X X

Laccophilus hyalinus (De Geer, 1774) X X

Laccophilus minutus (L., 1758) X X X

Laccophilus sp. X

Liopterus atriceps Sharp, 1882 X X X

Metaporus meridionalis (Aubé, 1838) X

Rhantus hispanicus Sharp, 1882 X X

Rhantus suturalis (McLeay, 1825) X

Stictonectes lepidus (Olivier, 1795) X

Hydrophilidae

Anacaena globulus (Paykull, 1798) X

Anacaena limbata (Fabricius, 1792) X X

Anacaena lutescens (Stephens, 1829) X X X

Anacaena sp. X

Berosus affinis Brullé, 1835 X X

Berosus signaticollis (Charpentier, 1825) X X X

Berosus sp. X X X

Enochrus fuscipennis (Thomson, 1884) X X

Enochrus nigritus (Sharp, 1872) X X X

Enochrus sp. X X

Helochares punctatus Sharp, 1869 X X X

Hydrobius convexus Brullé, 1835 X

Hydrobius fuscipes (L., 1758) X X X

Hydrobius sp. X X

Hydrophilus pistaceus Laporte, 1840 X

Laccobius ytenensis Sharp, 1910 X

Limnoxenus niger (Gmelin, 1790) X X X

Paracymus scutellaris (Rosenhauer, 1856) X X

Hydrochidae

Hydrochus angustatus Germar, 1824 X X X
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Taxa TE AV VP

Hydrochus flavipennis Küster, 1852 X X X

Hydrochus nitidicollis Mulsant, 1844 X X X

Helophoridae

Helophorus alternans Gené, 1836 X X

Helophorus bameuli Angus, 1987 X

Helophorus flavipes Fabricius, 1792 X X

Helophorus maritimus Rey, 1885 X

Helophorus minutus Fabricius, 1775 X X

Helophorus seidlitzii Kuwert, 1885 X

Helophorus sp. X X

Hydraenidae

Aulacochthebius exaratus (Mulsant, 1844) X X

Hydraena brachymera D'Orchymont, 1936 X X

Hydraena sp. X X

Hydraena marcosae Aguilera,Hernando & Ribera, 1997 X X

Hydraena rugosa Mulsant, 1844 X X X

Hydraena testacea Curtis, 1830 X X X

Hydrena exasperata D'Orchymont, 1935 X X

Limnebius gerhardti Heyden, 1870 X X

Limnebius lusitanus Balfour-Browne, 1979 X X

Limnebius sp. X

Limnebius truncatellus (Thunberg, 1794) X

Ochthebius sp. X X X

Ochthebius viridis fallaciosus Ganglbauer, 1901 X

Dryopidae

Dryops luridus (Erichson, 1847) X X X

Dryops sp. X X

Dryops striatellus (Fairmaire & Brisout, 1859) X

Elmidae

Oulimnius rivularis (Rosenhauer, 1856) X X

Oulimnius sp. X X

Scirtidae

Helodes sp. X

Hydrocyphon sp. X X

Diptera

Ceratopogonidae X X

Chironomidae X X X

Culicidae

Anopheles sp. X X X

Culex sp. X X

Dixidae
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Taxa TE AV VP

Dixella sp. X X

Dolichopodidae X

Empididae X X

Limoniidae X

Rhagionidae X

Sciomyzidae X

Tabanidae X X

Ephemeroptera

Baetidae X X

Siphlonuridae

Siphlonurus sp. X X

Hemiptera

Corixidae

Corixa iberica Jansson, 1981 X X

Hesperocorixa moesta (Fieber, 1848) X X

Hesperocorixa sahlbergi (Fieber, 1848) X X X

Hesperocorixa sp. X

Sigara janssoni Lucas, 1983 X X X

Sigara limitata (Fieber, 1848) X

Sigara scotti (Douglas & Scott, 1868) X

Sigara sp. X

Gerridae

Gerris gibbifer Schummel, 1832 X

Gerris lacustris (L., 1758) X

Gerris sp. X X

Gerris thoracicus Schummel, 1832 X X

Hydrometridae

Hydrometra stagnorum (L., 1758) X

Naucoridae

Naucoris maculatus Fabricius, 1798 X X X

Nepidae

Nepa cinerea L., 1758 X X X

Ranatra linearis (L., 1758) X X

Notonectidae

Notonecta glauca Poisson, 1758 X

Notonecta meridionalis Poisson, 1926 X X

Notonecta obliqua Thunberg, 1787 X

Notonecta sp. X X

Pleidae

Plea minutissima Leach, 1817 X X X

Vellidae X
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Taxa TE AV VP

Lepidoptera

Crambidae

Elophila sp. X

Odonata

Aeshnidae X

Boyeria irene (Fonscolombe, 1838) X

Coenagrionidae X X X

Pyrrhosoma nymphula (Sulzer, 1776) X

Cordulegasteridae

Cordulegaster sp. X

Cordullidae X X

Lestidae

Lestes barbarus (Fabricius, 1798) X X

Lestes dryas Kirby, 1890 X

Lestes sp. X X

Lestes viridis (Vander Linden, 1825) X

Libellulidae X X

Sympetrum sanguineum (Muller, 1764) X

Sympetrum vulgatum (L., 1758) X X X

Platycnemididae

Platycnemis sp. X

Plecoptera

Nemouridae X

Trichoptera

Limnephilidae X X

Limnephilus sp. X

Table 3. List of the identified taxa. The crosses indicate the presence of the taxa in the ponds.

The greatest richness values were observed in VP in April 2007 (77 taxa recorded) and in July
2008 (64 taxa). On the other hand, the lowest values were observed in AV in December 2001
(10 taxa) and in TE in September 2002 (13 taxa). The mean richness value was 41 in VP, 31.75
in AV and 23.4 in TE, showing a similar pattern to that observed for the abundance. Consid‐
ering the accumulated values, the richest pond was VP with 142 taxa, followed by AV (110
taxa) and TE (59 taxa).

In this study, the highest values of rarefied richness correspond to VP in July 2007 (34.26)
and July 2008 (31.16). The lowest values were observed in AV in December 2001 (10) and
in TE in the same sample (10.58). The mean rarefied richness was 24.04 in VP, 18.93 in AV
and 15.78 in TE.

The Shannon-Wiener diversity index (H’(log2)) revealed that, in general, the studied ponds
presented high diversity values. The highest values were observed in VP in July 2007 (4.58) and
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in July 2008 (4.27), and the lowest values were recorded in TE in December 2001 (1.43) and in
AV in April 2007 (1.86). Among ponds, the mean values were 3.41 (VP), 2.97 (AV) and 2.46 (TE).

5.4.2. Assemblage composition

The NMDS ordination shows the spatial distribution of the samples and the grouping
according to faunal similarity. The stress obtained with the ordination was 0.05, which ensures
good consistency of results. NMDS allowed us to group the species according to two factors:
Pond and Period (Figure 7). In the latter we can see a clear separation into two groups:
2001-2002 and 2007-2011. According to the ANOSIM, the assemblage composition of inverte‐
brates shows significant differences in faunal composition related to the two periods (R=0.572;
p=0.001). Regarding Pond factor, this analysis shows significant differences between TE and
the two other ponds (TE-AV: R=0.225; p=0.003; TE-VP: R=0.250; p=0.002), but does not show
significant differences between AV and VP (R=0.063; p=0.17).

The  Shannon‐Wiener diversity  index  (H’(log2))  revealed  that,  in general,  the  studied ponds presented high diversity 
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in July 2008 (4.27), and the lowest values were recorded in TE in December 2001 (1.43) and in
AV in April 2007 (1.86). Among ponds, the mean values were 3.41 (VP), 2.97 (AV) and 2.46 (TE).

5.4.2. Assemblage composition

The NMDS ordination shows the spatial distribution of the samples and the grouping
according to faunal similarity. The stress obtained with the ordination was 0.05, which ensures
good consistency of results. NMDS allowed us to group the species according to two factors:
Pond and Period (Figure 7). In the latter we can see a clear separation into two groups:
2001-2002 and 2007-2011. According to the ANOSIM, the assemblage composition of inverte‐
brates shows significant differences in faunal composition related to the two periods (R=0.572;
p=0.001). Regarding Pond factor, this analysis shows significant differences between TE and
the two other ponds (TE-AV: R=0.225; p=0.003; TE-VP: R=0.250; p=0.002), but does not show
significant differences between AV and VP (R=0.063; p=0.17).
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The contribution of the taxa to each group (ponds and periods) according to the SIMPER
analysis is given in the Table 4. Regarding ponds, the dissimilarity between groups ranged
from 84.26% (AV-VP) to 91.55% (TE-AV) and between periods, the dissimilarity was 95.55%.
The faunal groups that most contributed to group similarity were insects and crustaceans, for
both pond factor and period factor. Among insects, the taxa that most contributed were the
beetles Graptodytes flavipes, Hydroporus vagepictus Fairmaire & Laboulbène, Haliplus lineatocol‐
lis, Hydrochus angustatus and the dipterans Culex sp. and Chironomidae. The most contributive
crustaceans were Cladocera, Copepoda and Ostracoda, especially important for 2007-2011
group characterization.

Factor
Number of

samples
Most contributive taxa

Contribution to the group
characterization

AV 8
Hydroporus vagepictus, Culex sp., Hydrovatus clypealis,
Hydroporus vespertinus

57.95% (Hydroporus vagepictus
contributed with 31.01%)

TE 5
Graptodytes flavipes, Haliplus lineatocollis, Hydraena
marcosae, Hydraena testacea

83.22% (Graptodytes flavipes
contributed with 48.76%)

VP 11
Graptodytes flavipes, Hydrochus angustatus,
Chironomidae, Anacaena lutescens, Copepoda,
Sphaeriidae

40.74% (Graptodytes flavipes
contributed with 8.14%)

2001-2002 15
Graptodytes flavipes, Hydroporus vagepictus, Haliplus
lineatocollis, Hydrochus angustatus

56.17% (Graptodytes flavipes
contributed with 27.35%)

2007-2011 9 Cladocera, Chironomidae, Copepoda, Ostracoda
60.32% (Cladocera contributed with
20.95%)

Table 4. Results of the SIMPER analysis separated by ponds and by periods showing the most contributive taxa in
each group.

5.5. Discussion

Invertebrate richness in temporary waters can be considered similar to that found in natural
and artificial permanent ponds [50-52]. Other permanent systems, such as mountain peatlands
[53], show lower values. Our temporary ponds had a rich invertebrate fauna with similar or
higher richness than other temporary systems [54,19,55,42]. When permanent and temporary
waters are compared, temporary ones are richer, probably due to the trophic state of the pond,
a factor associated with water permanence [56].

In this study we found some interesting and rare species, as already highlighted in other
temporary pond studies in different parts of the world, in which the importance of this habitat
for rare and often endemic species has been emphasized [e. g. 57,19,58]. On the other hand, it
is often assumed that there is little overlap between invertebrate species found in temporary
and permanent ponds [12]. However, the results of this study show that many of the species
recorded in temporary ponds can also be found in permanent ones, in agreement with other
studies [59,8,60].
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Despite their ephemeral nature and small size, temporary ponds have a great importance for
biodiversity maintenance in particular as regards some rare invertebrate species [12]. Accord‐
ing to [61], both common and rare species rely on a variety of pond types within each region
for their continued survival. According to [19], the faunal composition of temperate temporary
aquatic ecosystems includes a remarkable number of uncommon species, species associated
with permanent environments and species that frequently or exclusively inhabit these
environments due to their biological adaptations. Similar results were observed in our study.

The main groups observed in the studied ponds were insects and crustaceans. Many of them
rely on temporary ponds for reproduction (e.g. beetles, dipterans, dragonflies) and others
spend their entire life cycle in these ponds as in the case of branchiopods. According to [22],
several species of this group of crustaceans are only found in this type of ponds because of the
lack of predatory fish. Branchiopods found in these habitats include Notostraca (tadpole
shrimps), Cladocera (water fleas), Anostraca (fairy shrimps) and Conchostraca (clam shrimps).

One interesting crustacean species was collected during the surveys, the tadpole shrimp
Lepidurus apus. This crustacean is rare in the Iberian Peninsula and lives in small temporary
waters, such as flooded roadsides and ditches widenings and backwaters, always with aquatic
vegetation, and is typical of low mineralized, dystrophic and in general clear waters [22]. The
Lepidurus genus is present in all continents except Antarctica [62]. This world-wide distribution
is due to their antiquity, but possibly also to their passive transport: geographical barriers are
more effective for non-passively distributed animals. From an ecological point of view
notostracans, like most branchiopods, are restricted to temporary pools [63]. The ephemerality
of these extreme habitats may have been selected for the development of resistant stages (dried
eggs or cysts) and some unusual reproductive strategies. In this sense, [64] noted that tempo‐
rary wetlands flagship taxa (e.g. anostracans) rarely co-occur together and therefore suggested
that each wetland harbouring them should be given conservation priority.

Among insects, Coleoptera and Hemiptera species dominated the temporary pond assemb‐
lages. This result agrees with other studies in temporary ponds [65,19,55,61]. Adults in both
groups are mobile and can leave the pond when it dries out due to their excellent dispersal
capabilities [21,66]. So, the high abundance of these taxa may be explained by the arrival of
dispersers, moving from dry ponds to other ponds while dispersing to more permanent
habitats to survive during dry periods [21,67,66,20]. On the contrary, non-mobile invertebrates
require adaptations to survive the dry period.

Regarding Coleoptera, several interesting rare species barely recorded in the Iberian Peninsula
were found in the studied ponds, like Agabus labiatus (Brahm), Liopterus atriceps Sharp,
Graptodytes bilineatus (Sturm), G. flavipes or Hydroporus vagepictus. According to [68], G.
flavipes is a rare species, but when it occurs it is usually in high abundance, a fact also observed
in our study. H. vagepictus is an Iberian endemic beetle which has a wide ecological range and
is present in running and stagnant waters [69]. The capture of the aquatic beetle Hydraena
rugosa Mulsant must be highlighted. This species is little cited in the Iberian Peninsula but
when found it is usually collected in high abundance [70].
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According to the SIMPER analysis, different beetles were the species that contributed most to
the NMDS groups characterization, especially Haliplus lineatocollis and Hydrochus angustatus.
H. lineatocollis occurs in different habitats, from temporary ponds to rivers [e. g. 19,71]. A
similar pattern was observed for H. angustatus, present in running waters [72] and coastal
lagoons [73]. This result confirms that these ponds also harbour species with a wide ecological
range.

In this study, several interesting Hemiptera species scarcely recorded in the Iberian Peninsula
were collected, such as Hesperocorixa moesta (Fieber) and Sigara limitata (Fieber). These insects
are also common inhabitants of temporary ponds [19,55,74,42]. Two Odonata species typical
of temporary habitats were recorded, Lestes dryas Kirby and Sympetrum sanguineum (Muller).
These two species can complete their life cycles before the habitat dries out. [23] also found
them in Irish turloughs before the drying season. Regarding Thichoptera, the only ones
recorded were Limnephilidae. They are common in temporary habitats, and according to [75]
they emerge before the dry period and remain inactive in vegetation until the pond refills in
autumn, and the eggs may be laid.

Endemic species constitute priority species to conserve, although in many cases are common
in their distribution area. In the SAC Veiga de Ponteliñares several endemisms were captured
during the surveys, the water beetles Hydroporus vagepictus, H. vespertinus Fery & Hendrich,
Graptodytes castilianus Fery, Hydraena marcosae Aguilera, Hernando & Ribera, Limnebius
lusitanus Balfour-Browne, Helophorus bameuli Angus and H. seidlitzii Kuwert, and the water
boatman Sigara janssoni Lucas. So, their presence in these temporary ponds is of particular
interest as it increases their natural value.

Temporary ponds are fluctuating and unstable habitats whose faunal composition varies
greatly from one year to another. In this study we have detected significant changes in their
invertebrate composition. The NMDS analysis segregated the studied ponds in two groups
corresponding with the two periods (2001-2002 and 2007-2011) and the ANOSIM analysis
showed significant dissimilarity between the two periods (R=0.572; P=0.001). The results show
that these ponds present a remarkable variability in time. Inter-annual variation may be due
to variation in climate conditions, as a consequence of the wide differences in rainfall, and in
the differences in the lenght of the hydroperiod observed among years. According to [76],
historical events, such as very dry years, may affect the invertebrate community composition
as much as site-specific abiotic differences among ponds. High variation among years has
already been noted by other authors such as [44] in a study conducted in Doñana (southern
Spain).

5.6. Conclusion

The use of invertebrates as monitoring tools in freshwater management programmes depends
on the ability to discriminate natural (spatial and temporal) variation in community structure
from alterations caused by anthropogenic disturbance [77,78]. In this sense, temporary ponds
in the SAC Veiga de Ponteliñares are a good example. Despite the large inter-annual variability,
these ponds can result in sustaining a rich and abundant invertebrate fauna. The high species
richness recorded in this study is likely to reflect the high ecological quality of these ponds,
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which are located in a protected area and are minimally impaired by anthropogenic activity.
In addition, the occurrence of rare and uncommon species suggests that effective conservation
of aquatic biodiversity in the SAC requires a regional approach of management.

Our study emphasizes the importance of drying out of ponds for the occurrence of rare and
uncommon species forasmuch several of these species were found during this study. This
finding highlights the contribution of temporary ponds to regional biodiversity and their high
conservation value. It is important to preserve these systems, especially in Europe, where the
number of temporary ponds is probably a mere fraction of what they probably were in the
past [79].

The high richness found in our study does not correspond to a single pond, but to a system of
temporary ponds. According to [80] ponds located near each other allow movement and
dispersal of species among them. In this kind of systems, the high connectivity and non-
fragmentation area are very important factors to conserve their invertebrate biodiversity
[81,82]. Some studies have claimed that for the conservation of biodiversity of temporary pond
species it is more important to preserve an area with a system of temporary ponds than the
preservation of isolated ponds [83-86,9,61]. In this sense, this study highlights the importance
of “Veiga de Ponteliñares”in the preservation of biodiversity at a regional scale. In this SAC,
there are different small ponds and the connectivity between them favours the dispersion and
preservation of species and makes it a hot spot of aquatic biodiversity.

Finally, it would be interesting to expand the SAC trying to include all the ponds formed along
the banks of the Limia River. Other possible management measure would be to restore the
numerous ponds formed by the sand extraction which are located where once was the Antela
Lake. The aquatic fauna will colonized the new habitats rapidly due to the proximity to the
Limia River and the other ponds. Thus, the restoration of the Antela Lake would be funda‐
mental for the maintenance of the biodiversity in an area full of farms and crops that polluted
the aquatic ecosystems of the region causing the loss of the Galician fauna and flora. In Spain
there are clear examples of the restoration of shallow lakes dried during the past century. We
can highlight the cases of Cospeito and Caque (Galicia), La Nava and Pedraza (Palencia), and
Cañizar (Teruel). These wetlands have been restored through the development of various
projects financed by Spanish and European public administrations.
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Chapter 11Provisional chapter

A First Approach to Assess the Impact of Bottom
Trawling Over Vulnerable Marine Ecosystems on the
High Seas of the Southwest Atlantic
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J.L. del Río, E. Tel, V. Polonio, A. Muñoz,
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Additional information is available at the end of the chapter

1. Introduction

The Southwest Atlantic (SW Atlantic), corresponding to FAO Statistical Area 41, includes a
total continental shelf area of approximately 1.96 million km2 of which a large portion lies off
the Argentine coast (the Patagonian Shelf) and extends beyond Exclusive Economic Zones
(EEZs) in the region [1-3]. This area is therefore integrated in the Southeast South American
Shelf Large Marine Ecosystem (SSASLME) [4,5]. Currently, this region is the only worldwide
significant area for high seas (HS) fisheries not covered by any Regional Fisheries Management
Organisation (RFMO) [3].

The Patagonian Shelf (PS) hosts some of the most important fisheries in the world, targeting
cephalopods (Illex argentinus [Castellanos, 1960] and Doryteuthis gahi [D’Orbigny, 1835]), and
hakes (Merluccius hubbsi [Marini, 1933] Merluccius australis [Hutton, 1872]) [3,6-14]. Most of the
exploited demersal stocks on the HS are straddling stocks, including Argentine shortfin squid
(I. argentinus), Argentine hake (M. hubbsi) and southern blue whiting (Micromesistius australis
[Norman, 1937]) [15].

Several authors [2,3,16-23] have studied the potential disturbance of the seabed by bottom otter
trawls and the possible negative effects on the structure of benthic communities. In recent
years, several resolutions of the United Nations General Assembly [24-28] on sustainable
fisheries made a call to States and RFMOs to identify vulnerable marine ecosystems (VMEs)
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and determine whether bottom fishing activities would cause a significant adverse impact on
such ecosystems.

Sensitive species such as deep-water corals and deep-water sponges are found throughout the
world oceans. Thus, the importance of habitat-structuring organisms is not restricted to
shallow water, but also to shelf-break, hydrothermal vents, seamounts, and even the once
considered constant and uniform deep-sea basins. Deep-water corals are vulnerable organisms
occurring in the upper bathyal zones throughout the world and threatened by human
activities, particularly fishing and oil exploration [29-31]. Fishing has a significant adverse
impact (SAI) on deep-water coral communities in all oceans [32-35], particularly in the
Northeast and Northwest Atlantic [36-40], Northeast Pacific [41,42], and Southwest Pacific
[43-46]. In the SW Atlantic, the HS are one of the areas where deep-sea science has, to date, not
been very active.

Protection of VMEs is a significant element of the management framework for bottom fisheries
in high seas areas of the world ocean and its identification for selecting suitable protection
areas is a challenge that conventional fisheries science cannot alone solve satisfactorily. Instead,
it requires a multidisciplinary approach [21,22,47]. From the point of view of management of
bottom fisheries and the governance of high seas areas, the situation in the PS poses an added
problem as there is no any RFMO in force [2]. In its 2014 report [48], the Global Ocean
Commission (GOC) recognises that continued scientific research is necessary to assess the
cumulative impacts of human activities on the high seas so that informed decisions can be
made about reversing the degradation of the global ocean.

Submarine canyons are unique habitats in terms of complexity, instability, material processing,
and hydrodynamics. They may support diverse assemblages of larger epibenthos [49]. Inside
canyons, abundance and diversity of the macrofauna depend, to some extent, on the physical
disturbance regime and on the rate and quantity of organic matter deposited. In the study area,
canyons and submarine mounts were shown to be hot spots of benthic biodiversity of species
and ecosystems.

Benthos refers to the community of organisms which live on, in, or near the seabed, also known
as the benthic zone. Megabenthos or macrobenthos comprises the more visible, benthic
organisms exceeding 1 mm in size and large enough to be determined on photographs [50,51].
Megabenthos is a key issue of environmental studies, as it represents a major fraction of the
deep-sea benthic biomass and plays a key role in deep-sea ecosystems [52]. Tracey et al. (2007)
in [53] reported linear and radial annual growth rates of 20 mm and 0.2 mm, respectively, for
some genera of the ISIDIDAE Family (Lamouroux, 1812), which is presumably evidence of the
high vulnerability of these taxa to direct or indirect mechanical impact produced by the
sediment removal, re-suspension, etc. caused by bottom fishing activities.

Some of these organisms form complex 3D structures protruding from the seabed, allowing
for the settlement of sessile species needing consolidated substrata to settle and develop
(sponges, other cnidarians), and providing shelter and food for a wide range of vagile fauna
(crustaceans, echinoderms, molluscs, and some fish).
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2. Materials and methods

In accordance with the aforementioned UNGA resolutions [24-28] and the FAO deepwater
guidelines [54], the Spanish Institute of Oceanography (Instituto Español de Oceanografía
[IEO]) conducted from October 2007 to April 2010 a series of 13 multidisciplinary research
cruises on the HS of the SW Atlantic, to identify VMEs and to assess the potential interactions
with fishing activities. This paper presents the results of the five first cruises, consistently with
UNGA resolutions (paragraphs 80 and 83 to 87 of resolution 61/105 (2007) and paragraphs 117
and 119 to 127 of resolution 64/72 (2010) in [27,28], which support making publicly available
information on interactions between bottom fisheries and VMEs in the HS.

The use of spatial management tools to preserve the marine biodiversity of species inhabiting
the HS has been broadly discussed in recent years [55]. To make such spatial management
possible, our immediate objectives are: assessing specific biodiversity (mainly describing new
species to science); describing the different habitats, ecosystems and deep-sea geomorpholog‐
ical features identified; and analysing their interactions and relationships to protect the full
range of potentially different habitats.

The explored area during the five cruises conducted between October 2007 and April 2008
(Table 1) was located on the southern part of the HS of the SW Atlantic, to the east of the
Argentinian EEZ 200 miles limit and between 44° 40’S and 47° 51’S up to the 1500 m depth
contour (Figure 1). The rest of the study area (up to 42°S) was surveyed during the eight
following cruises (October 2008-April 2010), but the analysis of the information concerning
VMEs collected during those last cruises, is still ongoing.

Cruise name Start End Total days

Patagonia 11/07 28/10/2007 20/11/2007 24

Patagonia 12/07 24/11/2007 21/12/2007 28

Patagonia 01/08 08/01/2008 30/01/2008 23

Patagonia 02/08 30/01/2008 11/03/2008 41

Atlantis 2008 12/03/2008 15/04/2008 40

Table 1. Cruises carried out by R/V “Miguel Oliver”.

In the right image of Figure 1 a non coloured area in the shelf can be roughly appreciated
around 45°30’S and between 60°00’W-60°40’W, for which it was not possible to collect
multibeam bathymetry data (no data) due to bad sea state conditions. The exploration of this
area was carried out during one of the cruises conducted in 2009. Nevertheless, this type of
data is not relevant for the present study, for which several trawl and CTD stations allowed
the collection of pertinent information. The blue lines in the left image of Figure 1 correspond‐
ing to the 600, 1000 and 1500 m depth contours.
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Key concepts for definition of VMEs were applied according to the FAO International
Guidelines for the Management of Deep-Sea Fisheries in the High Seas [54]. These guidelines
classify marine ecosystems as vulnerable based on several criteria: (1) uniqueness or rarity; (2)
functional significance of the habitat; (3) fragility; (4) life-history traits of component species
that make recovery difficult; and (5) structural complexity.

Figure 1. Study area and positioning of the stations carried out during the research cruises onboard the R/V “Miguel
Oliver”.

For an adequate identification of VMEs, the two approaches in operation since 2008 by the
NAFO Scientific Committee and the NAFO Working Group on Ecosystem Approach to
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Fisheries Management (WGEAFM) were applied in this study [56,57]: (1) the examination of
cumulative catch data by ranking the biomass of VME taxa in each trawl from lowest to highest
and then plotting the increase in cumulative biomass with each additional trawl; and (2) the
use of Geographical Information System (GIS) to map the density of vulnerable species and
groups’ by-catch [58].

The study area included part of the outer shelf and upper and middle slope of the PS and was
divided into thirteen depth strata in order to obtain a higher resolution in the description of
vulnerable organisms. The research cruises involved five scientific disciplines: cartography,
geology, benthos, fisheries, and hydrography.

This study used data from three main sources: i) Information from the five research cruises
(geological, echosounder and oceanographic data; benthos and fish samples; fishery catch data
[cpue]); ii) Data from commercial fishing activity collected by onboard scientific observers from
1989 to 2007 (fishery footprint); and iii) Commercial information on historical landings and
effort data (provided by the Spanish fishing sector), as well as catch data for the main com‐
mercial species during the period 2000-2007 (logbooks filled in by captains of the fishing
vessels, and provided by the Spanish General Secretariat for Fisheries [SGP]).

Geophysical and geological data were collected following internationally accepted standards
and protocols for habitat mapping [20,59]. Full sea floor coverage using swath bathymetry
provided a very high resolution of sea floor morphology. The backscatter data from multibeam
echosounder together with high resolution seismic reflection profiles made available valuable
data on the seabed sediments types. These data provided the geomorphological and acoustic
basis to design a ground-truth planning strategy allowing for precise habitat mapping.
Navigation during the surveys was via differential GPS Simrad GN33 using satellite correc‐
tions integrated into an inertial-aided Seapath 200 system. Swath-bathymetric data were
acquired using a hull-mounted Kongsberg-Simrad EM 302 multibeam echosounder (288
individual beams, angular coverage up to 150°) operating at a frequency of 30 kHz. To correct
the multibeam bathymetry, we carried out systematic casts of direct sound velocity profiles
on the water column with an Applied Microsystems SV Plus equipment. Data processing
included the removal of anomalies and the necessary sound velocity corrections using the
Kongsberg–Simrad swath bathymetric software package NEPTUNE. Valid data were gridded
at 50×50 m cell size resolution on a SUN workstation. The seismic parametric system Topas 18
produced very high resolution seismic profiles along all ship tracks. Sub-bottom penetration
varied, according to the lithology, between 150 and 250 m. Morphometrical data were obtained
using ArcGis (ESRI) and Fledermaus software (Interactive Visualization Systems [IVS]) to
provide final 3D images of the seafloor morphology.

Samples of benthic fauna analysed in this study were collected with the Lofoten bottom trawl
gear itself. Benthic fauna samples were sorted on board and preserved (70% ethanol or 4%
buffered formaldehyde-seawater solution) for further identification analysis. Even if the
bottom-trawl by-catch collected information did not allow for a detailed habitat mapping of
VMEs, it provided a valuable indication of VME presence/absence that can be used to propose
conservation measures, such as candidate areas for bottom fishery closures [23].
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Sediment samples were collected using net collectors attached to the Lofoten fishing gear
(Atlantis 2008 cruise) and with an USNEL type box-corer (BC) (maximum breakthrough of 60
cm; effective sampling area of 0.25 m2 [50×50 cm]). A few samples were taken using a Bouma
type box-corer (effective sampling area of 0.0175 m2 [10×17.5 cm]). Both gears are designed to
take undisturbed samples from the top of the seabed, and are suitable for almost every type
of sediment. Sediment temperature and redox profiles (Eh) were immediately performed for
the box-corer sample after each station. In the laboratory, the granulometrical analysis of the
sediment was carried out by dry sorting the coarse fraction (>62 µm) and the sedimentation
of the fine fraction (<62 µm). The organic matter content was assessed after calcinating (at
500°C for 24 h) and drying the sediment sample.

The hydrographical conditions in the studied area during the Atlantis 2008 cruise were
characterised by means of a Seabird-25 CTD probe (SBE-25), equipped with oximeter, fluor‐
ometer and PAR detector. The survey schedule was optimized by systematically deploying
the CTD at fishing stations below 500 m, but not always at greater depths. At each cast, the
CTD was deployed to 5 m depth and stabilised for approximately 3 min. Once stable, the CTD
was brought back to the surface and started profiling at a constant speed of 1 m⋅s-1. The SBE-25
worked in auto-contained mode at a frequency of 8 scans⋅s-1 and the downloaded data were
converted into physical units and pre-processed by using the SeaBird software (SeaSave/SBE
DataProcesing-win32) with standard calibration values. Quality control and post-processing
was performed with MATLAB.

Atlantis 2008 stratified bottom trawl survey enabled the assessing of the biomass and bathy‐
metric distribution of the main commercial and most abundant fishery stocks by means of the
swept area method. The survey used a stratified random design with strata boundaries
definedby latitude and depth ranges, depth strata 1-7 located south of parallel 45°S and depth
strata 8-13 sited north of the referred parallel (Table 2). Scheduled fishing stations (hauls of 30
min) were performed using a Lofoten bottom trawl net fitted with a rockhopper mix train with
bobbins and rubber separators, suitable for deep-water fishing over irregular bottoms. Mean
trawl speed was of 3.2 knots and trawl direction followed the bathymetric profile in the upper
slope, but was variable in the outer shelf and middle slope.

Data recorded by scientific onboard observers from 1989 to 2007 between latitude 42°S and
48°S were used for mapping only the Spanish fishery footprint, since fishing data of other fleets
were unavailable to us. The IEO observers’ program placed one observer per selected vessel
to cover 12% to 15% of the whole fleet. Table 3 summarize the activities (number of hauls
year-1) of the IEO observers on the HS of the SW Atlantic, were Divisions 42 and 46 correspond
to the areas roughly around parallels 42°S and 46°S.

Data used for each fishing haul corresponded to the middle tow position, since it offers more
relevant information than the initial or final positions. All middle tow positions were imported
into ArcGIS 9.3 mapping software to plot all trawl tows as straight lines between the reported
start and end positions. They were then exported to a grid of 5’×10’ min blocks, and any block
including at least two tows was retained for mapping the bottom trawl footprint.
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Year Division 46 Division 42 Total

1989 756 734 1490

1990 411 222 633

1991 152 28 180

1992 561 9 570

1993 515 0 515

1994 469 0 469

1995 186 0 186

1996 310 21 331

1997 811 35 846

1998 709 0 709

1999 384 4 388

2000 590 44 634

2001 673 111 784

2002 452 142 594

2003 191 0 191

2004 472 0 472

2005 561 1 562

2006 477 0 477

2007 333 0 333

Total 9013 1351 10,364

Table 3. Number of hauls/year and division recorded by scientific observers.

Strata
Depth range

(m)
Surface

(mn2)

No. of grids
(~5 mn2)

No. of scheduled
hauls

No. of hauls made

Valid Null

1 <200 1148 219 12 12

2 201-300 272 51 3 4

3 301-400 381 71 4 3

4 401-500 518 119 7 7

5 501-700 1513 318 18 18

6 701-1000 1952 349 20 20 3

7 1001-1500 2007 435 24 2 5

8 <200 1394 254 14 15

9 201-300 111 24 2 2

10 301-400 121 21 2 2

11 401-500 78 26 2 2

12 501-1000 933 170 10 12

13 1001-1500 2507 515 29 26 5

Total 12933 2571 147 125 13

Table 2. Scheme of hauls by depth stratum, and main characteristics (ATLANTIS 2008 cruise).
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Proper identification of the areas where VMEs are present followed the methodology used by
the NAFO in its Regulatory Area [60]. Threshold catches, defined as catch levels of significant
concentrations of invertebrates to be considered as possible VME areas, were assessed by
analysing the cumulative biomass frequencies. Cumulative catch curve method was chosen to
calculate the threshold catch. The cumulative frequency was plotted for all capture sets where
taxa, considered as vulnerable by the International Guidelines for the Management of Fisheries
[54] and by the Convention for the Protection of the marine Environment of the North-East
Atlantic (OSPAR), were identified. The threshold selection for each taxon was made on the
basis of minimum/maximum catch, density and morphological characteristics. Once a location
of significant concentrations of vulnerable organisms was defined (key location), a 2 nm radius
buffer zone around it was drawn to provide a safe margin of error on site.

The Random Forest algorithm for classification (RF) was used to predict the potential distri‐
bution of vulnerable benthic species by rating environmental conditions on the basis of
previous observations.

RF is a non-parametric statistical method for data analysis that makes no distributional
assumptions about the predictor or response variables [61], showing high prediction accuracy
classifying rocky benthic communities [62] and beating other methods commonly used for
ecological prediction [61,63]; The algorithm calculate the suitability of a given habitat for a
given species based on known affinities with habitat characteristics, stored as raster maps, and
called independent ecogeographical variables (EGV). According to HSI values, a map of
species’ expected distribution is produced, a value ranging from 0 to 1 showing the probability
that the habitat of a given location is suitable for the species occurrence [64]. Thus, for a
particular location, high HSI values mean high chances of the species' occurrence. To perform
this mapping, presence/absence data from different vulnerable benthic organisms found in the
study area were used as dependent variables of the different EGV.

Gathering accurate sampling presence/absence data is a critical part of the study, since the
absence of a species in a given location can be due to several reasons: the species is present but
is not observed, the species is absent even though the habitat is suitable, or the species is absent
because of the unsuitability of the habitat. Only the last reason is considered as a “true absence”
[65,66]. As presence data were aggregated into one single group named “vulnerable organ‐
isms”, the resulting HSI predicted the potential habitat of any of the considered vulnerable
organisms in the HS of the SW Atlantic under study.

The RF method offers the possibility to calculate an accurate unbiased estimator, using Out-
Of-Bag (OOB) observations as an internal validation data set [67], computed from the resulting
confusion matrix [68]. Accuracy is the proportion of the total number of predictions that were
correct and this accuracy indicator is offered to the user as a measure of the model’s predictive
performance. It is determined using the equation:

ACCOOB= TS + TUN
Where TS is the number of truly suitable locations, i.e. suitable locations correctly classified
by the model; TU is the number of truly unsuitable locations, in other words unsuitable
locations that have been correctly classified; and N is the total number of observations.
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Data was analyzed using the R statistical software [69] and the “Random Forest” package [70]
and predictions were exported to a shapefile format using the “maptools” package [71]. GIS
visualization of results was performed using the ESRI ArcMap 10.0 software.

Selected environmental variables involved in the study included depth, slope, sea bottom
temperature, substrate characteristics and topographic position (Table 4). The topographic
position was sorted into six categories: shelf (1), outcrop areas on the shelf (2), high slope (3),
low slope (4), abyssal flats (5), and canyons (6).

Variable Type of variable Range (min- max)

Hydrography Sea bottom temperature Continuous 1.70ºC – 6.14ºC

Topography
Bathymetry Continuous 110.1m – 1848.6m

Slope Continuous 0º – 14.792º

Substrate characteristics

Q50 Continuous 2 – 3.59

Coarse sand fraction Continuous 0.17% – 11.2%

Fine sand fraction Continuous 57.2% – 97.28%

Mud fraction Continuous 2.17% – 41.31%

Topographic position Seabed morphology Discrete 1 – 6

Table 4. Summary of the environmental variables used for the Habitat Suitability Index (HSI) modelling of vulnerable
organisms.

CTD stations’ sea bottom temperature data were interpolated for the whole area using the local
polynomial interpolation function (LPI) implemented in the ArcGIS 10.0 software. Slope was
derived from the bathymetry high resolution data, and after studying the semivariogram,
substrate characteristics were interpolated from granulometrical measures for the whole area
using a universal kriging interpolator (Unpublished).

All the explanatory data were extracted for the presence/absence data locations, subsequently
exported and analysed with the R statistical software using the BIOMOD package [72]. Several
presence/absence models were performed: Generalized Additive Models [73,74], Multivariate
Adaptative Regression Splines [74,75], Generalized Boosting Models [74,76] and Random
Forest model (RF) [67,74].

3. Results

3.1. Geomorphology

Geomorphological and geophysical data from the five research cruises revealed that the outer
shelf was mantled by 15 m high sand ridges, and was 60 to 67 m deeper than the maximum
120 m lowering of sea-level during the last glacially induced regression. This difference in
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depth indicates that the PS had experienced subsidence in the Holocene. These ridges are relict
and were probably constructed during the post-glacial transgression by the north flowing
Falkland (Malvinas) Current, since they are resting on shell layers of <35,000 to 11,000 years
old [77].

The upper continental slope descends from the shelf break, located at depths from 200 to 750
m, and is scarred by iceberg plough marks whose orientation and morphology suggest that
icebergs carried northwards by the Falkland (Malvinas) Current were probably responsible
for this erosion during the last glaciations [78].

Scattered over the study area (south of 45˚S) we found pockmarks, carbonate mounds formed
by deep-water corals, northwards furrows, areas of smooth topography and sediment waves
indicating that deposition on this part of the middle slope is controlled by bottom currents [79].

Seven submarine canyons were identified on the middle slope surveyed (Figure 2). Canyons
1 to 6 were cut by turbidity currents, whereas canyon 0 resulted from the combined effect of
turbidity currents and coalescence of pockmarks (formed by the expulsion of thermogenic
gas). These gas and fluid seepages contributed to the formation of canyons and to the partial
detachment of blocks from the canyon walls. Thus, the thermogenic gas responsible for the
formation of the identified pockmarks on the middle slope could be deep-seated, probably
related to the Falkland Rift Basin, north of the Falkland (Malvinas) Islands [80,81].

Figure 2. Colour shaded 3D bathymetric map of a segment of the Patagonian Argentinian margin compiled from mul‐
tibeam backscatter data. Arabic numbers identify submarine canyons discussed in text. CS=Continental shelf; US=Up‐
per continental slope; MS=Middle continental slope; P=Pockmark; PL=Iceberg plough marks.

The association of gas seepage with deep-water corals has been reported by [82] in pockmarks
off Brazil. If such association also occurs on the Patagonian margin, those communities may
be quite widespread in our study area.

3.2. Benthic communities

Bathelia candida (Moseley, 1881) was found to be one of the main reef builder species in the
study area, providing habitat for diverse associated fauna of sponges, crustaceans, echino‐
derms, molluscs, and other cnidarians. The benthic megafauna caught during the cruises
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The association of gas seepage with deep-water corals has been reported by [82] in pockmarks
off Brazil. If such association also occurs on the Patagonian margin, those communities may
be quite widespread in our study area.

3.2. Benthic communities

Bathelia candida (Moseley, 1881) was found to be one of the main reef builder species in the
study area, providing habitat for diverse associated fauna of sponges, crustaceans, echino‐
derms, molluscs, and other cnidarians. The benthic megafauna caught during the cruises

Biodiversity in Ecosystems - Linking Structure and Function10280

included invertebrates as well as Phyla Chordata and Hemichordata. Phyla Cnidaria and
Porifera were dominant in terms of biomass (46% and 30%, respectively [Figure 3A]). The high
abundance of Cnidaria is remarkable, since 33.7% of the biomass of this phylum corresponded
to the Class Octocorallia, including significant groups such as gorgonians (sea fans), alcyona‐
ceans (leather corals) and pennatulaceans (sea pens). In addition, the VMEs dominated by
suspensivore and/or filter feeding organisms are habitats with high biodiversity and many
resources.

Figure 3. Biomass per Phyla in total strata (A) and by stratum < 200 (B), 201-300 (C), 301-400 (D), 401-1000 (E),
1001-1500 m depth (F).

A large part of the benthic samples contained erect sponges, octocorals, colonial scleractini‐
ans, calcified antipatharians, and hydrozoans (Family STYLASTERIDAE), all of them slow-
growing organisms considered as vulnerable by the UN and the OSPAR standards (see Table
7).
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Bathymetric strata differences clearly arise by comparing the composition of the sampled
benthic megafauna (Figures 3B-F):

Strata 1 and 8 (<200 m) showed a low catch of benthos (17,209 and 41,202 g. respectively), both
in number and diversity. We observed a strong dominance of pectinid molluscs of the Genus
Zygochlamys (Ihering, 1907) (60.39% of the biomass [Figure 3B]), mainly Z. patagonica (King &
Broderip, 1832), followed by those of the Genus Chlamys (Röding, 1798). Vulnerable organisms
were practically unrepresented in these shallower strata, probably due to the bottom trawling
activities for years by bottom trawlers from international fleets.

Strata 2 and 9 (201-300 m) recorded the lowest catch in terms of biomass (2121 and 1576 g,
respectively). In these strata, detritivorous and opportunistic species were predominant, and
the presence of vulnerable organisms was negligible again. Compared to strata 1 and 8, we
observed an increase of the benthic cnidarians’ biomass values, dominated by gorgonians from
Family PRIMNOIDAE (Milne Edwards, 1857) (Octocorallia; Gorgonacea) (80.32% in biomass,
[Figure 3C]).

Strata 3 and 10 (301-400 m) were hardly sampled due to the reduced number of valid hauls (3
in stratum 3 and 2 in stratum 10). The low benthic biomass and the negligible presence of
vulnerable organisms (Figure 3D) could be attributed to bottom fishing activities, as above‐
mentioned for strata 1 and 8.

Strata 4, 11, 5, 6, and 12 of intermediate depths (401-1000 m, [Figure 3E]) recorded high biomass
and numbers of octocorals, sponges, colonial scleractinians (Bathelia candida), and large
hydrocorals. Octocorals included colonies of various genera belonging to families PRIMNOI‐
DAE and ISIDIDAE. As aforementioned, the increase and proliferation of these species create
complex 3D structures providing the ideal habitat for a wide range of organisms. In those
strata, the large amount of filter feeders and suspensivore sessile organisms is an indication
of the presence of unaltered, complex and structured ecosystems. In the future, ROV and other
submersible camera systems could confirm these assumptions.

Strata 7 and 13 (1001-1500 m, [Figure 3F]) were the most difficult ones for trawling. Numerous
tows failed to produce valid results. In these strata, the highest proportion of animals was of
benthopelagic crustaceans, usually making diel migrations, even though they were normally
present on the seafloor. Benthic cnidarians were dominated by octocorals of the Order
PENNATULACEA (Verrill, 1865), with a wide bathymetric distribution, adapted to live on
soft substrates.

3.3. Sediments

Sediment data obtained during Patagonia 1207, Patagonia 0108, and Atlantis 2008 cruises
showed that fine sands were generally predominant throughout the study area, with low
contents of organic matter and sediment sorting varying from poor to moderately good. In
more detail, the bathymetric sedimentary classification would be as follows:

Depths <200 m: fine sand (mean diameter=210 µm) with low organic matter content (mean
value=1.14 %), moderately sorted.

Depths from 201 to 400 m: fine sand (mean diameter ranging from 150 to 189 µm) with low
organic matter content (mean value=1.06%), moderately well sorted.
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Depths from 401 to 700 m: very fine sand (mean diameter from 110 to 120 µm) recording the
highest organic matter content (mean value ranging from 2.23% to 2.35%) and also the highest
percentage (up to 44.50%) of silt and clay (<62 µm). Sorting was poor to moderate.

Depths from 701 to 1500 m: fine sand sediments similar to those of the shallowest stratum
(mean diameter 160 to 190 µm), with low organic matter contents (mean value ranging from
1.43% to 1.68%). Moderately sorted.

Depths >1501 m: the deepest stratum, located in the bottom of submarine channels and
canyons, was characterised by the presence of heterogeneous sediments mainly composed of
fine sand (mean diameter=200 µm), with low organic content (mean value=1.68%) and poor
sorting. This stratum showed the highest percentage (up to 39.5%) of coarse particles (>500
µm).

3.4. Fishery footprint

The statistical analysis of the bottom trawl footprint plot generated with the georeferenced
fishery data obtained by the IEO scientific observers (between 1989 and 2007, 9013 fishing
operations) showed that most of the commercial hauls of the Spanish fishing fleet in the study
area (99.85%) took place at depths below 300 m (Figure 4).

Figure 4. Location of commercial hauls and fishery footprint (5’×10’) of the Spanish bottom trawl fleet on the HS of the
SW Atlantic (1989-2007).
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4. Multivariate analysis

4.1. Model selection

Predictive accuracy of the models was evaluated through multiple cross-validation proce‐
dures, splitting the original data three times into two random subsets for calibration (80% data)
and evaluation (20% data). The mean area under the receiver operating characteristic (ROC)
curve (AUC) obtained from the three repetitions served to assess the predictive performance
index of the model. AUC ranks from 0.5 to 1, null accuracy or perfect accuracy of the model,
respectively [83]. Table 5 shows the best predictive performance score of the RF model, which
was subsequently chosen for vulnerable species modelling.

Model Mean cross validation score

RF 0.876

GBM 0.825

MARS 0.804

GAM 0.778

Table 5. Validation of the predictive performance of the four candidate presence/absence models tested (RF: Random
Forest; GBM: Generalized Boosting Model; MARS: Multivariate Adaptative Regression Splines; GAM: Generalized
Additive Model).

4.2. Variable influence

The Mean Decrease Gini method, implemented in the BIOMOD package, was used to measure
the importance of the dependent variable. This exploration tool shows graphically the total
decrease in node impurities from splitting on the variable, averaged over all trees. Thus, for
classification, the node impurity is measured by the Gini index [72]. The higher the value in
the X axis, the higher importance the indicated variable will have on the classification of the
dependent variable. Figure 5 show that the topographic position is the main variable affecting
the distribution of vulnerable organisms in the HS of the PS, followed by the slope and the sea
bottom temperature. Comparatively, the sea floor granulometry has a negligible effect on the
distribution of the vulnerable organisms.

In addition to this, it is possible to visualize how each environmental variable, independently
from any other, influences the response variable using partial dependence plots [73], which
graphically represents the relationships between each predictor variable and the predicted
occurrence probabilities of the vulnerable organisms obtained from the RF model. Figure 6
show that bathymetry has a positive effect between 500 and 1000 m depth. Regarding the
topographic position, the highest interactions with the presence of vulnerable organisms were
observed in canyons (6), followed by abyssal flats (5) and the slope (3 and 4). On the shelf, only
outcrop areas (2) were positively correlated with the dependent variable.
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Figure 6. Partial dependence plots showing quantitative influence from each environmental variable on the occurrence
of benthic vulnerable organisms predicted probability.

Figure 5. Mean Decrease Gini for each explanatory variable in the RF model. Higher values in the X axis indicate high‐
er influence of the environmental variable on the occurrence of benthic vulnerable organisms.
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4.3. HSI mapping

Table 6 shows the presence data of benthic vulnerable organisms from the 169 sampled
locations. Predicted values were plotted to produce a habitat suitability map showing survey
sampling stations with presence/absence data and the vulnerable organisms’ probability of
occurrence (Figure 7).

Organism Presence

Alcyonacea 15

Bathelia candida 23

Demospongiae 22

Gorgonacea 24

Hexactinellidae 14

Hydrozoa 41

Pennatulacea 7

Rhodalidae 9

Stylasteridae 25

Total VO 76

Table 6. Summary of the presence sampling data of vulnerable organisms (VO).

Figure 7. HSI map of benthic vulnerable organisms. Higher probability of occurrence is shown in darker tones. Survey
sampling stations are overlapped, showing presence (black dot) or absence (circle) of such organisms.
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5. Conclusions

Multibeam acoustic data showed that the upper slope and uppermost middle slope were
scarred by iceberg plough marks. The middle slope surveyed was entrenched by seven
submarine canyons [78]. Pockmarks and other seismic and morphologic evidence of gas/fluids
seepage were pervasive throughout the entire survey area and more intense in the southern
middle part [80]. Water coral communities associated with those pockmarks could be quite
extensive in the study area.

The highest benthic biodiversity was found between 800 and 1500 m depth. Biodiversity was
higher along the continental margin (per an equal number of individuals, and in terms of
abundance) than biodiversity found along the continental shelf. Our results have confirmed
the existence of close ecological relationships between Patagonian deep-sea fauna and
Antarctic fauna of shallow waters. Benthic megafauna collected included invertebrates,
chordates, and hemichordates. There was a clear dominance in biomass and diversity of the
Phyla Porifera and Cnidaria. Most species of these groups are considered as vulnerable
according to UN and OSPAR criteria: sponges, octocorals, colony scleractinians, anthipatari‐
ans, calcified hydrozoans (Family STYLASTERIDAE), and erect bryozoans (Table 7).

Shallow waters (<400 m) are the strata having sustained most of the fishing pressure for almost
50 years. Below 400 m we recorded the lowest biomass, abundance and diversity values, most
likely due to this fishing pressure. In these strata we noted the presence of sparse organisms
with erected growth, a high dominance of pectinid mollusks (Zygochlamys patagonica), and
minor presence of species considered as indicators of VMEs.

Intermediate depths (401-1000 m) showed an important increase in number and biomass of
vulnerable organisms, with outstanding numbers, densities and biomasses of octocorals,
sponges, colony scleractinians (Bathelia candida) and big hydrocorals (Errina spp., Cheiloporidion
pulvinatum [Cairns, 1983], Sporadopora sp., and Stylaster densicaulis [Moseley, 1879]). Also
remarkable was the presence of sponges of the Family CLADORHIZIDAE (Dendy, 1922), a
group of a great zoological importance because they are carnivorous and have developed a
trophic adaptation to live in the ocean’s depths.

In deeper strata (1001-1500 m) we found more anomuran crustaceans of the Family LITHO‐
DIDAE (Samouelle, 1819) (mainly Paralomis formosa [Henderson, 1888]). Amongst benthic
cnidarians, the pennatulid octocorals (Order PENNATULACEA) were the most abundant.

The model accuracy is acceptable (0.876). Although the modelling’ accuracy values were
higher when considering each organism, this was an expected fact due to the different
environmental preferences of the studied organisms. However, HSI mapping is a useful
conservation management tool enabling an initial observation of how environmental condi‐
tions control the spatial distribution of vulnerable organisms in the study area. The research
will proceed further when data from all 13 survey cruises undertaken in the area are analysed.

The main environmental conditions affecting presence of vulnerable organisms seems to be
connected to the topographic position, slope and bathymetry. Sea bed granulometry appeared
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Porifera Grant, 1836 Chondrocladia sp.

Class Hexactinellida Schmidt, 1870 Euchelipluma sp.

Rossella antarctica Carter, 1872 Mycale (Oxymycale) acerata Kirkpatrick, 1907

Class Demospongiae Sollas, 1885 Mycale (Carmia) gaussiana Hentschel, 1914

Tetilla leptoderma Sollas, 1886 Isodictya kerguelenensis Ridley & Dendy, 1886

Cynachyra sp Latrunculia sp.

Geodia sp. Axinellidae indet.

Polymastia sp. Haliclona (Haliclona) sp.

Radiella sp. Haliclona (Gellius) sp.

Tentorium sp. Dictyoceratida indet.

Stylocordyla cf. stipitata Cnidaria Hatschek, 1888

Timea sp. Class Hydrozoa Owen, 1843

Lithistidindet. Errina sp.

Iophon sp. Stylaster cf. densicaulis

Clathria sp. Class Anthozoa Ehrenberg, 1831

Raspailia sp. Alcyonium sp.

Inflatella sp. Anthomastus sp.

Pyloderma latrunculioides Ridley & Dendy, 1886 Paragorgia sp.

Desmacidon, sp. Primnoella sp.

Hymedesmia (Hymedesmia) sp. Isididae indet.

Hymedesmia (Stylopus) sp. Anthoptilum sp.

Phorbas sp. Halipteris sp.

Myxilla (Myxilla) mollis Ridley & Dendy, 1886 Epizoanthus sp.

Myxilla (Burtonanchora) lissostyla Burton, 1938 Actinostola crassicornis Hertwig, 1882

Tedania (Tedaniopsis) charcoti Topsent, 1907 Bathelia candida Moseley, 1881

Tedania (Tedaniopsis) oxeata Topsent, 1916 Caryophyllia sp.

Tedania (Tedaniopsis) massa Ridley & Dendy, 1886 Desmophyllum sp.

Tedania (Trachytedania) sp. Flabellum sp.

Asbestopluma sp.

Table 7. Cold-water corals and deep-water sponges concentrations: list of most common species collected in the
campaigns of the Atlantis Project in 2007 and 2008.
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to have a negligible effect on the presence of vulnerable organisms, contradicting published
research results on this subject in other geographical areas, where substrate characteristics
determine to a large extent the presence or absence of a particular benthic species [84-86].

Our study only calculated the general trends of the granulometrical parameters, while
bathymetry, slope and topographic position were variables derived from high resolution data,
strongly correlated with the response variable. Therefore, local conditions are the main factors
ruling the potentiality of a habitat to host benthic vulnerable organisms in the HS of the PS.

The use of the Random Forest model offers both higher classification accuracy and determi‐
nation of variable importance, and more stability where small perturbations of the data exist
[76]. RF is a predictive classification and algorithm that does not make any distributional
assumptions about the predictor or the response variables. It also handles situations in which
the number of predictor variables exceeds the number of observations, offering a powerful
non parametrical alternative for ecological modelling [64].

The vulnerable species groups, communities and habitats described here are mainly distrib‐
uted beyond the 500 m depth contour. The presence of organisms considered as vulnerable is
almost negligible in the fishing area. This fact is almost certainly due to bottom trawling
operations of international fleets taking place in the study area for nearly 50 years. Also, the
fishing grounds are far away from the geographical location of the main geomorphological
features such as canyons, trenches, gas and fluid seepages observed in the middle slope, and
identified as potential sites for VMEs.

The fishery footprint plot shows that the historical activity of the Spanish bottom trawler fleet
has been located in the shallowest depth strata, at depths not generally exceeding 300 m. On
this basis we think that the adverse impacts of current bottom fishing activities on VMEs are
negligible or small. However, the displacement of the fishing fleet to target deep sea species
at greater depths (were the existence of VMEs has been observed) could have a negative impact
on those ecosystems. With this in mind and following the FAO deep-water guidelines, the
potential threat of such a fishing strategy should be assessed.

Apart from Spanish fishing fleet, other bottom trawling fleets from different nations (former
Soviet Union, Poland, GDR, Bulgaria, etc) have been operating intensively in the SW Atlantic
(including our study area) from mid 60’s until mid 80’s, both over the continental shelf and
slope [87-92]. Even if no data were made available to us for assessing the eventual negative
impact of these fleets on VMEs, some experiences in other geographical areas such as the North
Atlantic, Southwest and East Pacific, seamounts off Tasmania, and waters off New Zealand
[31,45,92], have shown that high fishing pressure exerted by a large number of bottom trawlers
over a long period of time could relevantly affect these VMEs. We therefore think that probably
the almost 50 years of intensive bottom trawling in this SW Atlantic area by the abovemen‐
tioned fleets could have contributed to the low presence of VMEs in the study area at depths
lower than 500 m.
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1. Introduction

Costa Rica is an ideal reference point for global tropical ecology. It has an abundance of tropical
forests, wetlands, rivers, estuaries, and active volcanoes. It supports one of the highest known
species density (number of species per unit area) [1, 2] on the planet and possesses about 4 %
of the world´s total species diversity [3]. Because of its tropical setting, it also serves as an
important location for agricultural production, including cultivars such as coffee, bananas,
palm hearts, and pineapples. The country has also attracted more ecotourists and adventure
travelers per square kilometer than any other country in the world [4].

The agrorural frontier on the Caribbean side of Costa Rica started to spread during the 1970s,
especially in its northeastern area. Migrations of land-poor people from the Pacific and
mountain areas of the country started to colonize the land that the government had made
available [5, 6]. These waves of immigrants tended to establish themselves along river systems.
In this way, towns, small to medium-scale family farming, ranching, and plantation agriculture
began to base themselves along the main river systems. It was during this time that the human
settlements originated along the Dos Novillos River [7].

Residual waters produced by all of the aforementioned human activities are at present
discharged into the river systems in the Costa Rican Caribbean area. Households not situated
in the neighborhood of rivers will use septic tanks; homesteads situated along riverbanks will
discharge their effluents directly into the rivers. Other activities like the production of residual
waters from dairy farms, pigsties, banana packing plants, plantations´ excess fertilization, etc.
will drain eventually into a river. The Dos Novillos River is no exception. Water sewage
systems in this part of Costa Rica are almost non-existent.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Aquatic biomonitoring in Latin America started at the end of the last century, commencing in
Colombia [8-10] and then spreading to other Latin American countries. Revisions of the use
of aquatic biomonitoring indices in Latin America are given in de la Lanza Espino et al. [8],
Prat et al. [9], and Springer [10]. In the case of Costa Rica, several studies based on the impor‐
tance of macroinvertebrates for biomonitoring water quality and community structure, and
function in banana and conventional and organic rice systems [14-22], as well as macroinver‐
tebrate field-guides [23, 24] have been published. Some studies of macroinvertebrate assem‐
blage structures also have been reported for rivers on the southern Caribbean coast of Costa
Rica [25-34].

Although ecosystem studies have been used in Costa Rica for evaluating possible impacts
caused by crop activities on river water quality at specific points, almost nothing is known
about how a mix of other human activities can impact macroinvertebrate biodiversity and
ecosystem structure along the length of a river. The aim of this study was to use macroinver‐
tebrate biodiversity under the influence of different human activities along the length of a river
in order to describe their impact on community structure and function in tropical agrorural
environments.

2. Materials and methods

2.1. Study area

This study was conducted at the Dos Novillos River (Figure 1, Table 1) in the province of
Limón, Costa Rica. Samples were collected two times a month from January 2005 to March
2005 and monthly from April 2005 to January 2006. The Dos Novillos River drains from the
Central Cordillera at an elevation of approximately 2380 masl towards the Caribbean lowlands
of the province of Limón. This river is part of the 2950 km2 Parismina River watershed in a
premontane wet forest and tropical moist forest region [35]. The underlying geology is
represented by quaternary sedimentary and volcanic rocks under the influence of nearby
volcanoes, with a flat to undulating topography and poorly drained alluvial soils susceptible
to flooding [36]. Banana plantations have been developed on the lower reaches of this water‐
shed. The study area is characterized by a humid tropical climate with a mean temperature of
25.8 °C, an average annual relative humidity of 87 %, and an annual precipitation average of
3460 mm ± 750 mm without a pronounced dry season. The sampling area runs in a straight
line through the towns and localities of La Argentina, Pocora, and EARTH University in the
Province of Limón. Each fore mentioned landmark is separated by approximately 4 km. The
total sampling area runs along a length of 13.6 km, across an area with a mixture of a premon‐
tane wet forest, pastureland, small town, riparian tropical moist forest, and banana agricultural
areas.

Six sampling sites were located along the Dos Novillos River (Figs. 1-7; Table 1) where
macroinvertebrates were sampled. The first sampling site (Figure 2) (site 1, “Don Eladio”)
served as a reference site, being part of the rhithral region, located upstream of the first
anthropogenic disturbance (pastureland). This site is surrounded by tropical rain forest;
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therefore, natural good water conditions were expected, as well as high taxa richness and an
assemblage composition dominated by pollution-sensitive organisms. Site 2, “La Argentina”
(Figure 3), was located approximately 5.5 km downstream from site 1. This site was selected

Figure 1. Sampling site location and areas of major potential anthropogenic disturbance at the Dos Novillos River,
Guácimo, Limón, Costa Rica [modified from [37].
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to examine the possible extent that small livestock farming might have on river water quality.
Site 3, “Chiquitín” (Figure 4), was located approximately 8 km downstream from site 1. High
anthropogenic influence was expected at this site because the houses situated at the riverfront
discharge their grey and black waters directly into the river. Site 4, “Puente La Hamaca” (Figure
5), was located within the property of EARTH University, approximately 2 km downstream

Figure 2. The first site (Don Eladio) was established as a control (reference) site and is located several miles upstream of La Argentina, 
Pocora, inside natural tropical forest. The site is characterized by a variety of current conditions, with fast flowing riffles, medium laminar 
flow and pools. The substrate is composed mostly of medium-sized rocks, many of them covered with moss, though large boulders also 
stand, where large numbers of insects live in the splash area. 

Figure 2. The first site (Don Eladio) was established as a control (reference) site and is located several miles upstream
of La Argentina, Pocora, inside natural tropical forest. The site is characterized by a variety of current conditions, with
fast flowing riffles, medium laminar flow and pools. The substrate is composed mostly of medium-sized rocks, many
of them covered with moss, though large boulders also stand, where large numbers of insects live in the splash area.
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from site 3. As the intervening river length between sites 3 and 4 runs through forest areas,
site 4 was selected in order to examine if water quality was improved by a forest filtering
processes. Site 5, “Desembocadura” (Figure 6), is within the EARTH University campus and
is located approximately 500 m upstream from the confluence of the Dos Novillos and
Parismina Rivers. Site 5 was selected to analyze the impact of banana plantations on river water
quality. Site 6, “Quebrada Mercedes” (Figure 7), is one tributary of the Dos Novillos River

Figure 3. Site 2 (La Argentina) is located downstream of La Argentina. It is a place dominated by rocks of all sizes, although big boulders 
are less numerous than site 1. Current conditions are similar as in Site 1. Figure 3. Site 2 (La Argentina) is located downstream of La Argentina. It is a place dominated by rocks of all sizes,

although big boulders are less numerous than site 1. Current conditions are similar as in Site 1.
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flowing through a forested area within the EARTH University campus, approximately 2 km
downstream from site 3. Site 6 was chosen to examine if the intermittent discharge of a small
drain of water used to wash bananas in a packing plant had any effect on the stream. Table 1
indicates the exact location, depth, width, and current conditions for each site.

Figure 4. This site (Chiquitín) is located in the center of the town of Pocora. It is at this point where the channel becomes wider and 
current is more laminar; the substrate is also rocky, but there is no presence of large boulders. Figure 4. This site (Chiquitín) is located in the center of the town of Pocora. It is at this point where the channel be‐

comes wider and current is more laminar; the substrate is also rocky, but there is no presence of large boulders.
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Figure 5. Site 4 (La Hamaca) is located within the EARTH University campus, specifically at the suspension bridge. The diversity of 
current conditions is similar to the other sites, although the rock size is much smaller as at the other three upstream sites. The gallery 
forest borders the channel at this point. 

Figure 5. Site 4 (La Hamaca) is located within the EARTH University campus, specifically at the suspension bridge.
The diversity of current conditions is similar to the other sites, although the rock size is much smaller as at the other
three upstream sites. The gallery forest borders the channel at this point.
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Figure 6. Site 5 (Desembocadura) corresponds to the mouth of the River Dos Novillos with the Parismina. The substrate consists almost 
entirely of sand. Big boulders are absent, small rocks are scarce and current flow is weak; tall grasses, banana plants, bamboo, and a few 
trees dominate vegetation along the channel. At this site, small airplanes were observed flying over the river while spraying pesticides on 
the surrounding banana plantations. Figure 6. Site 5 (Desembocadura) corresponds to the mouth of the River Dos Novillos with the Parismina. The sub‐

strate consists almost entirely of sand. Big boulders are absent, small rocks are scarce and current flow is weak; tall
grasses, banana plants, bamboo, and a few trees dominate vegetation along the channel. At this site, small airplanes
were observed flying over the river while spraying pesticides on the surrounding banana plantations.
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Figure 7. Shallow waters and a moderate current characterize the tributary Quebrada Mercedes (site 6). Small rocks are the predominant 
substrate and current is moderate and laminar with some faster flowing riffle areas. 
2.2 Sampling
A plastic strainer with a diameter of 20 cm and 0.5 mm mesh size, and tweezers were used for directly collecting macroinvertebrates. The 
main criterion for this semi-quantitative collecting method is time; there were no defined sampling areas. All types of microhabitats 
present at a particular site were examined equally for the macroinvertebrates. Collected organisms were fixed immediately in 70 % 
ethanol at the time of sampling. Exact details of the sampling methodology can be found in Stein et al. [37]. 
A presampling was carried out in order to determine sampling time [37]. Out of the achieved results, an accumulated taxa curve was 
elaborated, and 120 min were determined to be a representative sampling time per site. Sampling took place during early morning and 
under normal current situations in order to avoid the negative effects of flooding and high water conditions. 
The government of Costa Rica has officially suggested this method under the water quality monitoring regulation [38]. This method is 
coupled with the use of a modified Biological Monitoring Working Party index for for Costa Rica (BMWP´-CR), a biotic index utilized to 

Figure 7. Shallow waters and a moderate current characterize the tributary Quebrada Mercedes (site 6). Small rocks are
the predominant substrate and current is moderate and laminar with some faster flowing riffle areas.
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Site number 1 2 3 4 5 6

and name
Don

Eladio
La

Argentina
Chiquitín

La
Hamaca

Desembocadura
Quebrada
Mercedes

Longitude (N) 10° 07´ 09.7´´ 10° 09´ 14.3´´ 10° 10´ 40.8´´ 10° 13´ 00.9´´ 10° 14´ 10° 12´

Latitude (W) 83° 39´ 15.2´´ 83° 37´ 24.7´´ 83° 36´ 10.6´´ 83° 35´ 18.4´´ 83° 34´ 83° 35´

Altitude (m) 441 187 90 51 40 44

Width (m) 24.2 17.5 30.5 24 22.2 9.5

Depth (m) 0.3-1.3 0.25-0.8 0.25-0.8 0.2-0.86 0.2 – 1.2 0.15-0.3

Current (m/s) 1.67 1.94 0.9 1.05 3.2 1.9

River
bottom

Medium-sized
rocks

Medium-sized
rocks

Small
rocks

Small
rocks

Sand
Small
rocks

Table 1. Geographical and physical characteristics of each sampling site at the Dos Novillos River (1-5) and the
Mercedes Stream (6), Guácimo, Province of Limón, Costa Rica.

2.2. Sampling

A plastic strainer with a diameter of 20 cm and 0.5 mm mesh size, and tweezers were used for
directly collecting macroinvertebrates. The main criterion for this semi-quantitative collecting
method is time; there were no defined sampling areas. All types of microhabitats present at a
particular site were examined equally for the macroinvertebrates. Collected organisms were
fixed immediately in 70 % ethanol at the time of sampling. Exact details of the sampling
methodology can be found in Stein et al. [37].

A presampling was carried out in order to determine sampling time [37]. Out of the achieved
results, an accumulated taxa curve was elaborated, and 120 min were determined to be a
representative sampling time per site. Sampling took place during early morning and under
normal current situations in order to avoid the negative effects of flooding and high water
conditions.

The government of Costa Rica has officially suggested this method under the water quality
monitoring regulation [38]. This method is coupled with the use of a modified Biological
Monitoring Working Party index for Costa Rica (BMWP´-CR), a biotic index utilized to define
different levels of water quality. Each family of macroinvertebrates has a sensitivity value
ranging from 1 to 10, reflecting tolerance to pollution based on the knowledge of distribution
and abundance. The values for each family are then summed up independently from abun‐
dance and generic or species diversity. Sensitivity scores higher than 120 points indicate
undisturbed aquatic ecosystems, while low values indicate serious contamination (mostly
organic) of the environment [13, 23, 38,].

2.3. Data analysis

The analyzed data comprised the values of the physical-chemical water quality variables
(Table 2) and macroinvertebrate abundances (Table 3) during a collecting period of 13 months
(January 2005 to January 2006).
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Site number 1 2 3 4 5 6

and name
Don

Eladio
La

Argentina
Chiquitín

La
Hamaca

Desembocadura
Quebrada
Mercedes

Longitude (N) 10° 07´ 09.7´´ 10° 09´ 14.3´´ 10° 10´ 40.8´´ 10° 13´ 00.9´´ 10° 14´ 10° 12´

Latitude (W) 83° 39´ 15.2´´ 83° 37´ 24.7´´ 83° 36´ 10.6´´ 83° 35´ 18.4´´ 83° 34´ 83° 35´

Altitude (m) 441 187 90 51 40 44

Width (m) 24.2 17.5 30.5 24 22.2 9.5

Depth (m) 0.3-1.3 0.25-0.8 0.25-0.8 0.2-0.86 0.2 – 1.2 0.15-0.3

Current (m/s) 1.67 1.94 0.9 1.05 3.2 1.9

River
bottom

Medium-sized
rocks

Medium-sized
rocks

Small
rocks

Small
rocks

Sand
Small
rocks

Table 1. Geographical and physical characteristics of each sampling site at the Dos Novillos River (1-5) and the
Mercedes Stream (6), Guácimo, Province of Limón, Costa Rica.

2.2. Sampling

A plastic strainer with a diameter of 20 cm and 0.5 mm mesh size, and tweezers were used for
directly collecting macroinvertebrates. The main criterion for this semi-quantitative collecting
method is time; there were no defined sampling areas. All types of microhabitats present at a
particular site were examined equally for the macroinvertebrates. Collected organisms were
fixed immediately in 70 % ethanol at the time of sampling. Exact details of the sampling
methodology can be found in Stein et al. [37].

A presampling was carried out in order to determine sampling time [37]. Out of the achieved
results, an accumulated taxa curve was elaborated, and 120 min were determined to be a
representative sampling time per site. Sampling took place during early morning and under
normal current situations in order to avoid the negative effects of flooding and high water
conditions.

The government of Costa Rica has officially suggested this method under the water quality
monitoring regulation [38]. This method is coupled with the use of a modified Biological
Monitoring Working Party index for Costa Rica (BMWP´-CR), a biotic index utilized to define
different levels of water quality. Each family of macroinvertebrates has a sensitivity value
ranging from 1 to 10, reflecting tolerance to pollution based on the knowledge of distribution
and abundance. The values for each family are then summed up independently from abun‐
dance and generic or species diversity. Sensitivity scores higher than 120 points indicate
undisturbed aquatic ecosystems, while low values indicate serious contamination (mostly
organic) of the environment [13, 23, 38,].

2.3. Data analysis

The analyzed data comprised the values of the physical-chemical water quality variables
(Table 2) and macroinvertebrate abundances (Table 3) during a collecting period of 13 months
(January 2005 to January 2006).
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The following physical-chemical variables were measured: pH, temperature, O2, O2 saturation,
suspended solids, turbidity, conductivity, NO3

-, NH4
+, PO4

+, BOD, and COD. The water
samples also were analyzed for the following agrochemicals associated with banana produc‐
tion using gas chromatography-MS and liquid chromatography-PDA: Chlorpyrifos, Diazinon,
Dimethoate, Edifenfos, Etoprofos, Fenamifos, Malathion, Parathion-methyl, Parathion-ehtyl,
Terbufos, Difenoconazol, Propiconazol, Imazalil, Ametrine, Atrazine, Hexazinone, Terbuty‐
lazine, Bromacil, Bitertanol, Chlorothalonil, and Thiabendazole. However, no traces of them
could be detected in the river water samples. This does not come as a surprise because in order
to monitor pesticides very frequent sampling would be required to detect peak concentrations
during pesticide application periods [39], whereas low concentrations are very difficult to
detect.

Following the suggestion of Ramírez and Gutiérrez-Fonseca [40], this study is also undertaking
an ecosystem process analysis of the functional feeding groups (FGG) of the aquatic macro‐
invertebrates. This sort of analysis is based on two key aspects of macroinvertebrates: mor‐
phological characteristics related to the obtainment of food resources (e.g., mouthparts and
related structures) and behavioural mechanisms (e.g., feeding behaviour). FGG is a very useful
tool that provides valuable information on ecosystem functioning, facilitating stream ecosys‐
tem comparisons, and avoiding the traps of gut content analysis, which is more appropriate
for assigning trophic guilds [40].

In this ecosystem study, the use of different parameters of the structure and composition of
macroinvertebrate assemblages are presented: total and relative abundances, taxa richness,
and functional feeding groups. Also, correlations of different genera and functional feeding
groups with environmental variables were analyzed.

2.4. Statistical analysis

The model comparisons between physical-chemical variables, macroinvertebrate abundances,
and the BMWP´-CR index at different collecting sites was done by performing an analysis of
variance (ANOVA; α=0.05). For all three cases, the proposed hypothesis is to test the existence
of significant variable differences between sites. Abundances were square root transformed in
order to comply with error normality. Evaluation of the best model (homocedastic or hetero‐
cedastic) for each variable was performed using the Akaike information criterion (AIC), which
is one of the benchmarks of mixed models based on penalized likelihood [41, 42]. When the
model detected significant differences, a DGC (Di Rienzo – González – Casanoves) statistical
test was performed for the comparison of means [43].

On the other hand, taxonomic groupings and FFG relative frequencies analyses were done
using a Chi-square test in order to assay for statistically significant differences between sites.
The Chi-square analysis is testing for independence between the sites and the studied
variables. Any p value below 0.05 shows the existence of an association between the site and
the studied variable.

PLS regression is a technique that combines Principal Component Analysis and Linear
Regression [44]. It is applied when it is desired to predict a set of dependent variables (y), in

Agrorural Ecosystem Effects on the Macroinvertebrate Assemblages of a Tropical River 11
http://dx.doi.org/ 10.5772/59073

309



this case the abundance of macroinvertebrate genera and FFG abundances and the BMWP
index values, from a set of predictor variables (x), in this case physical-chemical variables. To
represent the results obtained from the PLS analysis, a Triplot graph was superimposed on a
Biplot graph [45], thus correlating all variables. Then, the observations appear ordered in a
Triplot graph (sites), depending on the values of the dependent variables (macroinvertebrate
and FGG abundances and BMWP´-CR index) and their correlation with the predictor variables
(physical-chemical water-quality variables). For the macroinvertebrate genera PLS analysis,
out of the 127 collected taxa (of which, 123 could be identified to the genera level and their
different developmental stages: larva, pupa, adult), the multimetric analysis included only 58
taxa, which were chosen using a PCA (Principal Component Analysis). The rest were charac‐
terized for repeating the same information. These 58 taxa, composed of 15 688 individuals,
showed high projection values on the first two principal components. All statistical analyses
were done using the InfoStat program [46].

In order to correlate the abundance of macroinvertebrates, FFG, and the BMWP´-CR index
values of different sites, these variables were correlated with physical-chemical variables using
the Spearman rank correlation coefficient. In the present case, the hypothesis tries to establish
if one variable can be effectively substituted by another one, due to the existence of a significant
correlation. The Spearman correlation coefficient was selected, versus Pearson, because its use
is recommended in the case of having a small sample.

Finally, in order to evince the consistency of the sites´ congruences arranged in one plane
unto  physicochemical  variables  and  FFG  and  macroinvertebrate  genera  abundances,  a
Generalized  Procrustes  Analysis  was  performed.  This  analysis  is  used  for  harmonizing
multivariate configurations obtained on the same set of observations with different types
of variables or time points [47]. Alignment is performed through a series of steps includ‐
ing  normalization,  rotation,  reflection,  and  scaling  of  data  to  obtain  a  consensus  array
between groups of variables.  This series of steps should maintain the distances between
individuals from the individual configurations and minimize the distance between similar
points [44]. The result of this multivariate method is to present a graph that displays the
configurations  arrived  at  by  each  variable  type  and  the  consensus  configuration.  A
percentage consensus analysis was also undertaken. A high consensus indicates that any
group of variables characterizes the different sites in the same way; therefore, using any
group of variables is indistinct for site characterization.

3. Results

3.1. Physical-chemical parameters

Table 2 shows the results of the physical-chemical analysis (ANOVA, DGC-test, p>0, 05). All
sites presented neutral pH and high dissolved oxygen levels and saturation. Temperatures
varied in a statistically significant way, site 1 being the coolest place and site 5 the warmest.
Conductivity was quite low at all sites, but statistically significantly lower in sites 5 and 6;
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3. Results

3.1. Physical-chemical parameters

Table 2 shows the results of the physical-chemical analysis (ANOVA, DGC-test, p>0, 05). All
sites presented neutral pH and high dissolved oxygen levels and saturation. Temperatures
varied in a statistically significant way, site 1 being the coolest place and site 5 the warmest.
Conductivity was quite low at all sites, but statistically significantly lower in sites 5 and 6;
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whereas, turbidity was statistically significantly higher in site 6. NO3 was statistically signifi‐
cantly higher in sites 5 and 6, and lowest in sites 1, 2, and 3.

Variables
Site 1

Don Eladio
Site 2

Argentina
Site 3

Chiquitín
Site 4

Hamaca
Site 5

Desembocadura
Site 6

Q. Mercedes

pH 7.0±0.5 7.1±0.6 7.1±0.7 7.1±0.7 7.0±0.7 7.2±0.7

Dissolved O2 mg/L 7.2±1.8 7.4±1.8 7.5±1.2 7.7±1.6 7.00±2.1 7.0±1.8

O2 Saturation % 80.3±21.3 88.5±22.4 86.8±20.8 90.5±21.8 86.7±27.5 82.3±24.8

Temperature °C 21.1±0.6c 23.6±1.3b 24.7±1.4b 24.3±0.8b 25.9±1.5a 24.0±1.0b

Conductivity µS/cm 46.5±4.3b 49.3±4.4b 46.3±7.5b 43.3±17.5b 58.4±7.2a 56.0±14.5a

Turbidity NTU 1.3±2.3b 0.8±0.5b 1.0±0.6b 1.5±1.2b 1.4±1.2b 3.4±2.6a

BOD ppm 16.0±8.1 14.7±10.9 16.3±8.8 11.6±7.7 14.3±9.2 12.2±9.6

COD ppm 14.9±10.7 10.2±8.0 12.8±7.2 10.4±6.3 15.4±14.9 14.9±9.7

NO3 ppm 0.05±0.04c 0.03±0.02c 0.06±0.04c 0.10±0.05b 0.13±0.04a 0.15±0.07a

NH4 ppm 0.06±0.14 0.04±0.06 0.03±0.05 0.06±0.10 0.07±0.17 0.05±0.10

PO4 ppm 0.08±0.05 0.07±0.06 0.08±0.05 0.09±0.05 0.09±0.05 0.09±0.06

Susp. Solids mg/l 46.2±27.5 38.3±22.3 28.5±27.2 39.7±29.2 42.1±22.8 42.2±31.8

Table 2. Mean values of physical-chemical variables with their standard deviations used for the PLS analysis at the six
collecting sites (January 2005-January 2006). Means in the same row with the same lettering are not significantly
different (ANOVA, DGC-test, homocedastic model for the physical-chemical variables, p>0, 05).

3.2. Diversity and composition of macroinvertebrate assemblages

The study collected a total of 17 163 specimens, distributed in the following 6 classes (number
of total amount of specimens in parentheses): Clitellata (2), Turbellaria (10), Gastropoda (403),
Arachnida (21), Malacostraca (40), and Insecta (16 706) with the following orders: Ephemer‐
optera (6299), Coleoptera (3150), Trichoptera (3010), Diptera (2868), Plecoptera (683), Odonata
(435), Hemiptera (101), Megaloptera (91), Lepidoptera (64), Blattodea (2) (Table 3). The total
abundance analysis (Figure 8) shows that Ephemeroptera, Coleoptera, Trichoptera, and
Diptera were the most abundant groups, comprising 89.2 % of the collected macroinverte‐
brates.

Class/Order Family Genus FFG
Site 1

Don Eladio

Site 2

La Argent.

Site 3

Chiquitín

Site 4

Hamaca

Site 5

Desembocadura

Site 6

Q.Merced
Total

Blattodea Blaberidae Epilampra 0 1 0 0 0 1 2

Coleoptera Elmidae Austrolimnius CG 3 1 1 0 1 0 6

Coleoptera Elmidae Austrolimnius-a† CG 6 15 5 0 1 0 27

Coleoptera Elmidae Cylloepus† GC 0 0 0 3 4 3 10
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Class/Order Family Genus FFG
Site 1

Don Eladio

Site 2

La Argent.

Site 3

Chiquitín

Site 4

Hamaca

Site 5

Desembocadura

Site 6

Q.Merced
Total

Coleoptera Elmidae Cylloepus-a† CG 13 16 10 2 5 0 46

Coleoptera Elmidae Heterelmis† CG 46 50 26 42 21 3 188

Coleoptera Elmidae Heterelmis-a† CG 206 87 6 3 0 17 319

Coleoptera Elmidae Disersus CG 2 0 0 0 0 0 2

Coleoptera Elmidae Hexanchorus† CG 105 142 10 40 2 2 301

Coleoptera Elmidae Hexanchorus-a† CG 567 205 41 44 1 5 863

Coleoptera Elmidae Macrelmis† CG 26 199 53 108 19 15 420

Coleoptera Elmidae Macrelmis-a† CG 55 95 19 53 10 8 240

Coleoptera Elmidae Microcylloepus CG 4 5 5 3 4 1 22

Coleoptera Elmidae Microcylloepus-a† CG 17 53 1 5 8 6 90

Coleoptera Elmidae Neocylloepus CG 0 0 0 0 0 2 2

Coleoptera Elmidae Neoelmis CG 1 1 3 2 5 0 12

Coleoptera Elmidae Neoelmis-a† CG 1 5 5 2 1 0 14

Coleoptera Elmidae Onychelmis CG 0 0 0 0 1 0 1

Coleoptera Elmidae Phanocerus† CG 29 27 4 20 10 6 96

Coleoptera Elmidae Phanocerus-a† CG 32 9 0 13 10 6 70

Coleoptera Elmidae Pseudodisersus† CG 1 1 0 0 0 0 2

Coleoptera Elmidae Stenhelmoides CG 0 0 0 1 0 0 1

Coleoptera Elmidae Stenhelmoides-a CG 0 0 1 0 0 0 1

Coleoptera Gyrinidae Gyretes-a Pr 0 0 0 0 1 0 1

Coleoptera Lutrochidae Lutrochus Sh 0 1 0 0 0 0 1

Coleoptera Lutrochidae Lutrochus-a Sh 0 2 0 6 0 0 8

Coleoptera Psephenidae Psephenops-a Sc 0 4 0 0 0 0 4

Coleoptera Psephenidae Psephenus† Sc 52 128 87 67 13 12 359

Coleoptera Ptilodactylidae Anchytarsus† Sh 4 15 10 6 2 7 44

Diptera Blephariceridae Paltostoma† Sc 107 1 0 1 0 0 109

Diptera Blephariceridae Paltostoma-p† Sc 2 3 0 0 0 0 5

Diptera Chironomidae Chironomus CG 0 0 0 0 0 2 2

Diptera Empididae Hemerodromia† Pr 1 8 4 7 2 1 23

Diptera Psychodidae Maruina† Sc 263 274 142 24 0 0 703

Diptera Psychodidae Maruina-p† Sc 0 6 0 0 0 0 6

Diptera Simuliidae Simulium† Ft 36 588 442 244 412 130 1852

Diptera Simuliidae Simulium-p Ft 0 5 6 0 0 0 11

Diptera Tabanidae Chrysops Pr 0 0 0 0 0 1

Diptera Tipulidae Hexatoma† Pr 5 2 3 23 26 82 141

Diptera Tipulidae Hexatoma-p Pr 0 0 3 0 0 2 5
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Class/Order Family Genus FFG
Site 1

Don Eladio

Site 2

La Argent.

Site 3

Chiquitín

Site 4

Hamaca

Site 5

Desembocadura

Site 6

Q.Merced
Total

Ephemeroptera Baetidae Americabaetis† CG 3 4 13 197 512 65 794

Ephemeroptera Baetidae Baetodes† Sc 116 246 127 62 17 28 596

Ephemeroptera Baetidae Camelobaetidius† CG 91 179 198 84 21 8 581

Ephemeroptera Baetidae Cloeodes CG 20 6 50 2 9 1 88

Ephemeroptera Baetidae Mayobaetis† CG 119 96 0 0 0 0 215

Ephemeroptera Caenidae Caenis† CG 0 0 0 0 2 4 6

Ephemeroptera Heptageniidae Stenonema Sc 1 1 0 3 1 22 28

Ephemeroptera Leptohyphidae Asioplax† CG 4 2 2 2 3 1 14

Ephemeroptera Leptohyphidae Epiphrades† CG 0 1 0 11 54 17 83

Ephemeroptera Leptohyphidae Haplohyphes CG 0 1 0 0 0 0 1

Ephemeroptera Leptohyphidae Leptohyphes† CG 166 422 242 634 322 87 1873

Ephemeroptera Leptohyphidae Tricorythodes† CG 143 44 74 74 80 64 479

Ephemeroptera Leptohyphidae Vacuperinus CG 0 2 54 48 171 5 280

Ephemeroptera Leptophlebiidae Farrodes† CG 51 40 51 123 223 135 623

Ephemeroptera Leptophlebiidae Hydrosmilodon CG 0 1 0 0 0 0 1

Ephemeroptera Leptophlebiidae Terpides CG 2 1 1 3 96 5 108

Ephemeroptera Leptophlebiidae Thraulodes† CG 106 206 92 90 9 26 529

Hemiptera Hebridae Hebrus† Pr 1 6 1 1 1 0 10

Hemiptera Mesoveliidae Mesovelia Pr 1 6 4 0 1 2 14

Hemiptera Naucoridae Cryphocricos Pr 0 1 0 0 0 4 5

Hemiptera Naucoridae Limnocoris Pr 0 0 1 0 2 0 3

Hemiptera Naucoridae Limnocoris-a Pr 0 0 0 1 1 0 2

Hemiptera Ochteridae Ochterus† Pr 5 8 0 0 0 0 13

Hemiptera Veliidae Rhagovelia Pr 0 17 2 5 24 6 54

Lepidoptera Crambidae Petrophila† Sc 11 25 15 10 2 1 64

Megaloptera Corydalidae Chloronia† Pr 2 0 0 0 2 0 4

Megaloptera Corydalidae Corydalus Pr 13 27 5 36 4 2 87

Odonata Calopterygidae Hetaerina Pr 9 9 6 18 35 11 88

Odonata Coenagrionidae Argia Pr 21 19 39 22 44 22 167

Odonata Coenagrionidae Nehalenia† Pr 0 0 0 0 2 1 3

Odonata Corduliidae Neocordulia Pr 0 0 0 1 0 0 1

Odonata Gomphidae Agriogomphus Pr 0 0 0 0 2 7 9

Odonata Gomphidae Desmogomphus† Pr 4 2 0 0 0 0 6

Odonata Gomphidae Epigomphus Pr 1 1 0 0 1 0 3

Odonata Gomphidae Erpetogomphus Pr 1 1 2 1 4 24 33

Odonata Gomphidae Perigomphus Pr 0 1 0 0 0 0 1
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Class/Order Family Genus FFG
Site 1

Don Eladio

Site 2

La Argent.

Site 3

Chiquitín

Site 4

Hamaca

Site 5

Desembocadura

Site 6

Q.Merced
Total

Odonata Gomphidae Phyllogomphoides Pr 0 0 0 0 2 0 2

Odonata Libellulidae Brechmorhoga† Pr 9 3 1 5 1 1 20

Odonata Libellulidae Dythemis† Pr 0 0 0 2 15 4 21

Odonata Libellulidae Macrothemis† Pr 0 7 0 0 3 0 10

Odonata Libellulidae Miathyria Pr 0 0 0 0 1 0 1

Odonata Megapodagrionidae Heteragrion† Pr 10 3 3 0 3 14 33

Odonata Perilestidae Perrisolestes† Pr 0 0 0 0 1 1 2

Odonata Platystictidae Palaemnema Pr 0 0 1 1 0 28 30

Odonata Polythoridae Cora† Pr 1 3 1 0 0 0 5

Plecoptera Perlidae Anacroneuria† Pr 226 258 24 22 5 148 683

Trichoptera Anomalopsychidae Contulma Sc 1 0 0 0 0 0 1

Trichoptera Calamoceratidae Phylloicus Sh 5 0 0 0 0 0 5

Trichoptera Helicopsychidae Cochliopsyche† Sc 1 0 1 0 0 0 2

Trichoptera Helicopsychidae Helicopsyche Sc 9 0 0 0 0 0 9

Trichoptera Hydrobiosidae Atopsyche Pr 2 25 3 0 0 0 30

Trichoptera Hydrobiosidae Atopsyche-p† Pr 0 1 0 1 0 0 2

Trichoptera Hydropsychidae Leptonema Ft 11 43 13 124 37 153 381

Trichoptera Hydropsychidae Macronema Ft 1 0 0 1 2 83 87

Trichoptera Hydropsychidae Smicridea Ft 163 229 120 239 205 50 1006

Trichoptera Hydropsychidae Smicridea-p Ft 0 1 0 0 0 0 1

Trichoptera Hydroptilidae Alisotrichia Pc 0 0 0 4 0 0 4

Trichoptera Hydroptilidae Anchitrichia† Pc 0 0 0 4 0 0 4

Trichoptera Hydroptilidae Anchitrichia-p Pc 1 0 0 0 0 0 1

Trichoptera Hydroptilidae Brysopterix† Pc 265 13 0 0 0 0 278

Trichoptera Hydroptilidae Brysopterix-p† Pc 18 19 0 0 0 0 31

Trichoptera Hydroptilidae Leucotrichia Pc 0 9 32 0 0 0 72

Trichoptera Hydroptilidae Leucotrichia-p Pc 0 0 6 0 0 0 6

Trichoptera Hydroptilidae Ochrotrichia Pc 411 2 0 0 0 0 413

Trichoptera Hydroptilidae Ochrotrichia-p Pc 39 0 0 0 0 0 39

Trichoptera Hydroptilidae Oxyethira† Pc 4 0 2 0 0 0 6

Trichoptera Hydroptilidae Oxyethira-p Pc 2 0 0 0 0 0 2

Trichoptera Hydroptilidae Rhyacopsyche-p Pc 0 73 12 1 0 0 86

Trichoptera Leptoceridae Atanatolica† CG 20 5 0 0 0 0 25

Trichoptera Leptoceridae Atanatolica-p† CG 1 0 0 0 0 0 1

Trichoptera Leptoceridae Nectopsyche Sh 8 3 8 5 14 4 42

Trichoptera Leptoceridae Nectopsyche-p Sh 9 5 5 0 0 5 24
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Class/Order Family Genus FFG
Site 1

Don Eladio

Site 2

La Argent.

Site 3

Chiquitín

Site 4

Hamaca

Site 5

Desembocadura

Site 6

Q.Merced
Total
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Trichoptera Calamoceratidae Phylloicus Sh 5 0 0 0 0 0 5
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Trichoptera Hydroptilidae Brysopterix-p† Pc 18 19 0 0 0 0 31
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Trichoptera Hydroptilidae Ochrotrichia Pc 411 2 0 0 0 0 413
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Class/Order Family Genus FFG
Site 1

Don Eladio

Site 2

La Argent.

Site 3

Chiquitín

Site 4

Hamaca

Site 5

Desembocadura

Site 6

Q.Merced
Total

Trichoptera Leptoceridae Oecetis Pr 2 3 0 0 2 0 7

Trichoptera Leptoceridae Triplectides† CG 2 0 0 0 0 2 4

Trichoptera Philopotamidae Chimarra† Ft 22 116 79 130 15 89 451

Trichoptera Polycentropodidae Polycentropus† Pr 5 2 2 0 0 0 9

Trombidiformes Various families Various genera Pr 12 2 2 3 0 2 21

Decapoda Atyidae Atya CG 3 2 1 1 1 1 9

Decapoda Palaemonidae Macrobrachium Pr 7 6 3 4 3 2 25

Decapoda Pseudothelphusidae Pseudothelphusa CG 2 1 1 1 1 0 6

Gastropoda Ampullaridae Pomacea Sc 0 0 0 0 0 1 1

Gastropoda Ancylidae Gundlachia Ft 0 0 2 0 0 0 2

Gastropoda Hydrobiidae Aroapyrgus Sc 10 8 20 24 4 311 377

Gastropoda Physidae Gen. indet. Sc 0 0 12 0 0 0 12

Gastropoda Thiaridae Melanoides Sc 0 0 1 1 9 0 11

Lumbriculida Lumbriculidae Gen. indet. CG 0 0 2 0 0 0 2

Tricladida Planariidae Gen. indet. Pr 0 4 4 2 0 0 10

Total 3757 4170 2227 2722 2528 1759 17163

Table 3. Total number of individuals collected (abundance) per genera and its different life-forms along the studied
sites (a=adult, p=pupa, no sign=larva, † taxa considered for the genera PLS analysis). Functional feeding group (FFG)
categories: CG=Collector-Gatherers, Ft=Filterers, Pc=Piercers, Pr=Predators, Sc=Scrapers, and Sh=Shredders.

Figure 8. Graph indicating the percentage taxonomic composition of the total study sample of all six collecting sites.
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3.3. Comparison between sampling sites with different agrorural influence

If we consider the mean total number of collected individuals per site, clear abundance
differences are evinced (Figure 9). The greatest mean total numbers, with almost 300 individ‐
uals collected per sampling date, are found in the two least impacted sites (ANOVA, DGC-
test; p>0.05),the reference (site 1) and the livestock-pasture site (site 2), whereas the sites under
more intense human influence present statistically significantly reduced mean total values
(around 150 individuals collected per month).

Table 4 presents a family, genera, and EPT richness analysis of the different collecting sites, as
well as the mean BMWP-CR values and resulting water quality. The total family and genera
richness does not show significant frequency differences between sampling sites, although the
highest number of genera were found at the first two sites, with over 60 genera. The site with
the lowest taxonomic richness, both on family and genus level, was site 5, close to the river
mouth. The EPT taxa richness was highest at site 1 (14 EPT taxa), decreased downstream
towards only nine EPT taxa at sites 5 and 6, although no statistically significant frequency
differences were found using the Chi-square test. The BMWP’-CR index shows statistically
significant differences (ANOVA, DGC-test; p>0.05), where the index values diminish accord‐
ing to the following site groupings: (sites 1-2)-(site 6)-(sites 3-4)-(site 5). The water quality,
indicated by the mean BMWP’-CR index falls into the categories “good quality” (sites 1-2) and
“regular quality” (sites 3-6).
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Figure 9. Comparison of the mean of the total number of collected individuals in the six sampling sites. Means with
the same letters are not significantly different (ANOVA, DGC-test; p>0.05).

On the other hand, a very clear change in the structure of macroinvertebrate assemblages can
be observed along the different sampling sites of the Dos Novillos River (Figure 10). At the
first site, the undisturbed sampling point, beetles are significantly more abundant than at the
other sites (Chi-square, p<0.0001), which are all under the influence of human impact. The last
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On the other hand, a very clear change in the structure of macroinvertebrate assemblages can
be observed along the different sampling sites of the Dos Novillos River (Figure 10). At the
first site, the undisturbed sampling point, beetles are significantly more abundant than at the
other sites (Chi-square, p<0.0001), which are all under the influence of human impact. The last
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site (site 6) shows a significantly greater abundance of Gastropoda, Odonata, and Plecoptera
(Chi-square, p<0.0001). Here the banana packing plant discharges effluents, carrying small
banana pieces and other suspended organic material, into the water of the stream. Also, a
tendency of an increase in mayfly (Ephemeroptera) abundance can be observed towards sites
4 and 5, while caddisfly abundance is relatively steady throughout all sampling sites.

Ephemeroptera Plecoptera Odonata Diptera
Coleoptera Trichoptera Gastropoda Others
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Figure 10. Percentage abundances of the seven most common taxonomic groups at the six different sampling sites.
Groups marked with an asterisk (*) have statistically significant frequency differences (Chi-square; p<0.0001).

3.4. Functional feeding group analysis

The FFG analysis is presented in Figure 11 (Chi-square; p<0.0001). Collector-gatherers are the
dominant group at all sites along the main river, with around 50% of all individuals collected;
at Quebrada Mercedes (site 6), they are the second largest group after the filter-feeders. Filter-

Sites
Site 1

Don Eladio
Site 2

La Argentina
Site 3

Chiquitín
Site 4

La Hamaca
Site 5

Desembocadura
Site 6

Q. Mercedes

Families 37 39 40 36 33 35

Genera 63 67 53 52 45 53

EPT 14 11 11 10 9 9

BMWP’-CR 113.8±20.6a 119.8±16.3a 77.1±12.0c 83.9±8.4c 68.8±15.2d 93.6±13.2b

Water quality good good regular regular regular regular

Table 4. Total number of families, genera richness, EPT richness (Ephemeroptera-Plecoptera-Trichoptera), and mean
values for the BMWP’-CR index with resulting biological water quality in the different collecting sites. No statistically
significant frequency differences were found using the Chi – square test for families, genera and EPT richness
(ANOVA, DGC-test, heterocedastic model for the BMWP analysis, p>0, 05).
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feeders show also high percentages at each site, with exception of site 1 (reference site), where
they have statistically significant lower relative frequencies. One the other hand, piercers have
a statistically significant greater relative frequency at this site, compared to the rest of the
sampling sites. Finally, site 6 has a statistically significant lower relative frequency of collector-
gatherers and greater relative frequencies of predators, scrapers, and shredders.

CG Ft Pc Pr Sc Sh
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Figure 11. Percentage abundances of the functional feeding groups (FFG) at the six different sampling sites. Groups
marked with an asterisk (*) have statistically significant frequency differences (Chi-square; p<0.0001). CG=Collector-
Gatherers, Ft=Filterers, Pc=Piercers, Pr=Predators, Sc=Scrapers, and Sh=Shredders.

The FFG abundance PLS (Figure 12) presents high variation explanatory values, with factor 1
explaining 39.1 % of the total variance and factor 2 explaining 25.4 %. The variables´ temper‐
ature, as well as the piercer and predator abundances, mainly separates the different sites on
the horizontal projection, as does the shredder abundance on the vertical projection. The FFG
most closely allied to the reference site, is piercer abundance. On the other hand, the most
closely allied variables to the agriculturally impacted areas, sites 5 and 6, are the variables
turbidity, conductivity, and NO3.

3.5. Relationship between macroinvertebrate assemblages, physical-chemical parameters
and sampling sites

The macroinvertebrate abundance partial least square analysis (Figure 13) presents high
variation explanatory values, with factor 1 explaining 42.0 % of the total variance and factor 2
explaining 29.9%. The variable NO3, and to a lesser degree conductivity and turbidity, separate
mainly the different sites on the horizontal projection, as does suspended solids on the vertical
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3.5. Relationship between macroinvertebrate assemblages, physical-chemical parameters
and sampling sites

The macroinvertebrate abundance partial least square analysis (Figure 13) presents high
variation explanatory values, with factor 1 explaining 42.0 % of the total variance and factor 2
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one. The genera most closely allied to the reference site are: Brysopterix, Heterelmis, and
Paltostoma. On the other hand, the most closely allied genera to the agriculturally impacted
areas, sites 5 and 6, are larvae of the genera Caenis, Dythemis, and Hexatoma. Interestingly, the
Spearman rank analysis has resulted in a plethora of correlations. The strongest physical-
chemical/biological correlations are presented in Table 5.

Variable (1) Variable (2) Spearman rank p-value

pH Heterelmis -0.99 0.0003

NO3 Maruina -0.99 0.0003

Temperature Phanocerus -0.97 0.0012

Turbidity Atopsyche -0.94 0.0051

Turbidity Austrolimnius-a -0.93 0.0077

NO3 Farrodes 0.93 0.0077

O2 Saturation Hemerodromia 0.93 0.0077

NO3 Piercers -0.93 0.0077

PO4 Collector-Gatherers -0.93 0.0080

NO3 Cora -0.93 0 0080

Figure 12. Site ordination (1-6) with a triplot PLS analysis using physical-chemical values as independent variables and
functional feeding group abundances as dependent variables. CG=Collector-Gatherers, Ft=Filterers, Pc=Piercers,
Pr=Predators, Sc=Scrapers, and Sh=Shredders.

Agrorural Ecosystem Effects on the Macroinvertebrate Assemblages of a Tropical River 21
http://dx.doi.org/ 10.5772/59073

319



Variable (1) Variable (2) Spearman rank p-value

Turbidity Cora -0.93 0.0080

PO4 Cylloepus-a -0.93 0.0080

PO4 Macrelmis-a -0.93 0.0080

PO4 pH 0.93 0.0080

NO3 PO4 0.93 0.0080

Table 5. Statistically significant associations of the Spearman rank correlation coefficient between physical-chemical,
genera, and functional feeding groups (a=adults, p=pupae, genera with no lettering=larvae).
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Figure 13. Site ordination (1-6) with a triplot PLS analysis, using physical-chemical values as independent variables,
and macroinvertebrate generic abundance and the BMWP index as dependent variables (FFG categories: purple=col‐
lector-gatherers, yellow=filterers, green=piercers, grey=predators, red=scrapers, blue=shredders).

The Procrustes analysis produced a good site ordination consensus based on macroinverte‐
brate abundances, FFG, and the physical-chemical variables. The first axis explains 45.8 % of
the variance and the second axis explains 33.8 % (Figure 14). The proportional consensus
percentages are also good, ranging from 76 % to 92.4 %, with a mean value of 82.9% (Table 6).
One can conclude that the site ordination has a good congruence with the biological and
physical-chemical data sets.
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Figure 13. Site ordination (1-6) with a triplot PLS analysis, using physical-chemical values as independent variables,
and macroinvertebrate generic abundance and the BMWP index as dependent variables (FFG categories: purple=col‐
lector-gatherers, yellow=filterers, green=piercers, grey=predators, red=scrapers, blue=shredders).

The Procrustes analysis produced a good site ordination consensus based on macroinverte‐
brate abundances, FFG, and the physical-chemical variables. The first axis explains 45.8 % of
the variance and the second axis explains 33.8 % (Figure 14). The proportional consensus
percentages are also good, ranging from 76 % to 92.4 %, with a mean value of 82.9% (Table 6).
One can conclude that the site ordination has a good congruence with the biological and
physical-chemical data sets.
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Figure 14. Site ordination configuration congruence according to physical-chemical values (PC), macroinvertebrate
and functional feeding group (FFG) abundances (Genera) using a Procrustes analysis.

Variable Proportional
consensus (%)

Genera 92, 4

FFG 78, 3

PC 76, 0

Mean 82, 9

Table 6. Proportional consensus percentages as displayed by the configurations generated between macroinvertebrate
generic abundances, physical-chemical values (PC), and functional feeding groups (FFG) with the generalized
Procrustes ordination.

4. Discussion

An important consideration for the present study is the ability to distinguish between natural
variability and human impacts [49]. In the present case, all sites are located along the same
river, spanning only a small distance of 10 km (Figure 1). Moreover, elevation, stream size,
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and surface geology are relatively similar (Table 1) in order to properly assess human impacts
and reduce natural gradients.

4.1. Diversity and composition of macroinvertebrate assemblages

The present study recorded the existence of 16 macroinvertebrate orders. In an analysis
undertaken by Castillo et al. [17] very near to the present collecting localities, the authors
reported the existence of 15-16 macroinvertebrate orders in their reference sites and 12-16
orders in the banana plantation sites. The results of the present study fall within the order
range for similar studies in nearby regions. The present analysis resulted in 53 collected
families (Table 3). This number compares well with the number of families collected by Lorion
and Kennedy [27] and O’Callaghan and Kelly-Quinn [58] in Costa Rican and Honduran
neotropical rivers, who reported 56 and 60 families, respectively. The present study also
identified a total of 98 genera (Table 3). Montoya Moreno et al. [59] reported 69 genera for the
Negro River in Colombia; whereas, Sánchez Argüello et al. [59] reported 96 genera in their
study in Panama. Considering that some groups, such as water mites, were not identified to
genus level in the present study, the total number of genera present in the Dos Novillos river
and its tributaries is likely to be over 100 genera, reflecting a very high taxa richness.

It is interesting to compare the dominance results obtained in this study with analyses made
in neighbouring areas under similar ecological conditions. Ramírez et al. [33] sampled the
Carbón and Gandoca Rivers and found the following dominance gradient for total abundan‐
ces: Ephemeroptera-Diptera-Trichoptera-Odonata. Castillo et al. [17], sampling on sites very
near to the present ones, found the following order dominance in their reference sites:
Ephemeroptera-Trichoptera-Coleoptera and the following one in banana plantation sites:
Ephemeroptera-Diptera-Coleoptera-Gastropoda-Trichoptera. Lorion and Kennedy [27]
studied several streams in the Sixaola River Valley. Considering the total number of individ‐
uals, they found a diminishing abundance gradient as follows: Ephemeroptera-Diptera-
Coleoptera-Odonata. Gutiérrez-Fonseca and Ramírez [50] have reported at La Selva Biological
Station, in a 15-year study, the following dominance sequence in unpolluted streams: Diptera-
Trichoptera-Odonata. The present study (Figure 8) has found the following abundance
dominance order: Ephemeroptera-Coleoptera-Trichoptera-Diptera. It would seem from these
results that dominance sequences might vary depending on several factors dependent on the
collecting site, such as substrate, current, and water quality, but also can be a result of different
sampling device and mesh size [37]. However, Ephemeroptera would appear to be the most
constant dominant group in most lowland rivers and streams in Costa Rica.

4.2. Comparison between sampling sites with different agrorural influence

The analysis of abundance differences demonstrates that less impacted sites clearly show
statistically significantly higher abundances than sites under stronger human influence (Figure
9). Similarly, Paaby et al. [28] and Lorion and Kennedy [27] detected greater abundances in
forested areas versus pastures under neotropical conditions; whereas, the study by Ramírez
et al. [33] detects greater abundances in Costa Rican tropical riffle habitats than in other habitats.
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Taxonomic composition also varies in a clear way along the sampling sites under the influence
of different ecological impacts (Figure 10). The reference site, arguably not under the influence
of human impact, presented a significantly greater relative abundance of Coleoptera. This is
due to the high amount of individuals collected from the riffle beetle family (Elmidae), which
are especially diverse and abundant in well oxygenized rivers and streams in forested areas
(Springer, unpubl). A study of rivers in the Guanacaste area in Costa Rica (Kohlmann,
unpubl.) has also found very high numbers of Coleoptera in unpolluted rivers. At the other
end of the scale, the banana packing plant discharge, carrying banana debris and showing
statistically significantly higher values of conductivity, turbidity, and NO3, presents statisti‐
cally significantly high numbers of Gastropoda, Odonata, and Plecoptera. This is very
interesting because stoneflies (Plecoptera) have always been considered as good indicators of
oxygenated, clean, and cool running waters [51-54]. Additionally, the triplot (Figure 12) and
Spearman rank correlation analyses show a strong negative correlation between stonefly
(Anacroneuria) abundance and temperature values (Spearman rank correlation value=-0.89,
p=0.0476). Gutiérrez and Springer [55] reported the widespread species A. holzenthali from
coffee plantations in Costa Rica. Tomanova and Tedesco [56], as well as Thorp and Covich [57]
also indicated that stonefly presence is not necessarily a sure sign of water cleanliness. The
results from these analyses seem to support this claim.

The EPT taxa richness (Table 4) showed a steady decline along the collecting sites, following
an increasing anthropogenic impact trend, similar to what Lorion and Kennedy [27] reported
following a forest-forest buffer-pasture gradient. The number of families per site (Table 4) did
not vary much (33-40) along the collecting transect in this study (Table 4). An analysis by
Castillo et al. [17] reported a family number variation going from 39 to 47 families. Similarly,
their family numbers did not vary much between their reference (46-47) and their banana
plantation collecting sites (39-46). Some families (Table 3) were restricted to only a single site
(site number in parentheses), like (1): Anomalopsychidae, Calamoceratidae; (3): Ancylidae,
Lumbriculidae, Physidae; (4): Corduliidae; (5): Gyrinidae; (6): Ampullaridae, Chironomidae,
and Tabanidae. Certain genera (Table 3) appeared only once in a specific site: (1): Chloronia,
Contulma, Dythemis, Hemerodromia, Ochterus, Palaemnema, and Polycentropus; (2): Hebrus,
Leptohyphes, Mayobaetis, and Psephenops; (3) Stenonema; (4): Anchitrichia and Neocylloepus; (5):
Haplohyphes; and (6): Chironomus, Chrysops. These taxa would seem to be closely associated
with the ecological conditions of each site, e.g. Ampullaridae, Chironomidae, and Tabanidae
in a banana packing-plant effluent with a high organic waste discharge versus Anomalopsy‐
chidae and Calamoceratidae in a forested undisturbed condition. Interestingly, the number of
families and genera do not show the same trend among sampling sites. The reference and
slightly disturbed sites (site 1 and 2, respectively) show a higher number of genera (over 60),
in comparison to the more influenced sites (with around 40 to 50 genera), even though the
number of families were similar at the latter, and even higher in one case (site 3). These results
suggest that family richness is not necessarily an adequate indicator for biomonitoring, and
generic identification is necessary to achieve results that are more reliable.

The BMWP index in its different variations has been popularly employed in Latin America.
These studies usually have found this index to be satisfactory for reflecting water quality [10,
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12, 22, 60-63], especially the Costa Rican adaptation [58]. Sánchez Argüello et al. [61] undertook
in their Panamanian study a comparison between the Colombian and Costa Rican adaptations
of the BMWP index and found the latter to be more unforgiving in its water quality evaluation.
Rizo-Patrón et al. [22] undertook an analysis using the BMWP index modified for Costa Rica,
studying the environmental impact caused by conventional and organic-irrigated rice fields
on the macroinvertebrate communities. Their BMWP´-CR results show that the index values
were greater in the organically irrigated rice fields. On the other hand, Fenoglio et al. [64]
recommend, from their experience in Nicaragua, the use of the Indice Biotico Esteso [65]
because of its ease of use and low cost. However, these studies have mostly assessed the
comparative performance of the various indices; no attempts were made to correlate the
BMWP index to specific physical-chemical variables.

The results of the BMWP’-CR index for the present analysis (Table 2) do indeed show a
discriminating capacity of the index following a diminishing environmental quality site trend,
especially under agricultural impact conditions (site 5), but it also shows a tendency of
reporting a higher value when in river waters with high organic pollution (site 6). Interestingly,
there is a statistically significant negative correlation of the BMWP’-CR index with tempera‐
ture, not with pollution variables, as one could expect from the general assumption that the
BMWP index reflects organic water pollution quality. These results generate some doubts
about the reliability of the BMWP’-CR index as an environmentally representative tool, as the
following studies indicate. Sermeño Chicas et al. [66] tried to implement the BMWP-CR index
in El Salvador where rivers showed consistently high organic pollution conditions that were
not reflected by the BMWP index [67]. In their analysis of selected macroinvertebrate-based
biotic indices in Honduras, O´Callaghan and Kelly-Quinn [58] found that a BMWP-CR-based
version of the ASPT index performed much better than the aforementioned index. Without
doubt, more studies will be necessary in order to adjust the biotic indices used for aquatic
biomonitoring in Costa Rica and Central America according to the different ecoregions.

4.3. Functional feeding group analysis

FFG relative abundances also change significantly depending on the human impact conditions
on the quality of river water. It would seem that under undisturbed conditions filterers´ relative
abundances tend to be minimal, their increase at disturbed sites might be a result of higher
dissolved organic matter. In this study, under conditions of high organic pollution, shredders,
scrapers, and predators tend to have maximal relative abundances while collector-gatherers
tend to have minimal values. Finally, filter feeders seem to react positively to high concentra‐
tions of dissolved O2 (Table 5), which is positively correlated with fast flowing waters, a
condition that also favors the feeding mechanism of filterers.

The taxonomic grouping triplot analysis (Figure 13) suggests a correlation between the
reference site and the piercers, and it would appear that the first axis is characterized by a
piercers’ abundance gradient, diminishing from the reference community (site 1) to the high
organic waste discharge sites (site 6). In the present study, piercers are mainly represented by
the caddisfly family Hydroptilidae, which is especially abundant in the splash zone of big
rocks in riffle areas, which were characteristic for the reference sampling site. The second axis
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appears to be characterized by filterers, arranging the different agrorural ecosystems along a
diminishing abundance gradient.

The FFG triplot analysis (Figure 12) supports a strong agrorural ecosystem ordination process
mediated by the abundance of piercers along the main axis as suggested in the previous triplot
analysis; however, as this analysis benefits from having more information (127 taxa versus 58
taxa), it also evinces the importance of predators and shredders as relevant ecosystem
ordinating biological variables. The strong negative correlation between the piercer’s abun‐
dance and NO3 and PO4 values (Table 5) stresses again the importance of the piercers as an
ecosystem characterizing variable, although the presence of suitable microhabitats might be
another important factor to consider.

4.4. Relationship between macroinvertebrate assemblages, physical-chemical parameters
and sampling sites

The taxonomic grouping triplot analysis (Figure 13) and the Spearman rank correlation
analysis (Table 5) show the existence of several genera and FFG that are highly correlated with
physical-chemical variables and that possibly could be used as surrogates for these variables.
The larvae of Maruina showed one of the strongest correlations with NO3, although other
genera like Farrodes and Cora, and the piercers´ functional feeding group were also significantly
correlated with this chemical variable. Species of the genus Caenis have been found regularly
in organically enriched streams [48]. Of the statistically significant genus list (Table 5), only
Heterelmis and Farrodes already had been cited before as good quality bioindicators for toxicity
and pollution-sensitivity testing by Castillo et al. [17] and Rizo-Patrón et al. [22], respectively,
in a similar type of analysis.

Finally, the Procrustes analysis allows an assessment of the goodness of fit of the taxonomic,
FFG, and physical-chemical analyses (Figure 14, Table 6). The analysis resulted in a good match
of the collecting sites (landmarks) with the values derived from the three blocks of variables,
indicating that any one of the three is describing in a similar way the ecology of each study
site. The consensus values indicated in Table 6 show a very good concordance in this study
between the different variable blocs and the consensus values, where generic abundances seem
to generate a better ecological ordination. An environmental impact gradient also becomes
very apparent on the first ordination axis, ranging from the undisturbed reference site inside
the forest on the right of the graph to the banana packing-plant effluent on the left.

5. Conclusions

The present study clearly shows that tropical river macroinvertebrate diversity changes and
at the same time characterizes and defines different river ecosystem conditions under various
agrorural impacts. Changes in taxonomic composition and functional feeding group structure
are very indicative of ecosystem function.

Ephemeroptera seem to be, in general, a rather constant and numerous group, present in
the great majority of collections in neotropical rivers. However, high relative abundances
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of  Coleoptera,  especially  from the  family  Elmidae,  seem to  be  indicative  of  unpolluted
conditions in tropical rivers; whereas, high relative abundances of Gastropoda, Odonata,
and  Plecoptera  show  up  in  sites  with  relatively  high  (plant-derived)  organic  pollution,
although  with  well-oxygenized  waters  and  forested  stream  margins.  Addtionally,  high
numbers of individuals were found in unpolluted or slightly polluted sites; whereas, lower
abundances  were  found  in  sites  under  human  impact  (town  and  fruit  packing  plant
discharges, agricultural plantations).

Especially illustrative is the change in structure of functional feeding groups. Piercers showed
the highest relative abundance in unpolluted sites and seem to be especially sensitive to human
impacts because they quickly disappear under altered conditions, most probably reacting to
the decrease of their microhabitat and food items. Filterers have the lowest relative abundance
under unpolluted conditions and quickly become relatively more abundant under human
impact conditions, most probably reflecting an increase in particles in the water column. At
the other end of the spectrum, under high (plant-derived) organic pollution, shredders and
scrapers show their highest relative abundance concomitantly with an increase in particulate
organic matter, and probably as a response to it. Predators here show their highest relative
abundance as well and at the same time, collector-gatherers here show their lowest relative
abundance. It would seem then that predation, as well as scraping and shredding, increases
significantly in river areas with high (plant-derived) organic pollution.

The biomonitoring analysis presented in this chapter used an adaptation of the BMWP index
to Costa Rica. In all cases, the method revealed or indicated the existence of an anthropogenic/
agricultural impact gradient going from the unpolluted site to the most perturbed locality.
ANOVA tests evidenced the fact that the BMWP index has enough sensitivity and discrimi‐
nating power to detect changes in macroinvertebrate biodiversity, which can be translated into
statistically significant differences between sampling sites. The method determined the
existence of changes in macroinvertebrate communities associated with agricultural areas,
even when analytical methods could not detect the presence of pesticides in river water. A
previous analysis of the BMWP score by Pinder and Farr [68, 69] found that it was significantly
negatively correlated only with dissolved organic carbon. The present study detects a strong
negative correlation between the BMWP score and temperature (Figure 12, Table 5). Due to its
simplicity, speed of use, efficiency, and cheapness, this method shall undoubtedly continue to
be a very popular one in the future. The BMWP is considered an extremely successful index
according to Spellerberg [70]. However, there are some doubts about its suitability as a tool
for detecting organic pollution in some regions of Latin America, especially if one considers
that in this case the index was more sensitive to the impact of a banana plantation than the one
caused by relatively high (plant-derived) organic pollution. The PLS/Procrustes analysis
seemed, on this occasion, to be a more suitable method for describing and evaluating anthro‐
pogenic/agricultural environmental impacts.

The use of multivariate ordination for environmental studies is becoming more and more
common. In particular, the PLS/Procrustes analyses represent a very powerful combination
tool as they not only perform a site ordination but different taxa and environmental variables
can be correlated at the same time. This makes this method extremely useful for taxa, physical-
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chemical, and FFG variables’ correlations as specific environmental variable surrogates.
Castillo et al. [17] and Rizo-Patrón et al. [22] found similar promising results for the study of
agricultural ecosystem analyses. Castillo et al. [17] indicated, based on their results, that
multivariate analyses are more sensitive in distinguishing pesticide effects than toxicity tests.
Therefore, multivariate analyses should be incorporated as an approach for future ecosystem/
biodiversity analyses.
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Chapter 13Provisional chapter

Ecohidrology and Nutrient Fluxes in Forest Ecosystems
of Southern Chile

Carlos E Oyarzún and Pedro Hervé-Fernandez

Additional information is available at the end of the chapter

1. Introduction

Nitrogen (N) cycling in terrestrial ecosystems is a global environmental concern. The N cycle
is a complex interplay where biotic and abiotic processes interact to transform and transfer N
in an ecosystem. In general, one can simplify by classifying terrestrial N cycles all over the
world in two groups: ‘tight’ N cycles and ‘open’ N cycles. The ‘tight’ N cycle is characterized
by its high efficiency in producing bioavailable N and retaining it in the plant-soil system. The
‘open’ N cycle, on the other hand, is then considered to be less efficient, showing significant
loss of N towards aquatic ecosystems and the atmosphere. The latter losses might lead to
adverse effects on stream water and air quality, contributing as such to ‘global change’ [1].

The movement of nutrients between ecosystems is called geochemical cycling or external
cycling. Two important input processes to forests are atmospheric deposition and mineral
weathering [2]. The atmospheric input to forests consists of dry, and wet deposition. Aerosol
and gases can by deposited directly from the air to plant and soil surfaces during rainless
periods by dry deposition. Wet deposition is defined as the input of atmospheric compounds
to the earth´s surface by rain, hail, snow and/or occult deposition that occurs via fogs and
clouds, which can be important in mountainous regions [3]. During rain events, dry deposition
is washed off from plant parts and, together with wet deposition, reaches the forest floor as
throughfall and stem flow. A second input process is the weathering of soil minerals as a result
of chemical dissolution. In combination with atmospheric deposition, mineral weathering is
the only long-term source of base cations for terrestrial ecosystems [2].

The temperate climate region of southern Chile still reflects undisturbed, pre-industrial
environmental conditions [4]. This is in strong contrast with land use, which has been altered
significantly over the last decades and centuries. Only fragments of the original forest
vegetation remain unaltered, and are located in the Coastal and Andes mountain ranges (CMR

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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and AMR, respectively). Exotic tree plantations and agricultural areas dominate the central
valley of southern Chile [5]. These characteristics make this region an ideal study area to
investigate human impacts on biogeochemical nutrient cycling. Temperate forests in Chile are
not yet affected by elevated N deposition, as is the case for forests in Europe or northeastern
North America [6]. However, anthropogenic activities such as transport, industry and
agriculture have been increasing in central and southern Chile. These activities can substan‐
tially alter the atmospheric N load and enhance N input on forest ecosystems in Chile [5].

Several biogeochemical studies have been carried out most in humid temperate forest
ecosystems between 40° and 43° S in southern Chile [i.e. 7; 8; 9]. The annual mean temperature
is 5 to 12° C and precipitation ranges from 2000 to 7000 mm in the AMR [3]. Data from [5]
reported that mean annual N composition of the rainwater in the CMR and AMR ranges
(41°-43° S), varied between < 30 – 43 NO3

--N µg L-1 and 9.8 – 26.2 NO3
--N µg L-1. Similarly,

NH4
+-N concentrations were < 50 NH4

+-N µg L-1 and between 39.5 – 45.4 NH4
+-N µg L-1 for

CMR and AMR, respectively. Forests in the CMR, are located immediately near the ocean and
are unique in this sense that external input of major elements are almost exclusively due to
marine aerosols. Since trees canopy act as efficient filters, forests can capture large amounts of
atmospheric deposition, especially occult deposition (i.e: fog and cloud). Normally, mountain
forest ecosystems are very efficient in trapping nutrients, especially N and cations from clouds
and fogs [10; 11; 4].

Stream nutrient loads are heavily dependent on catchment vegetation. Alteration of canopies
and the soil under it, have a significant impact on nitrogen (NO3

--N; NH4
+-N; DON and TDN)

and phosphorus (PO4
3+-P and TDP) reaching the stream. Human disturbances have a direct

impact on biological communities and may lead to land degradation, causing a change in
ecosystem services and livelihood support. Temperate rain forest ecosystems of southern Chile
have efficient mechanisms of retention for essential nutrients, especially NH4

+and NO3
-[7, 3).

[6] described that the dominant form of N leaching was dissolved organic nitrogen (DON) for
unpolluted forests of southern Chile. Other studies in the area had reported that conversion
from native forests to exotic fast-growing plantations is likely to decrease N retention on
catchments [12].

1.1. Native temperate rainforests of southern Chile

Native temperate rainforests of southern Chile represent an important global reserve of
temperate forest with an extraordinary genetic, phytogeographic and ecological significance
[13] with a worldwide high conservation priority [14]. These forests cover an area of 13.5
million ha. and are isolated by physical and climatic barriers, resulting in high endemism in
plants and animals: 28 of 82 genera of woody plants (34%) are endemic to the region, along
with 50% of vines, 53% of hemiparasites and 45% of vertebrates [15]. Some taxa are derived
from ancient elements in southern Gondwana. Some relict tree species of conifers have the
longest recorded lifespan, reaching an age of up to 3,600 years, constituting an excellent
historical document for studies in reconstruction of climatic variability [16]. Most of the
Valdivian eco-region is also considered as part of the world’s 25 hotspots for biodiversity
conservation and some of its forest types are included among the last frontier forests in the
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historical document for studies in reconstruction of climatic variability [16]. Most of the
Valdivian eco-region is also considered as part of the world’s 25 hotspots for biodiversity
conservation and some of its forest types are included among the last frontier forests in the
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planet. These forests support fundamental ecological functions, which provide a range of
ecosystem services and goods such as conservation of biological diversity, maintenance of soil
fertility, and timber and non-timber products [17]. Also they contribute to maintain fresh water
supply, which in turn supports the availability of drinkable water for cities [18].

Native forests in the Valdivian eco-region (36° S through 48° S) have suffered anthropical
disturbances due to inadequate logging practices, and to agricultural land or exotic fast
growing plantations conversion. Rapid conversion to forest plantations between 1975 and 2000
resulted in deforestation rates of 4.5% per year within an area of 578,000 ha in the Maule region
(38° S), facilitated through afforestation incentives [19]. Another important cause of defores‐
tation has been human-set fires, with an annual average of 13,000 ha burned in the period 1995–
2005 and a high interannual variability associated to rainfall variation [20]. Anthropogenic
land cover change in the central depression of southern Chile (40°-42° S) is the most evident
process of deforestation and agricultural expansion. A large fraction of the Nothofagus forests
in that region has been cleared for agriculture during the last century [21]. Patches of second-
growth forest cover vast areas of the regional landscape, leaving only scattered stands as a
result from intensified agriculture activity. Direct effects of past land use may occur via long-
term (> 50 yr) physical alteration of the rhizosphere caused by historic practices. Soil compac‐
tion is an enduring consequence of cultivation, grazing, and logging that can cause increased
bulk density and reduced pore space [1]. These changes may affect the abundance of aerobic
and anaerobic microorganisms and subsequently reduce the cycling of several elements,
including N.

1.2. Eucalyptus plantation forests

In south-central Chile (35-40° S), the native vegetation has been converted to agricultural uses,
primarily plantation forestry, which has resulted in a landscape dominated by industrial
forestry plantations. The amount of land in the region classified as plantation forestry has
increased by 55 % between 1998 and 2008 (116–179 thousands ha; [22]. As in other parts of
Chile, over 20,000 ha of those new plantations have replaced native forests in the region [19,
23], mainly located in the CMR. The growth of exotic species in non-native environments has
uncertain ecohydrological consequences [24]. Therefore, there is much concern about their
water consumption. Several authors have concluded that the consequences of exotic fast
growing plantations are: (i) the decrease of discharge due to higher evapotranspiration [25,
26]; and (ii) changes in the soil hydrological properties, such as infiltration rates [27] and soil
hydrophobicity [28].

2. Objectives

In small headwater catchments located at the Costal mountain range (CMR), in southern Chile
(40° S), concentrations and fluxes of NO3

--N, NH4
+-N, DON, TDN, TDP and base cations (Ca2+,

Mg2+, Na+and K+) in bulk precipitation, throughfall and catchment discharge water were
measured. The main objective of this study was to compare how hydrological variability affects
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catchment nutrient load responses with different land cover of native forests and exotic
plantation of Eucalyptus spp., in order to evaluate possible effects of land use

3. Material and methods

3.1. Description of the study sites

We selected five catchments with different land cover: (a) one with old-growth native ever‐
green rainforest (ONE), (b) one with native deciduous Nothofagus obliqua forest (ND), (c) one
with secondary native evergreen forest (NE), (d) one covered with exotic fast growing
Eucalyptus nitens (FEP) and (e) one with fast-growing exotic cover of Eucalyptus globulus (EG),
located at CMR (40°S), near the city of Valdivia, Chile. All five catchments are located inland
from the Pacific coast. The ONE catchment has an area of 2.8 ha at 336 m a.s.l. and is 20 km
from the coast. The ND catchment has an area of 10.1 ha at 71-125 m a.s.l., and is 23.0 km from
the coast. The NE catchment has an area of 3.1 ha at 227-275 m a.s.l. and is 2.0 km from the
coast. The FEP catchment has an area of 54.8 ha and is 18 km from the coast, and the EG
catchment has an area of 5.6 ha at 250-297 m a.s.l., and is 2.6 km from the coast.

3.2. Forest cover

In the catchment covered by old-growth native evergreen rainforest (ONE) the main canopy
species are Eucryphia cordifolia Cav., Aextoxicon punctatum Ruiz et Pav. and Laureliopsis
philippiana (Looser) Schodde. This last shows the highest density (718 tree ha-1) and basal area
(37.2 m2 ha-1) (Figure 1). The understorey is dominated by Amormyrtus luma, Amomyrtus meli,
Drimys winteri and Myrceugenia planipes. The attributes of the old-growth native rainforests in
the study area includes: increase in the proportion of successional species, the promotion of
better growth rates to reach large diameters, the development of a rich understory and new
regeneration cohorts, the increase of vertical structure, the development of increased wildlife
habitat, and the presence of dead wood in the system (snags, and coarse woody debris) [29].

The main canopy species in the mixed ND catchment is the deciduous species Nothofagus
obliqua (Mirb.) Oerst. reaching heights of 35 m, which covers 63.3 % of the catchment. Also,
13.8 and 7.9 percent is covered by native secondary forests of Gevuina avellana and Astrocedrus
chilensis planted in 1983 and 1982, respectively, and 15.0 percent is covered by the fast-growing
Eucalyptus sp. plantation. Understorey trees include Luma apiculata, Podocarpus salignus,
Aextoxicon punctatum, Amomyrtus meli, Gevuina avellana and the exotic tree Acacia melanoxylon.
Shrubs that reach heights over 3 m are mainly Chusquea quila Kunth with a 95% canopy cover.

In the NE catchment, the vegetation cover is characterized as a second growth native evergreen
forest, dominated by Myrtaceae spp., Amomyrus luma (Mol.) Legr. et. Kaus (29%), Amomyrtus
meli (Phil.) Legr. et. Kaus (25%), Laureliopsis phillipiana (Mol.) Mol. (14%), Myrceugenia pla‐
nipes (Hook. et Arn.) Berg. (13%), Dyasaphillum diacanthoides (Less.) Cabrera (7%), Gevuina
avellana (Molina) Molina (6%), Lomatia ferrugina (Cav.) R. Br., Persea lingue (Ruiz et Pav.) Nees
ex Koop. and Myrceugenia exucca (DC.) Berg. (2% each) and Aextoxicon punctatum (1%). This
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In the NE catchment, the vegetation cover is characterized as a second growth native evergreen
forest, dominated by Myrtaceae spp., Amomyrus luma (Mol.) Legr. et. Kaus (29%), Amomyrtus
meli (Phil.) Legr. et. Kaus (25%), Laureliopsis phillipiana (Mol.) Mol. (14%), Myrceugenia pla‐
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catchment is also used as a source of wood by local residents and as an occasional grazing
ground for animals during the winter.

The FEP catchment is covered with Eucalyptus nitens of 4 and 14 yr-old. However, this catch‐
ment has had already 5 E. nitens rotations; density of 2911 tree ha-1 and the basal area is 131.9
m2 ha-1. In FEP, the highest density was observed in the diameter 20-25 and 25-30 cm (Figure 2).
The total density ranges between 2911-2733 tree ha-1 in the sites. Basal area ranges between 131.9
and 144.4 m2 ha-1, and the mean height of the trees was 25.4 m. The riparian vegetation of the
catchment with Eucalyptus nitens plantation has a large proportion of small trees and shrubs
with a diameter distribution between 5-10 cm (Figure 3). The main tree species is Luma apiculata
with 2180 tree ha-1 and the shrub Aristotelia chilensis with 815 tree ha-1 (Figure 3).

In EG catchment, the vegetation cover is composed of 80% exotic plantation of Eucalyptus
globulus and 20% native evergreen remnant as a buffer zone. This is composed of Berberis
darwini (Hooker) and Ovidia pillopillo (Gray) Hohen ex Meissn. (both with 29% cover), Eucriphya
cordifolia Cav. (25.8%), Lomatia ferruguinea (Cav.) R. Br. (9.7%), Dasyphyllum diacanthoides (Less.)
Cabrera and Raphitamnus spinosus (Juss.) Mold. (both with 3.2%). Originally this catchment
was a native evergreen forest. However it was cleared (35 years ago) with fire to open areas
for grazing animals, and in some areas, for the extraction of wood. Recently (9 years ago) the
grassland was replaced by exotic trees (Eucalyptus globulus). Local residents use the forest as
a source of wood and also allow animals to graze on the grass as well as on tree shoots.
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Figure 2. Diametric classes of species found on FEP and EG catchments.
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Figure 3. Diametric classes and density of trees for ONE and ND. Note that since ONE had the oldest trees, the last
two classes comprise trees within 45 to 100, and 100 to 190 cm diameter at breast high.

3.3. Soils and climate

Climate in the area of study, is rainy temperate. In the meteorological station Isla Teja (25 m
a.s.l.), 10 to 20 km from the study sites, the mean annual temperature is 12.0 °C (January mean
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3.3. Soils and climate

Climate in the area of study, is rainy temperate. In the meteorological station Isla Teja (25 m
a.s.l.), 10 to 20 km from the study sites, the mean annual temperature is 12.0 °C (January mean
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is 17 °C and July mean is 7.6 °C) and the mean annual precipitation is 2,280 mm. Rainfall is
concentrated during winter (May–August, 62 %) and decreases strongly in the summer
(January–March, 9 %). Soils in the study area are red clayish derivatives from ancient volcanic
ashes, deposited over a metamorphic geological substratum, dominated by micaceous schist
and quartz lenses. The soils are shallow (< 1.0 m depth) in EG and NE catchments, and
predominantly deep (> 1.0 m) in ND catchment. Soils in the EG catchment are characterized
by poor infiltration rates, and in the NE and ND catchments by high infiltration rates [27].

Soils at ONE and FEP catchments have approximately the same texture in the bottom of the 1
meter depth soil profile, however the top layers (0 to 15; and 15 to 30) have consistently 10%
more clay, and 1% less sand in FEP compared to ONE soil profiles. In the FEP catchment, clay
content ranges between 37.2 – 45.1 %, organic matter content ranges between 1.8 – 17.1%,
inorganic-N (NO3

--N and NH4
+-N) ranges between 9.8 – 21.0 mg kg-1, Ca2+between 0.19 – 0.23

cmol kg-1 and Mg2+ranges between 0.09 – 0.16 cmol kg-1. While, ONE soil clay content ranges
between 31.1 – 37.3 % and organic matter content ranges between 5.9 – 17.8 %, inorganic-N
ranges between 11.2 – 57.4 mg kg-1, Ca2+ranges between 0.23 – 1.32 cmol kg-1 and Mg2+ranges
between 0.10 – 0.71 cmol kg-1.

4. Methods

Bulk precipitation was sampled using four plastic rain collectors attached to a 2.5-liter bottle.
Bulk precipitation collectors (surface area 200 cm2,) were installed in open areas (no trees were
within 20 m of the sampling point), located between a distance of 100 – 500 m. Throughfall
water was collected, using 2-4 collectors (surface area 254 cm2) were installed inside each type
forest. All collectors were installed 1.2 m above the forest floor and installed inside opaque
tubes in order to avoid light penetration that could promote algae growth. Throughfall
collectors had a thin mesh at the beginning of the neck of the funnel, in order to prevent insects
and leaves entering the collection bottles, and designed with a plastic ring in order to exclude
bird droppings [30]. Soil water was sampled at two different depths (0.3, 0.6 m) with low-
tension porous-cup lysimeters (max 60 kPa of tension was applied) (Soil Moisture equipment
corp.).

Discharge from each catchment was constantly measured by a pressure transducer paired with
a baro diver (Schlumberger Water Services). Water samples were taken directly from the
streams with an ISCO-6712 automatic sampler in each catchment. Stream samples were
composed by two 250 mL aliquots taken each 30 minutes (1 h compound sample per bottle).
Samples were filtered through a borosilicate glass filter (Whatman) of 0.45 µm. NO3

--N (NO3
--

N+NO2
--N) was determined by the cadmium reduction method, where NO2

--N was always
below detection limits. NH4

+-N was determined with the phenate method (blue indophenol),
detection limit (DL) was < 2 µg L-1, for nitrite, nitrate and ammonia. Dissolved Inorganic
Nitrogen (DIN) was calculated as follows: DIN=NO3

--N+NO2
--N+NH4

+-N. Total dissolved
nitrogen (TDN) was determined by the sodium hydroxide and persulfate digestion method
(DL < 15 µg L-1). Organic nitrogen (DON) was calculated by subtracting (DON=TDN-DIN)
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concentration from TDN. Total dissolved phosphorous (TDP) was measured by the sodium
hydroxide and persulfate digestion method (DL < 3 µg L-1) at LIMNOLAB (Limnology
Laboratory, Universidad Austral de Chile). Ca2+and Mg2+(± 0.05 mg L-1) were analyzed by AAS,
while Na+and K+(± 0.05 mg L-1) by AES in the Forestry Nutrition and Soil Laboratory, Univer‐
sidad Austral de Chile.

Canopy enrichment factors were calculated as the ratio between throughfall and bulk precip‐
itation from different forest covers (throughfall / bulk precipitation). Fluxes were calculated
using discharge and rainfall volumes. While nutrient retention (R) was calculated as follows:

( )
®

Retention = Input – Output  / Input
Where,  R > 0, + Retention

R = 0, Equilibrium
R < 0, - Retention

5. Results and discussion

5.1. Throughfall enrichment factors

Canopy enrichment factors are presented in Figure 4. ND and ONE forests showed the highest
enrichment and variability, whereas the EG plantation showed the lowest. The nutrient which
presented the lowest annual enrichment in all throughfall samples was NO3

--N ranging from-0.8
for EG, through 1.5 for FEP. The highest enrichment was DON (10.3 times) for ONE and TDP
(10.7 times) for ND forests. This enrichment is due to two processes: the washing off of the
unquantified N input by dry deposition, on the one hand, and the N uptake from wet, dry
particulate and gaseous deposition by leaves, twigs, stem surfaces, and lichens, on the other
hand [31]. The old-growth evergreen forests (like ONE catchment) are multi-stratified and have
an understory of high diversity, resulting in a complex and diverse structure and species
composition. Also, [32] reported that DIN and DON concentrations were higher in through‐
fall than in bulk precipitation, particularly for nitrate, in a native Nothofagus obliqua forest and
a Pinus radiata plantation, located near of the study sites. [8] observed 3.7 times throughfall
enrichment for NO3

--N, in an evergreen Nothofagus betuloides forest (9.8 µg L-1 and 36.5 µg L-1

for bulk precipitation and throughfall, respectively) and a 1.7 throughfall enrichment under a
deciduous Nothofagus pumilio forest (26.2 µg L-1 and 43.5 µg L-1 for bulk precipitation and
throughfall, respectively) at cordillera de los Andes (40° S, 1120 m a.s.l.). However, NH4

+-N was
retained by canopies. Data from forested sites in the USA and Europe [33] showed that net
canopy exchange of N (throughfall plus stemflow minus bulk precipitation) was negative for
NH4+and NO3-at all sites, indicating that canopies were clearly sinks for inorganic N.

5.2. Annual nutrient fluxes

TDN annual retention and net annual fluxes (in kg N ha-1 yr-1) was 0.58 (1.43); 0.90 (9.31)
and-4.79 (-7.14) for NE, ND and EG forests, respectively. TDP annual retention and net annual
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hydroxide and persulfate digestion method (DL < 3 µg L-1) at LIMNOLAB (Limnology
Laboratory, Universidad Austral de Chile). Ca2+and Mg2+(± 0.05 mg L-1) were analyzed by AAS,
while Na+and K+(± 0.05 mg L-1) by AES in the Forestry Nutrition and Soil Laboratory, Univer‐
sidad Austral de Chile.

Canopy enrichment factors were calculated as the ratio between throughfall and bulk precip‐
itation from different forest covers (throughfall / bulk precipitation). Fluxes were calculated
using discharge and rainfall volumes. While nutrient retention (R) was calculated as follows:

( )
®

Retention = Input – Output  / Input
Where,  R > 0, + Retention

R = 0, Equilibrium
R < 0, - Retention

5. Results and discussion
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--N ranging from-0.8
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hand [31]. The old-growth evergreen forests (like ONE catchment) are multi-stratified and have
an understory of high diversity, resulting in a complex and diverse structure and species
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a Pinus radiata plantation, located near of the study sites. [8] observed 3.7 times throughfall
enrichment for NO3
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+-N was
retained by canopies. Data from forested sites in the USA and Europe [33] showed that net
canopy exchange of N (throughfall plus stemflow minus bulk precipitation) was negative for
NH4+and NO3-at all sites, indicating that canopies were clearly sinks for inorganic N.

5.2. Annual nutrient fluxes

TDN annual retention and net annual fluxes (in kg N ha-1 yr-1) was 0.58 (1.43); 0.90 (9.31)
and-4.79 (-7.14) for NE, ND and EG forests, respectively. TDP annual retention and net annual

Biodiversity in Ecosystems - Linking Structure and Function8342

fluxes (in kg P ha-1 yr-1) were 0.70 (0.08); 0.96 (0.06) and-1.44 (0.4) for NE, ND and EG, respec‐
tively (Figure 4). Studies in watersheds in the United States [34] reported that thin or porous
soils and high infiltration rates have less capacity to retain N. However, in our study, catch‐
ments with high infiltration rates, such as NE and ND showed greater N retention than soils
with very low infiltration rates, such as EG. In our study, the differences in DIN retention were
evident between native forests and Eucalyptus plantation, as also has been described previously
by [12]. However, [35] observed using land cover, watershed area and precipitation as
predictors for water quality (nitrate, ammonia, DON, TDP and electric conductivity) for local
models explained 79.5% of the variance.

EG NE ND ONE FEP

Throughfall Enrichm
ent Factor

0

10

20

30

NO3
--N

NH4
+-N

DIN 
DON 

TDN 
TDP 

EG NE ND

Annual N
utrient Flux (kg ha

-1
 yr

-1
)

-8

-4

0

4

8

12

NO3
--N NH4

+-N DIN DON TDN TDP 

Figure 4. Throughfall enrichment factors for the five catchments (left) and annual nutrient fluxes for three catchments
(right). EG=Eucalyptus globulus plantation, NE=native secondary evergreen ND=native deciduous, ONE=native old-
growth evergreen, FEP=Eucalyptus nitens plantation.

5.3. Nutrient concentration in stream water

Nitrogen and phosphorous concentrations in stream water are variable in forest ecosystems
of southern Chile (see Table 1). In general, the highest values of TDN and TDP concentrations
are in Fitzroya cuppressoides forest (176.5 µg N L-1) located in Coastal mountain range and in
Nothofagus pumilio forest (67.3 µg P L-1) located in Andean mountain range. The lowest values
were found in an evergreen forest (36.8 µg N L-1), located in Coastal mountain range and in
Fitzroya cuppresoides forest (4.6 µg P L-1), and located in the Coastal mountain range. Concen‐
trations of inorganic N were smaller in the evergreen forest (33.2 µg L-1) and in E. nitens
plantation (33.6 µg L-1) compared to organic N (94.4 and 67.0 µg L-1, respectively), in agreement
with previous research in southern Chile [6; 3] demonstrating that dissolved organic nitrogen
is responsible for the majority of nitrogen losses from unpolluted forest ecosystems.
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Type of forest Forest description Location TDN TDP References

Native deciduous Nothofagus pumilio AMR nd 67.3 [8]

Native deciduous Nothofagus betuloides AMR nd 9.2 [8]

Native deciduous Nothofagus betuloides AMR 62 nd [3]

Native deciduous N.nervosa-N. obliqua AMR 73.3 44 Unpublished

Native evergreen Evergreen forest AMR 157 18 Unpublished

Native evergreen Evergreen forest AMR 67.3 37.4 Unpublished

Native evergreen
S. conspicua - L.

philippiana
AMR 109 4.9 Unpublished

Native conifer Fitzroya cuppressoides CMR 177 4.6 [9]

Native evergreen Evergreen forest CMR 36.8 24.1 [12]

Native evergreen Evergreen forest CMR 127 11.1 Unpublished

Native deciduous Nothofagus dombeyi CMR 153 nd [32]

Exotic monoculture Eucalyptus spp. CMR 94.8 30.1 [12]

Exotic monoculture Eucalyptus nitens CMR 100 11 Unpublished

AMR average 85.6 30.1

CMR average 115 16.2

Table 1. Mean concentrations (µg L-1) of TDN and TDP in stream water for different forest ecosystems under a low-
deposition climate, southern Chile. At the end of the table 1, is the average for each location: Andean mountain range
(AMR) and Coastal mountain range (CMR).

5.4. Relationships between discharge and nutrient concentrations

Nutrient exportation is related to hydrology, since water transports chemical compounds and
particles. The relations of TDN and TDP with catchment discharge were positive for all
nutrients except DIN, which showed a negative relation with discharge, during wet season
(Figure 5). This negative relation is due to the dilution of nitrate with rainfall water which has
higher concentrations of NH4

+-N.

For dry season, the fitted models showed relatively high adjusted r2 values for the E. nitens
covered catchment for TDN and TDP (0,952 and 0,826, respectively; both with p < 0.05).
However, the old growth covered catchment showed much lower values for TDN and TDP
(0.317 and 0.519, respectively). Nevertheless, only TDP was significant. Dry season event DIN
exportation was best fitted with a linear model. However, the fit was poor and not significant
for both catchments. During wet season, the adjusted r2 values were higher for E. nitens
covered catchment than the old growth covered catchments (Table 2). On figure 5, is clearly
seen that during dry season TDN, TDP and DIN increase rapidly as discharge increases in E.
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nitens covered catchment (FEP). However this is not observed for the old growth covered
catchment (ONE). However, during wet season TDP shows greater increase in concentrations
in ONE, rather than FEP. TDN and DIN shows the same behaviour in both catchments.
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Figure 5. Total dissolved nitrogen (TDN), Total dissolved phosphorus (TDP) and Dissolved inorganic nitrogen (DIN)
concentrations during one dry and wet season events (for the period March – November 2013), for the catchments cov‐
ered with old growth native evergreen (ONE, in dark red circles) and catchment covered with Eucalyptus nitens (FEP,
inverted orange triangles).
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Dry season event Wet season event

Catchment TDN TDP DIN TDN TDP DIN

ONE 0,317 (L) 0,519 (3EG) 0,170 (L) 0,331 (L) 0,331 (L) 0,05 (L)

FEP 0,952 (1EG) 0,826 (2EG) 0,04 (L) 0,728 (L) 0,765 (2EG) 0,388 (L)

Table 2. Adjusted r2 values after fitting linear (L, f=y0+a x); single parameter exponential growth (1EG, f=e(a x)); 2
parameter exponential growth (2EG, f=a e(b x)) and 3 parameter exponential growth (3EG, f=y0+a e(b*x)) models.

Dry season event Wet season event

Catchment Ca2+ Mg2+ Ca2+ Mg2+

ONE nd nd 0,554 (L) 0,184 (L)

FEP nd nd 0,026 (L) 0,857 (ED)

Table 3. Ca2+and Mg2+vs. discharge during events for each catchment. Adjusted r2 values after fitting linear (L, f=y0+a
x) and exponential decay (ED, f=a e(-b x)) models.
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Figure 6. Ca2+and Mg2+concentrations vs discharge for the wet season event. Dark red dots and continuous line stands
for old growth evergreen covered catchment (ONE), while inverted orange triangles and segmented line stand for Eu‐
calyptus nitens covered catchment (FEP).

Typically, products of mineral weathering (e.g. Ca2+and Mg2+) decline in concentration when
the discharge increases caused by rainfall (stream water dilutes). This was observed during
wet season event, and only in FEP, for both cations. ONE showed an increase in concentration
for Ca2+and a slightly reduced concentration for Mg2+.

We observed negative correlations between stream discharge and base cations concentrations
(Figure 6). Typically, products of mineral weathering (e.g. Ca2+and Mg2+) decline in concen‐

Biodiversity in Ecosystems - Linking Structure and Function12346



Dry season event Wet season event

Catchment TDN TDP DIN TDN TDP DIN

ONE 0,317 (L) 0,519 (3EG) 0,170 (L) 0,331 (L) 0,331 (L) 0,05 (L)

FEP 0,952 (1EG) 0,826 (2EG) 0,04 (L) 0,728 (L) 0,765 (2EG) 0,388 (L)

Table 2. Adjusted r2 values after fitting linear (L, f=y0+a x); single parameter exponential growth (1EG, f=e(a x)); 2
parameter exponential growth (2EG, f=a e(b x)) and 3 parameter exponential growth (3EG, f=y0+a e(b*x)) models.

Dry season event Wet season event

Catchment Ca2+ Mg2+ Ca2+ Mg2+

ONE nd nd 0,554 (L) 0,184 (L)

FEP nd nd 0,026 (L) 0,857 (ED)

Table 3. Ca2+and Mg2+vs. discharge during events for each catchment. Adjusted r2 values after fitting linear (L, f=y0+a
x) and exponential decay (ED, f=a e(-b x)) models.

Ca+2

Q (L s-1)

0 15 30 45

m
g 

L-1

0,0

0,5

1,0
Mg+2

0 15 30 45

Figure 6. Ca2+and Mg2+concentrations vs discharge for the wet season event. Dark red dots and continuous line stands
for old growth evergreen covered catchment (ONE), while inverted orange triangles and segmented line stand for Eu‐
calyptus nitens covered catchment (FEP).

Typically, products of mineral weathering (e.g. Ca2+and Mg2+) decline in concentration when
the discharge increases caused by rainfall (stream water dilutes). This was observed during
wet season event, and only in FEP, for both cations. ONE showed an increase in concentration
for Ca2+and a slightly reduced concentration for Mg2+.

We observed negative correlations between stream discharge and base cations concentrations
(Figure 6). Typically, products of mineral weathering (e.g. Ca2+and Mg2+) decline in concen‐
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tration when the discharge increases caused by rainfall (stream water dilutes). [36] reported
inverse relationship between stream discharge and concentrations of Ca2+and Mg2+. However,
[37] reported that during storms, both positive and negative relationships were observed
between stream discharge and Ca2+and Mg2+concentrations and in some storms an initial
increase in concentration was followed by dilution. On the other hand, [38] reported in an
undisturbed old-growth Chilean forest that Ca2+concentration demonstrated dilution when
stream discharge increase and enhanced hydrological access occurred only for H+. According
to [39], mica schists, present in the geological substrate at the coastal mountain range, are rich
in micas and minerals and contain high levels or iron and magnesium. Hence, concentration
levels of magnesium in stream water probably are influenced by the geological substrate.
However, the dilution and increase in concentration (on FEP and ONE, respectively) is mostly
due to the dilution of stream water discharge with throughfall.

6. Conclusions

We conclude that the mixed-deciduous (ND) and old-growth evergreen (ONE) forests show
the highest canopy enrichment for throughfall, while the Eucalyptus plantations (FEP and EG)
showed the minimum enrichment. The highest enrichment was DON (10.3 times) for ONE;
and TDP (10.7 times) for ND catchment. In general, the differences in enrichment are attributed
to high LAI (Leaf Area Index) values in both native forests: the old-growth evergreen forests
are multi-stratified and have an understory of high diversity, and particularly in the mixed-
deciduous forest the presence of a thick layer of bamboo (Chusquea quila), which covered the
soil. Our results differing from forested sites in North America and Europe which indicates
that the canopies are generally acting as sinks for inorganic-N [33]. Also [40] have reported
that NO3

–-N concentrations decreased in stemflow and throughfall relative to precipitation in
old-growth forest in North America. However, in a data compilation from 126 European sites
with high deposition climate in Scandinavia, Netherlands and Germany, [41] reported that
inputs are enhanced by up to 3-5 times in throughfall through addition of dry deposition. On
the other hand, our results show that the highest canopy enrichment was DON (dissolved
organic nitrogen) especially in both native evergreen and deciduous forests. Also, DON was
the most important nutrient fluxes in the native forested catchments, according to the literature
[6] that reported that the dominant form of N leaching is dissolved organic nitrogen (DON) in
unpolluted forests of southern Chile.

Annual retention of TDN in native deciduous and evergreen forests was 0.90 and 0.58, and
TDP retention was 0.96 and 0.70, respectively. While the exotic Eucalyptus plantation there was
a net release or loss of 4.79 and 1.44 for TDN and TDP, respectively. Studies in watersheds in
the United States [34, 42] reported that thin or porous soils and high infiltration rates have less
capacity to retain N. However, in our study, catchments with high infiltration rates, such as
evergreen and deciduous forests showed greater N retention than soils with very low infil‐
tration rates, such as Eucalyptus globulus plantation. Our results suggests that in native forests,
rainfall water was infiltrating and percolating (subsurface flow) exporting less N in contrast
to Eucalyptus plantation in which as soil has less porosity and infiltration rates due to land use
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history. The Eucalyptus plantation catchment was cleared (35 years ago) with fire to open areas
for grazing animals, and in some areas, for the extraction of wood, and recently (9 years ago)
the grassland was replaced by exotic trees (Eucalyptus globulus).

Nutrients (TDN and TDP) shows the same behavior in both catchments, their concentration
tends to increase as catchment discharge increases. DIN however, showed a different behavior
for dry and wet season events. In the native old growth evergreen forest (ONE), DIN lower its
concentrations as discharge increased, however in E. nitens covered catchment (FEP) increased
its concentration. The latter is mostly due to the dilution or the increase of NO3

—N in stream
discharge. However, during wet season both catchments showed the same DIN exportation
behavior, though FEP had twice as much DIN when compared to ONE.

We are aware that modelling help to unravel and understanding hydrological processes and
therefore nutrient exportation occurring within soil catchments. However there are many
things to take in to account for, like biota (trees and microorganisms). However, discharge
appeared to be a good predictor for TDN and TDP, for both events shown here. This was only
seen in FEP, and not in ONE. DIN on the other hand showed poor model fitting. This means
that there is still one or several unknowns on the control of DIN exportation during events.

The studies of events provide us with a much detailed perspective of what’s happening within
the catchment as an ecosystem, either pristine or heavily intervened. The reality is that
ecosystems are going to keep “developing”, each time with more and more relation to rural
and city population. These pristine environments are in great danger and have to be protected
from the inhabitants and other anthropic pressures, mostly cattle and land cover change to
agricultural lands and exotic species.

Pristine study sites are recognized by being scarce and require a lot of efforts (monetary, time
and struggle). In Chile, we have the luxury to have such areas near by some cities, nevertheless
it will require more effort to keep it as pristine as possible. The prize for keeping this areas are
many, from biodiversity hotspots to be able to unravel some of the black boxes that still exists
regarding nutrient exportation and what are the effects of land cover change.

We would like also to address that soil use/cover change history, also plays an important role
in N and P retention. Therefore before planting or doing forestry and agricultural activities,
soil should be treated in order to enhance nutrient and water retention capabilities.
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Chapter 14Provisional chapter

Ecological Flexibility of the Top Predator in an Island
Ecosystem — The Iriomote Cat Changes Feeding Patterns
in Relation to Prey Availability

Shinichi Watanabe

Additional information is available at the end of the chapter

1. Introduction

It has long been recognized that islands contain fewer species than comparable pieces of
mainland. It is also well-established that the number of species on islands decreases as island
area declines. The most successfully established islands species will be those that combine low
extinction rates with high immigration rates and where it is generally more difficult for animals
without high dispersal ability at higher trophic levels to live on small islands [1]. In particular,
carnivorous mammals at the top of terrestrial trophic chain find it most difficult to establish
themselves on islands. Extreme examples are considerably large body sized and complete
carnivorous species in the family Felidae.

In the region from south-east Asia to the Ryukyu Archipelago in southern Japan, there are
thousands of islands of various sizes [2]. In this region, it is well-documented that biodiversity
is particularly high among many taxa [3]. The biodiversity of mammalian fauna in this region
was summarized in [4]. Among Felidae, seven species are distributed in this region, most of
which are distributed only on the continental islands of Java, Sumatra, Borneo and Taiwan [4].
In particular, the leopard cat Prionailurus bengalensis, the most widespread species of East Asian
wildcats, is an exception to this rule, occurring on several small islands as well as larger islands
and the Asian continent [2, 4].

An example of an extreme case is the Iriomote cat Prionailurus bengalensis iriomotensis (Figure
1), which lives on the smallest island (284 km2, Figure 2) of the Ryukyu Archipelago. The
Iriomote cat is unique among the family Felidae, particularly in terms of its food habits [5-8].
Felidae are known as the most successfully evolved and developed predators specialized in
feeding on mammalian prey [9, 10]. In contrast, the Iriomote cat preys upon a variety of animals

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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such as birds, reptiles, amphibians and insects, in addition to mammals [5-8]. The cat shows
functional responses according to the availability of various alternative sources of prey [7]. Its
principle prey changes seasonally, as the population density of potential prey items change.
Moreover, regional differences in the cat's diet have also been reported [5, 11]. The Iriomote
cat's diet is more diversified in habitats in which several vegetative environments are included
and more similar in habitats where vegetative environments are uniform [11]. For terrestrial
vertebrates on the island, distribution of each species is strongly influenced by various
topographic and vegetative environmental factors, and distribution patterns vary depending
on the type of species [12]. The cat diet changes flexibly in relation to seasonal and regional
differences in prey availability [6, 7, 11]. Thus, it is likely that the preferred habitats for this
species will also vary depending on seasons and regions.

Figure 1. An Iriomote cat Prionailurus bengalensis iriomotensis taken by photo-trap (Mammal Ecology Laboratory, Uni‐
versity of the Ryukyus).

Most animals selectively use environments with a good quality of food patches [13, 14]. It is
therefore likely that predators specializing in a particular food type that occurs in specific
habitats will be habitat specialists, while predators feeding on a range of different food types
will be habitat generalists. Variation in prey availability, i.e., the density and distribution of
prey animals in an environment, leads to various predator responses [15-18]. For example,
predators specialized in catching particular prey types often produce numerical responses to
prey availability, so that the density of predators fluctuates alongside prey density [15-17]. In
contrast, non-specialized predators often produce functional responses to prey availability,
allowing these predators to switch prey types in relation to the availability of alternative
resources [18].
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In the case of carnivores, food habits are well-documented at interspecific levels [e.g., 19, 20].
Each felid species takes only a few different mammal prey items, while other carnivores eat
various food types. The Felidae family is highly specialized in preying on mammals in terms
of having developed morphological and behavioural traits [21, 22]. Thus, Felidae are consid‐
ered typical specialists in terms of food and habitat. Their hunting behaviour is specialized for
preying on mammalian prey items [21]. Hence, they often show a numerical response to the
density of a particular prey species [e.g., 18, 23].

The Iriomote cat, however, preys on various types of animals. Its diet flexibly changes in
relation to seasonal and regional differences of prey availability [5-8; see also the results in the
present study]. It is therefore likely that the Iriomote cat makes use of a variety of habitats and
movement patterns in response to spatio-temporal variations in prey availability.

A comprehensive and accurate analysis of habitat use and selection, particularly when dealing
with large home ranges and high habitat diversity across the geographic range of an animal,
must encompass multiple spatial scales [24]. A number of studies have been conducted on the
habitat use of the Iriomote cat, but these have only investigated the habitat selection on a
univariate scale. Sakaguchi [5] emphasized that the Iriomote prefers to use lowlands (< 50 m
above sea level) and avoids highlands, yet other factors potentially affecting their habitat use
have not been investigated. In the present study, I will therefore quantify seasonal and regional
variations in the habitat use and movement patterns of the Iriomote cat using detailed
microhabitat measures at point locations and detailing the movement tracks used by the cat.
From the results, I will then discuss their feeding strategies in terms of seasonal and regional
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variations in prey availability. Furthermore, I will also present the possible reasons for the
presence of this species on Iriomote Island.

Male Female

Otomi Jul. 12. 1999 Jan. 19. 2001 79 2 1 545

Maira Jun. 22. 2000 Dec. 25. 2001 33 2 238

Komi Jun. 04. 1999 Dec. 25. 2001 254 1 2 1211

NCA Nov. 20. 2001 Mar. 07. 2002 62 3 340

Funaura Jun. 18. 2000 Feb. 15. 2001 69 1 1 457

Urauchi Jun. 16. 2000 Aug. 28. 2000 13 1 66

Shirahama Oct. 12. 1998 Nov. 06. 1999 155 1 1 1229

Total 665 9 7 4086

No. of locationStudy site Tracked daysTracked period
No. of cats

Table 1. Summary of the radio-tracking survey in seven study sites on Iriomote Island.

2. Methods

2.1. Field survey

A field survey was conducted on Iriomote Island (24°20’N, 123°49’E) in the Ryukyu Archipe‐
lago, southern Japan (Figure 2). The island largely consists of highly folded mountains with
the highest peak (Mt. Komi) being 469 m above sea level. Its vegetation is mostly natural
subtropical evergreen broadleaved forest. Most of the island is protected as a Japanese national
park and contains good examples of the natural subtropical forests (see [7] for more informa‐
tion about the island).

Cats were trapped using box traps during the following six periods, May to July and October
in 1999, January, June and November in 2000 and November in 2001. For the captures, box-
traps equipped with radio-alarm systems were used. Captured cats were immediately brought
to a laboratory and anesthetized by a professional veterinarian with an intramuscular injection
of ketamine hydrochloride and xylazine (ketamine hydrochloride 10 mg/kg body weight). The
animals were weighed and measured; their age-classes were estimated according to tooth
wear, body weight and the delivery history of females [5, 25]. The cats were fitted with 40 g
radio collars (Advanced Telemetry Systems Inc., Isanti, Minnesota, USA., or alternatively,
collars hand-made in my laboratory).

I captured and radio-tracked a total of 16 adult cats (nine males and seven females) (Table 1)
in seven separate study sites (Figure 2). All females were parous when captured, as per
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evidence of previous suckling marks on their nipples [5, 25]. Each cat remained in the same
study site throughout the study period.

The movements of radio-collared cats were continuously monitored for seven-to 10-day
periods, either by car or on foot. Locations used by the cats were taken at intervals of at least
one hour using the triangulation software Loas version 2.1 (Ecological Software Solutions)
from two-to four-points, marked with a handheld global positioning system (GPS; model
Garmin GPS II Plus) on roads or trails. I then determined the universal transverse mercator
(UTM; zone 51, WGS84 Datum) coordinates of cats' locations using a geographic information
system (GIS) and the IDRISI Kilimanjaro version 14 software (Clark Labs, Clark University,
Worcester MA, USA).

2.2. Scat analysis

Seasonal and local variations on diet compositions among the study sites were examined via
scat analysis [6-8]. Scats collected in each study site (Figure 2) were used for the analysis. Diet
composition and principal prey items were compared among the sites. I calculated the
frequency of occurrences for each prey taxon: mammals, birds, reptiles, amphibians, insects,
crustaceans and others; this was done for each season and site.

2.3. Data analysis

2.3.1. Environmental measurements

I measured nine environmental variables related to topographic and vegetative characteristics
within habitats to determine regional differences in environments among the study sites, as
well as the most important factors that influenced the habitat preferences of the Iriomote cat.
IDRISI [26], an integrated GIS and remote sensing software, was used for the analysis and
display of digital geospatial information. IDRISI is a PC grid-based system that offers tools for
researchers and scientists engaged in analysing earth system dynamics for effective and
responsible decision making regarding environmental management [26].

Three topographic variables, elevation (El), slope (Sl) and the presence of drainage (Dr), were
derived from digital elevation models (Digital Map 50 m Mesh Elevation, published by the
Japan Geographical Survey Institute). The topographic data contained elevation values of one
meter precision at the centre of grids by latitudinal 1.5 second and longitudinal 2.25 second;
the ground length was roughly 50 m. The elevation data were geometrically-corrected in the
UTM coordinate as a raster image showing a 50 m x 50 m grid. Sl and Dr were derived from
the image using the Surface and Runoff operations of IDRISI. Elevation data generally contain
depressions that hinder flow routing; these were removed and then I calculated the accumu‐
lation of rainfall units per pixel based on the elevation image. Drainage networks can produce
a setting for discovering a threshold on the accumulation of runoff [26]. In the present study,
the threshold (50 pixels) was able to detect permanent stable water and as such, streams and
rivers in the study area were set. These three variables were subdivided into a 10 m x 10 m
grid; images of El and Sl were averaged among neighbouring 5 x 5 pixels using the Filter
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operation of IDRISI. Thus, the distance (10 m) and planimetry (100 m2) accuracies in this study
were limited by the grid size.

Vegetative variables were derived from a digital vegetation map [27], in which vegetation was
classified as 29 categories within the study area. Many categories had a few patches, while
some categories were very similar to others. I combined similar habitat types and broadly
classified these in the following five categories; natural forest (NF) including subtropical,
evergreen and broad-leaved forests; secondary forest (SF), including pine and artificial forests;
coastal vegetation (CV), including mangroves and vegetation along shorelines; rice fields and
swamps (RS); croplands and postures (CP). The vegetation classified into five categories was
also geometrically-correlated in the same UTM coordinate as the raster image showing a 10 m
x 10 m grid.

Since the Iriomote cat prefers to use the boundaries of forests and open lands [28, 29], I
presumed that the prey availability of some species was high along forest edges, which
influenced their food habits. Thus, a variable (FE: presence of forest edges) was derived from
the 10 m x 10 m vegetation grid data using the Buffer operation of IDRISI. Forest edge was
defined as zones within 50 m toward forests (NF and SF) from other vegetation types.

Variable
Otomi Maira Komi NCA Funaura Urauchi Shirahama G d.f. P

DR 4.9 6.0 5.9 6.7 5.4 7.0 5.4 190 6 <0.0001
FE 18.9 38.6 12.1 12.5 14.2 9.3 14.6 3957 6 <0.0001

Study site

Table 2. Percentages of drainages (Dr) and forest edges (FE) in the home ranges of the Iriomote cat in each study site.

2.3.2. Habitat types in home ranges

I estimated the home range of each radio-collared cat from the coordinates of radio-tracking
locations using home range estimation software Biotas version 1.0 (Ecological Software
Solutions). The home range (HR) was defined as the area enclosed within the 75% utilization
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operation of IDRISI. Thus, the distance (10 m) and planimetry (100 m2) accuracies in this study
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evergreen and broad-leaved forests; secondary forest (SF), including pine and artificial forests;
coastal vegetation (CV), including mangroves and vegetation along shorelines; rice fields and
swamps (RS); croplands and postures (CP). The vegetation classified into five categories was
also geometrically-correlated in the same UTM coordinate as the raster image showing a 10 m
x 10 m grid.
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contour with the harmonic mean [30]. I overlaid HRs of all radio-collared cats in each study
site (Figure 2), in which environments concerning the above nine variables were compared
among sites. The differences between the continuous variables (El and Sl, see Figure 3) among
study sites were subjected to a Kruskal-Wallis test for those that were significantly different,
while the seven other categorical variables (Table 2, Figure 4) were subjected to a likelihood-
ratio test (G-test) for independence to test for differences.

Figure 4. Compositions of vegetation types (NF: natural forest; SF: secondary forest; CV: coastal vegetation; RS: rice
fields and swamps; CP: croplands and postures) within the home ranges of the Iriomote cat in seven study sites (Ot:
Otomi; Ma: Maira; Ko: Komi; NCA: northern coastal area; Fu: Funaura; Ur: Urauchi; Sh: Shirahama).

2.3.3. Habitat preferences on cat location

To determine the most important topographic and vegetative characteristics influencing the
animals' habitat use, I measured the above nine variables in areas within a 20 m radius of cat
location sites fixed by radio-triangulation. To determine seasonal differences in habitat use,
the location sites of six cats that were studied during all seasons (spring: April to June; summer:
July to September; autumn: November to December; winter: January to March) were compared
among seasons with regard to the above environmental characteristics.

To determine the habitat preference of radio-collared cats at each site, environmental charac‐
teristics in areas within a 20 m radius at cat location sites were compared with those at random
locations. As many random locations as cat locations were chosen from HRs in each study site,
using IDRISI. Mean values of El and Sl and the proportions of occurrence of other seven
categorical variables were compared between areas within a 30 m radius at cat locations and
random locations.

As a first step, these statistical differences were tested using a Mann-Whitney U-test for El and
Sl, and using a G-test for others. Variables remaining after univariate testing were entered into
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a logistic regression function following forward stepwise procedures. In the stepwise regres‐
sion, a forward procedure using the likelihood-ratio statistic was employed, which included
a variable in the model at P=0.05 level, which was removed if said variable’s significance fell
below 0.10. The percentage of sites classified correctly (radio tracking location vs. random
location) and coefficients of determination (Nagelkerke R2) determined by the final logistic
models, which were indications of the influence of the logistic regression [31], were calculated
in each regression.

Figure 5. Movement tracks of the Iriomote cat in five study sites shown in digital elevation models. The movement
tracks were based on continuous radio-tracking with locations taken every one-to two-hours.
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Figure 6. Seasonal elevation changes (mean+SD) of the radio-tracking locations of six Iriomote cats in four study sites
(Ot: Otomi; Ko: Komi; Fu: Funaura; Sh: Shirahama).
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2.3.4. Movement pattern

The movement tracks of radio-collared cats were derived from fulfilled radio-tracking
locations (Figure 5) following the procedure in [32]. Data were collected at a rate of at least one
hour intervals for more than 24 hours. However, if cats moved less than 100 m and rested at
a fixed location, the data were accepted. The movement of each cat was characterized by
calculating the daily movement distance (DMD: the sum of straight line distances between
consecutive locations during 24-hour tracking sessions).

To determine the most important environmental characteristics influencing the animals'
movement patterns, I measured the most important predictors derived from the above
analyses of the movement tracks of radio-collared cats (MT) and compared them to the same
variables for random tracks (RT), which were created by a Monte Carlo simulation using a
random walk program in Biotas. A random walk is the most basic process for creating a
spatially unpredictable data set. The process was operated with a point pattern using the same
number of cat locations and straight line distance of MT during a consecutive tracking session
without any specific direction. This process was able to "walk" in any direction within the home
range. These statistical differences were tested using a Mann-Whitney U-test.

All statistical analyses were carried out using SPSS 11.5 for Windows (SPSS Inc., Illinois, USA).
Statistical differences were accepted as significant when P < 0.05.

3. Results

3.1. Environmental characteristics among study sites

I measured nine environmental variables within the home ranges of the radio-collared cats
and compared them among study sites (Figure 3). Continuous variables (El and Sl) were
significantly different among study sites (one-way ANOVA: F=2389 for El and 3468 for Sl,
d.f.=6, both P < 0.0001). Mean values of El were highest in Shirahama, followed by Urauchi and
NCA. Those of Otomi, Maira, Funaura and Komi were relatively low. A similar pattern
emerged for the case of slopes (Figure 3).

For categorical variables, percentages of drainages (Dr) and forest edges (FE) were also
statistically different among sites (P < 0.001). Dr was the highest in Urauchi, followed by NCA,
Maira and Komi. However, these values varied slightly, ranging from 4.9 to 7.0%, whereas FE
varied largely depending on study sites. FE was particularly abundant in Maira, followed by
Otomi. These values were lower in other sites.

Composition of vegetation type in each study site is illustrated in Figure 4 and differed
significantly among sites (G=66826, d.f.=24, P < 0.0001). In Otomi, NCA, Funaura and Shiraha‐
ma, vegetative environments were relatively uniform and mostly occupied by one or two
vegetation types; NF and CP in Otomi, NF in NCA, NF and CP in Funaura and NF and SW in
Shirahama. On the other hand, vegetative environments were more complex in Maira, Komi
and Urauchi, as these were occupied by five vegetation types.
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Figure 7. Seasonal slope change (mean+SD) of the radio-tracking locations of six Iriomote cats in four study sites (Ot:
Otomi; Ko: Komi; Fu: Funaura; Sh: Shirahama).
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3.2. Habitat use

3.2.1. Seasonal differences

I measured the seasonal differences for the major environmental characteristics of six radio-
collared cats and the results are shown in Figures 6 to 8. For each cat, El and Sl at cat location
sites significantly differed among seasons (Kruskal-Wallis test, P < 0.001: Figures 6 and 7).
Vegetation types at cat locations were also significantly different among seasons for each cat
(G-test, P < 0.001: Figure 8). Seasonal variations for both topographic variables in males were
relatively low and varied comparatively more among females. In particular, a female cat in
Shirahama used a lowland habitat during winter and spring, and used a higher habitat during
summer and autumn (Figures 6 and 7). The vegetative compositions of used habitats varied
relatively among females, more so than among males. Although the environments of cat
location sites varied seasonally, environmental conditions essentially differed depending on
study sites (Figure 8).

El Sl FE SF CV RS Intercept

Otomi -0.030 0.463 -2.073 1.13 83.3 0.366 21.9 0.0051
Maira -0.035 0.821 0.65 85.0 0.339 19.2 0.0138
Komi -0.040 0.745 1.488 0.50 78.9 0.405 42.7 <0.0001
NCA -0.037 2.25 97.4 0.688 16.1 0.0414
Funaura -0.023 -2.385 0.932 1.00 76.4 0.220 23.0 0.0033
Urauchi -0.015 0.71 81.8 0.202 24.7 0.0017
Shirahama -0.015 0.036 -1.483 1.041 0.75 83.0 0.502 18.1 0.0208

Study site
Nagelkerke

(R 2)
χ2 P

Logistic coefficient of covariate Correct
ratio (%)

Table 3. Results of final logistic regression models regarding environmental variables (El: elevation; Sl: slope; FE:
forest edges; SF: secondary forest; CV: coastal vegetation, rice fields and swamps) predicting radio-tracking locations
vs. random locations in each study site.

3.2.2. Regional differences

I measured habitat variables at radio-tracking locations and random locations in each of the
study sites; radio-tracking locations were significantly influenced by one to four environmen‐
tal variables depending on study sites. These environmental variables were employed in
forward stepwise procedures. By doing so, I obtained predictive models for cat location sites
that were correctly classified at 76.4 to 97.4% (Table 3).

Elevation (El) was the only predictor selected in the models in all study sites, which indicates
that the cat preferred lowland and avoided areas at higher altitudes in all study sites. In NCA
and Urauchi, El was the only important predictor of cat locations. The cat preferred lowland,
regardless of vegetative types. In four of five study sites (other than Funaura), El was the most
important predictor of cat locations. Slope (Sl) was only chosen in the model in Shirahama that
indicates the cat preferred sloping lands.
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Although vegetative variables also employed in the models of the five study sites, the influence
varied depending on the sites. According to each predictive model, besides lowland areas, the
cat preferred areas near forest edges in Maira and Otomi; preferred swamps in Komi, Funaura,
and Shirahama; preferred secondary forests in Komi but it was avoided in Shirahama; the cat
avoided coastal vegetation in Otomi and Funaura.

3.3. Movement pattern

I analysed the movement patterns of 11 cats (five males and six females, see Table 5). The total
tracked time and distance were 3012 h and 359.6 km, respectively. DMD of each individual
was calculated and is shown in Table 4. The DMD was slightly longer for males (3.36±1.04 km:
x ±SD, N=5) than females (3.02±0.80 km, N=6), but lacked the same statistical support (Mann-
Whitney U-test, U=14, P=0.93). Despite slight differences between the sexes, the DMD varied
largely among study sites and was the longest in Funaura (4.61 km, N=2), followed by Otomi
(3.06 km, N=1), Komi (3.04 km, N=2), Maira (3.03 km, N=2), NCA (2.80 km, N=2) and Shirahama
(2.26 km, N=2), in this order. The DMD was positively related with home range size but lacked
statistical supports (r=0.522, N=5, P=0.182, for males; r=0.575, N=6, P=0.116, for females).

Correlations of HR sizes and DMD against mean values of elevation and slopes in HR are
shown in Figure 9. For male cats, DMD and HR were negatively closely related with mean
values of slope, though not related with mean values of elevation. Meanwhile, there was not
significant correlation between elevation and slope (P > 0.05).

The values of elevation and slope on movement tracks of the cats were compared with random
tracks created by the random walk simulation (Table 5). Both variables were significantly lower
on movement tracks than those on random tracks in all individuals (Mann-Whitney U-test, P
< 0.001).
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Figure 8. Seasonal vegetative changes for the radio-tracking locations of six Iriomote cats in four study sites (Ot: Oto‐
mi; Ko: Komi; Fu: Funaura; Sh: Shirahama).
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Study site Cat name Sex Distance (m) Track hour (h) DMD (km) HR (km2) El (m) Sl (°)

Otomi E30 M 32880 229 3.45 3.35 47.5 9.60

Maira E36 F 9674 90 2.58 0.70 32.4 8.51
E39 F 7750 53 3.48 0.49 15.6 5.66

Komi E18 F 52196 458 2.73 0.66 28.4 8.07
E32 F 20419 146 3.36 1.55 37.6 9.79

NCA W86 M 2898 28 2.46 2.79 67.3 12.2
W89 M 7936 61 3.14 2.63 66.3 12.3

Funaura W61 M 10536 50 5.09 2.65 47.7 10.4
W68 F 46518 270 4.13 1.75 24.9 6.92

Shirahama W49 M 140572 1257 2.68 0.55 93.3 16.2
W60 F 28253 369 1.84 0.76 75.9 16.0

Table 4. Movement characteristics of each individual Iriomote cat. DMD (daily movement distance), HR (home range
size, estimated by 75% harmonic mean method), mean values of elevation (El) and slope (Sl) in HR.

Random Movement Random Movement

Otomi E30 3036 67.9±49.0 25.5±21.8 2004615 <0.00001 12.6±8.72 6.53±5.17 2660791 <0.00001

Maira E36 882 56.9±51.1 22.1±15.9 229749 <0.00001 12.0±8.50 6.44±4.94 209086 <0.00001
E39 694 26.9±15.0 10.8±7.08 67732 <0.00001 7.44±6.04 4.82±3.13 166544 <0.00001

Komi E18 4669 24.8±29.9 10.8±12.8 7670419 <0.00001 7.39±7.39 4.36±4.86 7626407 <0.00001
E32 1788 37.1±37.4 9.41±13.9 553259 <0.00001 9.17±8.26 3.58±4.51 725216 <0.00001

NCA W86 268 48.2±37.4 16.0±12.8 15260 <0.00001 10.2±6.17 5.08±3.65 18011 <0.00001
W89 719 49.3±38.7 21.6±15.8 145632 <0.00001 11.2±6.92 7.80±5.28 183296 <0.00001

Funaura W61 966 38.4±30.2 28.4±15.6 399199 <0.00001 10.1±7.72 6.54±4.52 311399 <0.00001
W68 4191 44.2±46.1 28.7±22.1 6874122 <0.00001 9.33±7.11 8.68±6.55 8301671        0.00047

Shirahama W49 12720 114 ±80.4 38.8±39.0 33984231 <0.00001 17.6±10.2 15.3±11.1 69846145 <0.00001
W60 2503 107 ±62.1 43.2±42.9 1248043 <0.00001 19.5±10.7 16.4±12.4 2583308 <0.00001

U P
Elevation (m: mean± SD ) Slope (°: mean± SD )

Study site N U P

Table 5. Elevation and slope ranges for the movement tracks of the Iriomote cat and for random tracks created by
random walk simulations.

The movement tracks that were analysed are shown on the digital elevation model in Figure
5. When the cats went on long-distance walks, they avoided higher lands and selected flat
routes to another area. In Otomi, Komi and Funaura, where flat lands largely occur, the
movement tracks were distributed relatively uniform, whereas they were concentrated in flat
lands in NCA and Shirahama, where these types of area are extremely limited.

3.4. Regional differences of the diet compositions

I analysed the contents of 805 scats collected within HRs of radio-collared cats: 70 scats in
Otomi, 182 scats in Maira, 166 scats in Komi, 169 scats in NCA, 81 scats in Funaura, 45 scats in
Urauchi and 92 scats in Shirahama. The result of the scat analysis is summarized in Figure 10.
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routes to another area. In Otomi, Komi and Funaura, where flat lands largely occur, the
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lands in NCA and Shirahama, where these types of area are extremely limited.

3.4. Regional differences of the diet compositions

I analysed the contents of 805 scats collected within HRs of radio-collared cats: 70 scats in
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Principal prey groups were different among sites; reptiles and birds in Otomi, reptiles and
amphibians in Maira, birds and amphibians in Komi, birds and reptiles in NCA, birds, reptiles
and amphibians in Funaura, mammals and birds in Urauchi, and birds in Shirahama, were
most frequently preyed upon, respectively.

The cats' diets were relatively diversified with high frequencies of several prey groups in
Otomi, Maira, Komi, NCA and Funaura; however, their diets were narrowed to mainly birds
in Urauchi and Shirahama (Figure10).

Figure 9. Correlations for daily movement distance (DMD) and home range size (HR) against mean values of elevation
and slope in HRs.
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Figure 10. Seasonal and regional patterns of frequency occurrences (%) of prey groups found in 805 scats of the Irio‐
mote cat.

4. Discussion

4.1. Feeding strategy of the Iriomote cat

The results of the present study showed seasonal variance in the habitat use of the Iriomote
cat. Several studies have shown seasonal effects on the movements and habitat use of felids at
various scales [33-39]. Deep snow and severe winter weather were shown to restrict home

Biodiversity in Ecosystems - Linking Structure and Function16368



Frequency (%)             Frequency (%) 

0

20

40

60

80

Mammal Bird Reptile Amphibian Insect Others
Spring (n=13) Summer (n=13) Autumn (n=13) Winter (n=42)

0

20

40

60

80

Mammal Bird Reptile Amphibian Insect Others
Spring (n=62) Summer (n=35) Autumn (n=21) Winter (n=48)

0

20

40

60

80

Mammal Bird Reptile Amphibian Insect Others
Spring (n=56) Summer (n=48) Autumn (n=26) Winter (n=52)

0

20

40

60

80

Mammal Bird Reptile Amphibian Insect Others
Spring (n=46) Summer (n=47) Autumn (n=12) Winter (n=64)

0

20

40

60

80

Mammal Bird Reptile Amphibian Insect Others
Spring (n=15) Summer (n=12) Autumn (n=12) Winter (n=31)

0

20

40

60

80

100

Mammal Bird Reptile Amphibian Insect Others
Spring (n=15) Summer (n=15) Autumn (n=20) Winter (n=42)

0

20

40

60

80

100

Mammal Bird Reptile Amphibian Insect Others
Spring (n=2) Summer (n=7) Autumn (n=18) Winter (n=18)

Otomi

Komi

Maira

NCA

Funaura

Urauchi

Shirahama

Figure 10. Seasonal and regional patterns of frequency occurrences (%) of prey groups found in 805 scats of the Irio‐
mote cat.

4. Discussion

4.1. Feeding strategy of the Iriomote cat

The results of the present study showed seasonal variance in the habitat use of the Iriomote
cat. Several studies have shown seasonal effects on the movements and habitat use of felids at
various scales [33-39]. Deep snow and severe winter weather were shown to restrict home
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range size and habitat use [33, 36], as well as the movement patterns [37] of felids. Severe
drought during the dry season was similarly shown to restrict movement patterns and the
habitat use of some felids [38, 39]. In contrast with the study areas noted above, the climate of
the Iriomote is extremely warm and humid throughout the year [40]. Thus, I believe that the
seasonal variations in the habitat use of the Iriomote cat in the present study must be related
to other factors.

In the present study, there were different levels of seasonal variations between sexes. Male
cats had small seasonal variations; meanwhile, female cats used lowland habitats during
winter and spring. The different seasonal patterns of habitat use between sexes may be
connected to the gender differences in breeding cost. Female Iriomote cats breed and raise their
young, while males are not involved in the raising of offspring [25, 41]. The breeding cycle of
the cat is not seasonally restricted but a mating peak is recognized between February and April,
and females deliver litters between April and June [41]. Accordingly, females need suitable
habitats for breeding dens and for nursing their young [25, 41]. Three females were parous
when they were captured. Thus, the females preferred and used lowland habitats during
breeding; meanwhile, the habitat use of males were not as related to the breeding cycle.

Some studies of carnivores have suggested that suitable structures and sites for breeding dens
are essential and limited within the animals' habitats. The distribution of breeding sites affects
the habitat use of breeding females [42-45]. The breeding habitat use of Iberian lynxes Lynx
pardinus is more strongly influenced by distribution of natal hollow trees than by prey
availability and breeding females use old growth forests during breeding season [45]. It has
also been reported that a female Iriomote cat used a hollow tree for breeding [46]. On Iriomote
Island, hollow trees that are large enough in size for the breeding purposes of Iriomote cats
were identified among several tree species, mostly Quercus miyagii, Castanopsis sieboldii and
Machilus thunbergii (Watanabe, unpub. data); these only occurred in the NF vegetative category
in the present study. Contrarily, females used lowland habitats with a low proportion of NF
during the breeding season, suggesting that the availability of den sites was not the only
important factor for the habitat use of breeding Iriomote cats. They may also use other
structures or sites for breeding and as such, it is likely that an increase in food requirements
for nursing influences the habitat use of female cats during breeding.

During nursing periods, females with young concentrated their movements near the den [47].
In the present study, the proportions of rice fields and swamps in home ranges of three females
were higher than those of other vegetation types during the period. There were an abundance
of birds and frogs in the habitat type during this period [7, 12, 40, 48]. Thus, the females
intensively used the habitat to prey on abundant food sources for nursing their young.

In addition to seasonal differences, I observed significant alterations of habitat use among the
Iriomote cats in different study sites. The habitat use of several widespread felids such as
bobcats, lynxes, leopards and tigers have been studied in broad geographic ranges across
several climatic zones [39]; the habitat use of each species varies somewhat according to region.
This is likely the result of different climates, vegetation structures, or the principal prey species
present in completely different environments. For leopard cats Prionailurus bengalensis, home
range sizes differ among broad regions in Thailand [49-51], in Borneo [52], on Tsushima Island
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[53] and on Iriomote [5, 47, 54]. On Iriomote, the vegetative and topographic conditions
significantly differed among the study sites, which were only several kilometres away from
one another. The narrow-regional differences among environments strongly affected the
habitat use, movement pattern and diet of the Iriomote cats.

Bekoff et al. [19] assumed that prey distribution strongly affects the habitat use of predators.
Generally, vegetation types have a larger effect on the prey distribution of carnivores [e.g.,
55-60]. The distribution of principal prey items of the Iriomote cat is also chiefly determined
by vegetative environment [7]. The habitat use of the Iriomote cat varied in relation to the
regional differences of vegetative environments. Preferred vegetation types differed among
regions. In addition, diet composition of the Iriomote cat differed between regions. Therefore,
it is my conclusion that the cats changed their use of habitat in order to adapt to differences in
prey distribution.

Although most environmental variables affected the habitat use of the Iriomote cat, only
elevation showed strong and similar effects within all study sites. All radio-collared cats
preferred using lowland habitats, mainly with elevation of less than 50 m, while they hardly
used highlands with elevation more than 200 m. In particular, the effect of elevation was more
highly correlated with the habitat use of the cats in rough terrains (NCA, Urauchi and
Shirahama). Sometimes, elevation contributed as a factor for determining vegetation type and
affected the mammalian fauna [e.g., 61-63]. However, this effect was the result of climatic
changes that required a vertical interval of several thousand metres. In this study, a vertical
interval of only 50 m limited the habitat use and movement of the Iriomote cat. Thus, the small
difference of elevation did not cause climatic changes.

Sakaguchi [5] also reported that the Iriomote cat avoided highlands and suggested this to be
due to scarce prey resources in the highlands. However, some principal prey items of the
Iriomote cat such as reptiles and insects are more abundant in montane forests than in lowland
habitats [7]. Thus, I believe that highlands encompass abundant prey items at a similar level
of that found in lowland habitats and that prey availability is not a principal factor affecting
the avoidance of highlands.

The habitat uses of predators are likely determined by how efficiently they seek and acquire
food. This is because predators perform optimum feeding to maximize the efficiency of their
energy acquirements [13]. In this regard, prey availability will be an important factor for habitat
use. However, at the same time, if there is a high cost for acquiring food, the results will be
inefficient. Schoener [64] assumed that energy acquirement efficiency fluctuated according to
the relationship between food availability and the cost demanded for acquiring the food.

According to the feeding patterns of the Iriomote cat, the animal is considered to be an
opportunistic mobile predator [5]; as such, the feeding cost can be represented as the movement
cost expended when seeking prey. Several studies have suggested that movement cost is highly
correlated with topographic condition, particularly slope [e.g. 65-67]. Walking speed decreases
as the slope on walking routes increase [65] and the energy requirements of humans [66] and
goats [67] during walking are much higher on a slope than on a flat surface. In the analysis
results of movement tracks of the Iriomote cat, it was shown in all study sites that the animal

Biodiversity in Ecosystems - Linking Structure and Function18370



[53] and on Iriomote [5, 47, 54]. On Iriomote, the vegetative and topographic conditions
significantly differed among the study sites, which were only several kilometres away from
one another. The narrow-regional differences among environments strongly affected the
habitat use, movement pattern and diet of the Iriomote cats.

Bekoff et al. [19] assumed that prey distribution strongly affects the habitat use of predators.
Generally, vegetation types have a larger effect on the prey distribution of carnivores [e.g.,
55-60]. The distribution of principal prey items of the Iriomote cat is also chiefly determined
by vegetative environment [7]. The habitat use of the Iriomote cat varied in relation to the
regional differences of vegetative environments. Preferred vegetation types differed among
regions. In addition, diet composition of the Iriomote cat differed between regions. Therefore,
it is my conclusion that the cats changed their use of habitat in order to adapt to differences in
prey distribution.

Although most environmental variables affected the habitat use of the Iriomote cat, only
elevation showed strong and similar effects within all study sites. All radio-collared cats
preferred using lowland habitats, mainly with elevation of less than 50 m, while they hardly
used highlands with elevation more than 200 m. In particular, the effect of elevation was more
highly correlated with the habitat use of the cats in rough terrains (NCA, Urauchi and
Shirahama). Sometimes, elevation contributed as a factor for determining vegetation type and
affected the mammalian fauna [e.g., 61-63]. However, this effect was the result of climatic
changes that required a vertical interval of several thousand metres. In this study, a vertical
interval of only 50 m limited the habitat use and movement of the Iriomote cat. Thus, the small
difference of elevation did not cause climatic changes.

Sakaguchi [5] also reported that the Iriomote cat avoided highlands and suggested this to be
due to scarce prey resources in the highlands. However, some principal prey items of the
Iriomote cat such as reptiles and insects are more abundant in montane forests than in lowland
habitats [7]. Thus, I believe that highlands encompass abundant prey items at a similar level
of that found in lowland habitats and that prey availability is not a principal factor affecting
the avoidance of highlands.

The habitat uses of predators are likely determined by how efficiently they seek and acquire
food. This is because predators perform optimum feeding to maximize the efficiency of their
energy acquirements [13]. In this regard, prey availability will be an important factor for habitat
use. However, at the same time, if there is a high cost for acquiring food, the results will be
inefficient. Schoener [64] assumed that energy acquirement efficiency fluctuated according to
the relationship between food availability and the cost demanded for acquiring the food.

According to the feeding patterns of the Iriomote cat, the animal is considered to be an
opportunistic mobile predator [5]; as such, the feeding cost can be represented as the movement
cost expended when seeking prey. Several studies have suggested that movement cost is highly
correlated with topographic condition, particularly slope [e.g. 65-67]. Walking speed decreases
as the slope on walking routes increase [65] and the energy requirements of humans [66] and
goats [67] during walking are much higher on a slope than on a flat surface. In the analysis
results of movement tracks of the Iriomote cat, it was shown in all study sites that the animal

Biodiversity in Ecosystems - Linking Structure and Function18370

preferred to move on areas with a lower slope and lower elevation. Thus, I hypothesize that
the avoidance of highland areas by the Iriomote cat is a consequence of increasing movement
cost based on the optimal feeding strategy: the cat performs habitat use to maximize the energy
acquirement efficiency, depending on the cost and benefit of feeding.

Several studies of felids have suggested that the availability of suitable foraging spots in an
area is limited [9, 68] and that felids flexibly shift their home range uses in response to prey
availability. In studies of bobcats Lynx rufus, it has been suggested that prey availability affects
home range sizes and large home ranges were reported in habitats with limited prey resources
[33]. A cat in an area with scarce prey resources needs to expand its home range to acquire
essential hunting spots and prey. However, in the present study, home range sizes tended to
contract as the slope in home range increased. If a cat enlarged the home range in hilly habitats
where the movement cost was particularly high, the cat acquired more food, but spent much
more energy seeking out said prey than it acquired energy.

Corbett [69] reported that feral cats with larger ranges were more likely to use mobile than
stationary or ambush hunting strategies, while cats with smaller ranges used stationary or
ambush strategies more often. In this study, the movements of cats in hilly areas (NCA and
Shirahama) were concentrated in limited lowlands, whereas cats with wide lowland habitats
(Otomi, Komi and Funaura) utilized their home ranges uniformly. Thus, it is likely that cats
in areas with wide lowland habitats used mobile opportunistic hunting strategies, whereas
cats in areas with hilly lands were more inclined to using stationary or ambush hunting
strategies in order to raise their feeding efficiency. Consequently, the cats kept small home
ranges in hilly areas with high movement cost.

4.2. Evolution of flexible habits of the Iriomote cat

Consumers can be roughly classified as either specialists with a narrow diet range and
generalists with a broad diet range. Discussions on the general or specialist characteristics of
predators are common in ecological literature [70]. The distribution of diet widths, i.e., the
range of food types eaten by an animal, differs among the various types of consumers [71]. In
the case of carnivores, the topic is well-documented at interspecific levels [e.g., 19, 20]. Each
felid species takes only a few different prey items of mammals, while other carnivores eat
various food types. The family Felidae is highly specialized for preying on mammals in terms
of developing their morphological and behavioural traits [21, 22]. Thus, Felidae is considered
a typical food specialist. These patterns appear to be in diets of P. bengalensis in that they feed
mostly on mice and rats [39, 51, 72]. However, the Iriomote cat is also considered as being a
generalist, because they prey on various types of animals besides mammals [6-8]. What then
generalizes their diet?

From an ecological perspective, the diet width of an animal is chiefly determined by the
functional limitations of their feeding ability, that is, how many food types in its habitat the
animal can consume [71]. For instance, all felids cannot digest vegetable matter due to
physiological limitations, though other carnivorous families such as some mustelids and all
ursids can. In addition, solitary felids generally do not hunt animals bigger than themselves,
due to their morphological and behavioural limitations; however, felid species do hunt in
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groups, as lions and canids often do [22, 73]. In the diet of the Iriomote cat, Sus scorfa (wild
pig), the largest animals on Iriomote Island, are hardly eaten. In addition, the Iriomote cat
mostly preys on ground-living animals, while arboreal species are infrequently preyed upon
[7]. This is likely due to limitations of their feeding ability. However, the Iriomote cat preys on
nearly a hundred prey items belonging to wide range of taxonomical groups [7]. Thus, it is
possible that they have developed a high feeding technique ability to prey on most types of
ground-living animals.

The ancestral species of the Iriomote cat is common to other species of the genus Prionailurus
[74], which presumably fed on small mammals living in continental environments, in which
small mammals coexisted. As such, it is assumed that the Iriomote cat acquired a more diverse
diet through further development of feeding functions to include a larger variety of animals.

To improve feeding ability, species are likely to develop morphological or behavioural
functions for hunting [22, 73]. However, there is no notable morphological distinction between
the Iriomote cat and other closely related species [74]. In addition, it has been reported that the
hunting methods of the Iriomote cat have not been well-developed in relation to each of its
prey types and is much more primitive than those of other small felids [75]. Furthermore, if a
species develop its feeding patterns in relation to feeding on particular food types, they are
likely to specialize in a narrow range of food types [76]. According to the dietary studies of P.
bengalensis in other regions, in addition to mammals, they also eat birds, reptiles, amphibians
and insects, though at low frequencies [2, 39, 51]. This suggests that the cats are also capable
of feeding on these types of prey but that these prey types may be in the minority in environ‐
ments, or are avoided by the cats. Therefore, it is likely that the Iriomote cat's well-developed
hunting techniques are related to each of its various prey items.

It is more likely that regional differences of potential food resources influence diet widths of
P. bengalensis. The insular fauna on Iriomote Island is characterized by a geological history that
caused the absence of native non-volant small mammals [2], by the humid-subtropical climate
that leads to the high abundance of floor-dwelling amphibians [40] and by the island's
geographically suitable location for migrant birds that has led to the drastic seasonal changes
in the abundance of and species composition of the avifauna [7]. Thus, small vertebrates are
remarkably abundant on the island in spite of the scarcity of small mammalian fauna, which
may be responsible for large differences in terms of the potential food resources of cats.
However, these small vertebrates eaten by the Iriomote cat are commonly also eaten in other
regions by other carnivores such as mustelids, viverrids and herpestids [21].

Absolute limits of diet widths are primarily defined by the cats' feeding abilities, but very few
animals actually eat all of the different food types they are capable of consuming, thereby
exhibiting their fundamental niche. This fundamental niche of a species in the absence of
competitors from other species may be restricted to a realized niche in the presence of
competitors [71]. In other regions where wild felid populations are present, several species of
other carnivores coexist. Interspecific differences of morphological traits and diets among
sympatric carnivore species have been reported as evidence for interspecific competition [e.g.,
77-79]. Thus, it is likely that sympatric carnivore species compete with felids in the habitats,
causing the diet widths of cats to be narrowed. There is no strong competitor for the cat on
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sympatric carnivore species have been reported as evidence for interspecific competition [e.g.,
77-79]. Thus, it is likely that sympatric carnivore species compete with felids in the habitats,
causing the diet widths of cats to be narrowed. There is no strong competitor for the cat on
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Iriomote. Thus, its broad diet width range is possibly as evolutionary consequences of
ecological release [e.g.70], due to the absence of competitors.

However, even when a competitor species is absent in a habitat, the species present will select
food types with good quality in order to maximize reward intake [13, 80]. As such, its diet
width will be narrower than its fundamental niche. At the one extreme, if the qualities of all
food types are uniform and scarce, the predator may employ a generalist strategy that will
tend to exhibit a broad diet, i.e., it will hunt and eat many of the food items that it comes into
contact with. At the other extreme, if a food type with remarkably high quality is abundant in
a habitat, the predator may employ a specialist strategy, have a narrow diet and ignore many
of the prey items it comes across, preferring to search for a few specific types of food. In general,
animals exhibit strategies ranging across a continuum between these two extremes in relation
to food condition in their habitats [13, 80]. In addition, strategies will be more generalized when
the food condition in a habitat is scarcer [14].

Food quality is generally determined by its energy content and its feeding efficiency, i.e., the
ease of predation [13]. For small felids, food types with good quality are the most common
prey item, for example, small terrestrial mammals such as rodents. However, these food types
are scarce on Iriomote Island [2, 7]. If preferred food types with good qualities decreased in a
habitat, the predator has two choices. First, it might maintain the selectivity of its diet and
migrate to another suitable habitat; alternatively, it risks starving by staying in the same
habitat. Second, the predator changes the selectivity of its diet and adapts to environmental
changes by preying on other food types in the same habitat. In general, such flexible adapta‐
tions to environmental changes in the second choice are more difficult for specialized species
[14]. Thus, it is likely that most felid species will opt for the first choice during food scarcity.

In general, island habitats are restricted in terms of food resources compared to those on
continents. For animals living in continental habitats, if food conditions worsen, they may
escape from starvation by migrating to other habitats with more resources. Indeed, it has been
reported that the home ranges of P. bengalensis on the continent shifts seasonally, seeing them
move to other habitats or enlarging their habitat in relation to prey distribution [51]. However,
where animals in insular habitats are confined to the same habitats all the time, food conditions
can vary. Thus, animals in insular habitats likely need some ecological flexibility in order to
adapt to environmental variations. Consequently, it is likely that animals that have adapted
to island habitats often have peculiar habits when compared to those found in continental sites
[81]. For example, some insectivorous lizards adapted to insular environments have expanded
their diets to include nectar, pollen and fruit [82]. To respond to flexibly as it concerns different
food types, it may be better for feeding patterns to be unspecialized when it comes to particular
food types. This is why the feeding behaviour of the Iriomote cat is more primitive and
undeveloped when it comes to particular prey. It is also likely that the opportunistic feeding
pattern of the Iriomote cat is suited for flexibly responding to variations in food availability.

Prionailurus bengalensis is considered a habitat generalist when compared to other small felids.
While other species in the genus inhabit narrow habitat types [39], the habitat of P. bengalen‐
sis varies [2]. Such flexible habitat use may also play a role allowing the felid population to be
present in such a small island. However, the results of the present study showed that the
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Iriomote cat does not randomly forage for food in its habitat. They might instead have learned
about food availability in relation to density and the distribution of prey from short-term
experience, and as a result, adopt the most efficient feeding tactics. These flexible feeding
patterns, as well as their diversified diets, are uncommon among Felidae. It is likely that the
Iriomote cat optimizes most of habitat types on the island.

Therefore, the wide range of food habits of the Iriomote cat results significantly from the
peculiar prey fauna of Iriomote Island [7, 40], the lack of competitors on the island [2] and the
limited environment due to small island effects [7]. Moreover, I believe that the potential
environmental adaptability, i.e., the fundamental niche of P. bengalensis appears only on
Iriomote Island, which is therefore an essential area of study for the behavioural evolution of
Felidae.

5. Conclusion

The leopard cat, Prionailurus bengalensis, is one of most widespread felids distributed through‐
out Asia. Although there are thousands of islands of various sizes within the range of distri‐
bution of the species, the species lives on several small islands as well as larger islands and the
Asian continent. Iriomote Island (284 km2) of the Ryukyu Archipelago in southern Japan, is
the smallest habitat of this species, on which the Iriomote cat Prionailurus bengalensis iriomo‐
tensis, a subspecies of leopard cats, lives.

On Iriomote Island, there are no autochthonous terrestrial small mammals such as rodents,
which are generally principal prey of wild felids. Thus, it is likely that there are unique
characteristics in the biodiversity of the island and in the ecology of this particular cat as the
top predator in the ecosystem. In the present study, I investigated the characteristics of the
ecology of the Iriomote cat concerning food habits, habitat use and movement patterns.

I conducted radio-tracking surveys in seven study sites. I examined a location fixed by the
radio-tracking in each study site in terms of the cats' habitat preferences related to nine
topographic and vegetative variables by using a geographic information system (GIS). Then,
the seasonal and regional patterns of the cats' habitat use were examined in terms of feeding
patterns.

The results showed that all studied cats selectively used their habitats. Cat locations were
significantly influenced by six to eight environmental variables, depending on the study sites.
To determine the most important topographic and vegetative factors influencing their habitat
use, I attempted a logistic regression function following a forward stepwise approach and with
environmental determinants in each study site. Suitable habitats evaluated from logistic
regression models more or less differed among study sites. For the comparison of habitat use
among study sites, elevation was the only variable to significantly relate to the cats' habitat
use in all study sites, while the effects of other variables varied depending on the particular
study site. In the results of assessing the prey availability of the cat, distribution and the
abundance of their principal prey species were chiefly influenced by vegetative environments.
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The compositions of vegetative types differed among study sites. Thus, prey distribution and
abundance also varied according to site, which potentially influenced the regional differences
of suitable habitats.

The diet of the Iriomote cat was examined in terms of the seasonal and regional differences of
each prey type by analysing 805 Iriomote cat scat contents collected from various environments
in the seven study sites. The results showed that the cat seasonally shifted principal prey items
as it concerned food availability. They preyed on items that were abundant in environments.
In addition to seasonal differences, the diet compositions also differed among study sites. Thus,
it is likely that the cat feeds on abundant prey types depending on the regional differences of
environments, as well as seasonal differences.

To determine the most important topographic characteristics influencing Iriomote cats'
movement patterns, I measured the elevation and slope of the movement tracks of radio-
collared cats and compared them to the same variables on random tracks created by Monte
Carlo simulations. The results showed that values of elevation and slope were significantly
lower in all individuals on movement tracks than those on random tracks. This suggests that
the cat moves from one area to another to avoiding steep paths.

Predators maximize the energy acquirement efficiencies that fluctuate within the relationship
between prey abundance and the demanded cost for acquiring prey. For mobile predators such
as the Iriomote cat, demanded costs for feeding are significantly determined by costs required
for foraging. Thus, highly folded habitats will increase feeding costs. In addition, the cat may
avoid areas at high elevation, irrespective of prey abundance.

From the above results, I have concluded that the broad range of food niches of the Iriomote
cat likely resulted from making the best possible use of fauna on the small subtropical island.
Furthermore, the cat has adapted to the island-wide environment in order to change its
principal prey items and feeding patterns in relation to the spatial and temporal variations of
food availability. Most small felids may potentially have such flexibility in their ecology.
However, this might only be the case in the uniquely biodiverse environment of Iriomote
Island.
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1. Introduction

Rapa Nui (Easter Island, Isla de Pascua), also known as Te Pito O Te Henua, is a small oceanic
island of volcanic origin discovered by the Dutch explorer Jakob Roggeveen in April 1722. It
has belonged to Chile since 1888 and is administratively part of the Region of Valparaíso,
Province Isla de Pascua. At around 163.6 km2, it is the largest island of the Chilean insular
territory, situated in Polynesia, ca. 3,700 km from continental Chile in the Pacific Ocean (27°7’S,
109°22’W). Rapa Nui is considered the most remote inhabited island in the world, with a
population of nearly 5,800 inhabitants. Approximately 43.5 % of the island territory is under
the protection of the National System of Wild Protected Areas of the State of Chile (SNASPE).
The Rapa Nui National Park, administered by the National Forest Corporation of Chile
(CONAF) was created on 16th January, 1935 and declared a World Heritage Site by UNESCO
in 1995 to protect the Rapa Nui culture, and especially the 887 statues known as moai [1].

The climate is warm and sub-tropical. The flora of Rapa Nui is extremely poor compared to
other oceanic tropical islands [2]. Approximately 40 % of the flora is indigenous. Nearly 23 %
of the vascular flora is represented by endemic species, and some 20 species of the native flora,
10 of which are endemic, have disappeared or are endangered, principally due to invasive
plants, fire, overgrazing and agriculture, among other factors [3]. Nearly 90 % of the territory
corresponds to herbaceous vegetation, with species of Poaceae (grasses) as the principal
component, most of them alien [4]. There are, however, very dense little forests composed of
species that have come with human beings since the island was colonized. Wetlands are located
chiefly in the craters of volcanoes, the largest in Rano Kau (Fig. 1) and others in Ranu Raraku
and Ranu Aroi. The flora of these wetlands consists of Schoenoplectus californicus, Persicaria
acuminata, Cyperus eragrostis, Cyperus polystachyos and Sorghum halepense. It has been suggested

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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that the original vegetation of the island was represented by palm-dominated forests that have
since disappeared and been replaced by a large number of introduced species that became
naturalized. Pollen analyses of lake sediment cores showed a replacement of forests dominated
by the palm species Paschalococcus disperta by grass-dominated vegetation communities [5].
Deforestation would have occurred either in AD 1000-1200 or 600 years later. It has been
suggested that the deforestation of the island occurred due to intense human activity, including
clearing, introduction of the Polynesian rat, fire and agriculture, among other factors [7, 8].
However, the existence of vegetation dominated by trees, as well as the proposed ecological
disaster, still needs to be proven conclusively [5].

Grasslands present on the island can be divided into two types: 1. Very low grasslands, with
high species diversity, overgrazed by livestock, especially horses. 2. Higher grasslands
composed almost exclusively of Melinis minutiflora.

Figure 1. Crater of the volcano Rano Kau. Photo: G. Rojas.

The number of species reported for the island is not consistent in the scientific literature. Most
of the differences in number of species occur, probably, because the authors include or exclude
cultivated plants, and due to synonyms and nomenclatural changes.
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Castro et al. [6] report only 40 species of monocots for Rapa Nui from a total of 121 vascular
plants; these authors did not specify how many species of Poaceae there are; on the basis of
121 vascular species, Poaceae represent ca. 44 % of the entire vascular flora of the island.
Previously, Skottsberg [9] indicated 44 species from 18 families of vascular plants, including
eight genera and 12 species of Pteridophyta, and 28 genera and 32 species of Spermatophyta;
Poaceae comprises 10 species. Two decades before, Fuentes reported ca. 124 species from 104
genera and 48 families [10]; five species reported by Fuentes are non-vascular plants and
Poaceae numbers 19 species. Zizka [12] reported 100 wild angiosperms. Zizka [13, 14] reported
46 species of Poaceae. Dubois et al. [3] found 21 species of grasses. It has been suggested that
more than 370 species of vascular plants have been introduced by humans to Rapa Nui, of
which some 180 became naturalized [3].

The aim of this chapter is to provide a synopsis of the diversity of the family Poaceae (Grami‐
neae) in Rapa Nui, to provide a catalogue of all species of Poaceae and to analyse the com‐
pleteness of the inventory, to analyse the taxonomic distribution, life cycle, photosynthetic
pathway, and phytogeographical origin of Poaceae in Rapa Nui and to compare the diversity
of Poaceae in Rapa Nui with those of other oceanic islands. To date, the most complete list of
grass species published on the flora of Rapa Nui comprises 46 species [14]. Our data indicate
that in Rapa Nui, the family Poaceae comprises 50 species and one infraspecific taxon, from
37 genera and seven subfamilies. Recent taxonomic treatments have followed to update the
nomenclature and the classification of the species.

2. History of the botanical expeditions to Rapa Nui

The first botanical collections made in Rapa Nui were those of Johann Reinhold Forster and
his son Georg, during Cook’s second voyage aboard the “Resolution”, who sighted Rapa Nui
on 13th March, 1774, and the next day landed at Hanga Roa [15]. Both Cook and Forster made
similar and interesting comments, mainly on crop species such as sugarcane, potatoes and
bananas. They also mentioned Sophora toromiro (Fabaceae) as the only native shrub species
growing on the island, which was scarce, and with hard and heavy wood [16]. Georg Forster
[15] cited 9 species on the island in the Florulae insularum Australium Prodomus which three
belong to the grass family Poaceae: Saccharum officinarum, Panicum filiforme and Avena filifor‐
mis (=Lachnagrostis filiformis).

During a voyage of the Russian ship “Rurik”, commanded by Captain Kotzebue, and with
Adelbert  von Chamisso,  a  naturalist,  on board,  it  passed by Rapa Nui  on a  short  visit;
apparently,  a small  botanical  collection was made [18].  Between 1825 and 1828,  Captain
Beechey’s  journey  of  exploration  in  the  “Blossom” visited  several  locations  in  Chile,  of
which an important record is retained in the publications of Hooker and Arnott (1830 and
1832). The ship arrived at Rapa Nui on 16th November, 1825, but there are no records of
plants [19].

Endlicher [20] in Bermerkungen über die Flora der Südseeinseln, lists numerous species on the
islands they visited. For Rapa Nui, he mentions 11 species previously studied by Chamisso
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and Forster, but no specimens were deposited in herbarium. In this work, five species of
Poaceae were recorded: Paspalum filiforme, Agrostis conspicua, Deyeuxia chamissonis (=Lachna‐
grostis filiformis), Deyeuxia forsteri (=Lachnagrostis filiformis) and Lepturus repens.

Savatier, during the campaign of the “Magicienne”, reached Rapa Nui in August, 1877. Plants
collected on the island are kept in the herbarium of the Museum of Paris, but no list was
published. In 1885, Hemsley, in his Report of the present stage of knowledge of various insular
floras [21], listed species of the island that were present in the work of Endlicher (except
Centaurea apula), and also mentioned that there were other widely distributed plants that had
been collected, such as the already known Sophora tetraptera and Sesuvium portulacastrum. The
zoologist Alexander Agassiz, as a member of the Albatross expedition to the Tropical Eastern
Pacific, visited Rapa Nui in 1904, making an important collection of plant specimens that he
sent to Cambridge, Gothenburg and Washington.

In 1911, Francisco Fuentes was commissioned by the Chilean government to conduct a study
on Rapa Nui. As a result of this work, Fuentes published his Reseña botánica sobre la isla de
Pascua [10], where he mentions 135 species, of which 40 % are native or naturalized, and of
these 25 are typically tropical. Grasses are represented by 19 species and 14 genera. He
mentions that grasses cover the entire surface of the island, forming a steppe-like vegetation
consisting mainly of Paspalum orbiculare (=P. scrobiculatum var. orbiculare), Sporobolus indicus,
Eragrostis diandra (probably E. tenuifolia or E.atrovirens), Andropogon halepensis (=Sorghum
halepense) and Panicum sanguinale (=Digitaria sanguinalis).

Between 5th October, 1916, and 26th, September, 1917, Skottsberg and his wife made a major
Swedish expedition to explore and study the Juan Fernández Archipelago and Rapa Nui,
which culminated in the publication of The natural history of Juan Fernández and Easter Island
[17]. On 15th June, they arrived at La Pérouse Bay [19]. They collected 30 species that were
probably indigenous or naturalized and four species that were semi-naturalized, but certainly
introduced by the first inhabitants because of their usefulness, and 24 species accidentally
introduced. This research increased by 23 the species mentioned by Fuentes, in which nine
species of grasses are given. In 1927, the names of the plants collected in 1918 by Gusinde were
also provided.

The Franco-Belgian mission exploring Rapa Nui from 29th July, 1934, to 3rd January, 1935,
collected 61 species; the few that were not reported previously are obviously introduced, and
known angiosperms number 142 [16]. The list mentions nine species of grasses, some new with
respect to the Skottsberg list, and others that were missing, and notes that there are numerous
plants without flowers to identify.

Subsequently, several researchers have conducted the collection of plants, which have been
deposited in various herbaria, especially in Chile in the herbarium of the National Museum of
Natural History (SGO) and the herbarium of the University of Concepción (CONC) [14]. In
this work, 46 grass species have been reported.
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3. Material and methods

Specimens were collected and preserved in the herbarium of the National Museum of Natural
History at Santiago (SGO). Specimens were identified and photographs were taken using a
Zeiss Stemi 2000 C stereomicroscope equipped with an Axiocam ERc5s camera. Images were
processed with the software Zen 2011.

A database of the species of grasses of Rapa Nui was constructed, based on the databases of
two important Chilean herbaria: CONC (Herbarium of the University of Concepción) and SGO
(Herbarium of the National Museum of Natural History, Santiago). Specimens deposited in
these herbaria and those collected for this project were included. The database contains the
following fields: 1. Genus; 2. Species; 3. Common names in Rapa Nui; 4. Origin (native/
introduced/endemic); 4. Geographical origin; 5. Photosynthetic pathway; 6. Life cycle; 7.
Subfamily; 8. Tribe; 9. Collector’s name; 10. Collector’s number; 11. Latitude; 12. Longitude;
13. Altitude; 14. Locality; 15. Date of collection (year); 16. Date (year) of first registration; 17.
Herbarium; 18. Herbarium number; 19. Bibliographic citations. A total of 369 specimens were
included.

A checklist is provided, including Latin name, origin (endemic, native, introduced), homeland,
life cycle (annual, perennial, annual or perennial), photosynthetic pathway (C3/C4) and
classification (subfamily, tribe); however, the biogeographic status is sometimes difficult or
impossible to establish. Meyer’s secondarization index was calculated as the number of native
species/number of naturalized species [37].

The diversity of grasses of Rapa Nui was compared with the diversity of grasses of other
oceanic islands (Galápagos, Pitcairn, Marquesas, Juan Fernández and Hawaii), using the
regional diversity index (D). This index was calculated as D=S/log A, where S is the number
of species in the region and A is the area in square kilometres [22]. The floristic affinity between
these islands was compared by cluster analysis of presence-absence data for 349 species, using
Jaccard coefficient as the similarity measure, UPGMA algorithm and the statistical software
Infostat [23]. Species composition was taken from the literature [24-28]. Species accumulation
curve and estimated richness was calculated using the software Estimates 8.0 [29].

4. Results

Our database for the island included a total of 369 specimens collected over 12 decades
(1900-2013), representing 51 species, 37 genera, 11 tribes and seven subfamilies (Table 1 and
2), that is, approximately 10 % of the total Chilean (continental and insular) grass flora (523
species and 57 infraspecific taxa) [30]. The proportion of species relative to the number of
genera is 1.36, similar to the proportion determined by Fuentes [10] for the entire flora of the
island (135 species / 104 genera=1.29). Most of the genera are represented only by one or two
species, Paspalum (five species), Digitaria (three species) and Setaria (three species) being the
most diverse. Details of some Poaceae of Rapa Nui are illustrated in Figs. 1-3.
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Only two species (3.9 %) of the family Poaceae are endemic to Rapa Nui (Rytidosperma
paschalis and Paspalum forsterianum). Eight or nine species are most probably native (15 %) and
at least 42 (81 %) are introduced (Table 1). Native species are distributed in seven genera (1.29)
and alien species in 30 genera (1.4). Among native Poaceae, the genera Dichelachne and
Paspalum include two native species each, whereas the rest of the genera include only one
species (Axonopus, Bromus, Digitaria, Lachnagrostis and Piptochaetium). Among alien Poaceae,
the most diverse genera are Paspalum (three spp.), Setaria (three spp.), Cenchrus (two spp.),
Digitaria (two spp.), Sorghum (two spp.) and Vulpia (one sp. and one var.).

Although there are relatively few botanical specimens of Poaceae collected in Rapa Nui,
the  species  cited  in  the  botanical  literature  are  well  represented  in  Chilean  herbaria.
Moreover,  only one species  was collected for  the first  time in  2013,  suggesting that  the
inventory of species is fairly comprehensive. The first herbarium specimens entered into
our database correspond to those made by Alexander Agassiz,  who in 1904 collected 16
specimens representing 12 different species, about 20 % of the currently known diversity
of  Poaceae  in  Rapa Nui.  By the  middle  of  the  20th  century,  with  the  botanical  expedi‐
tions made by Fuentes, Skottsberg, Balfour, Williamson & Co.,  Drapkin and the Mission
Franco-Belge, the number of known species reached nearly 50 % of the currently known
species number (Fig. 5). An important increase in the number of known species occurred
after the botanical trips made by Michel Etienne, who published 24 wild and two cultivat‐
ed species of  Poaceae in Rapa Nui [4]  and by Georg Zizka,  who reported 46 species of
grasses, the most comprehensive list until today [13, 14]. In the decade 1981-1990, a total
of  149  specimens  of  Poaceae  were  collected,  most  of  them  by  Zizka.  In  general,  the
herbarium collections of Poaceae from Rapa Nui are limited. Our database for the island
included a total of 369 specimens over 12 decades (1900-2013), including a total of 51 taxa,
most of which were known previously [2], and in Zizka’s [13, 14] papers.

Most of the species of grasses of the island are introduced, some of them cited very early in
the botanical literature, such as Cynodon dactylon, Cenchrus echinatus and Sorghum halepense, as
well as some cultivated species, such as Zea mays, Triticum aestivum and Arundo donax [10].
Some native species were collected very early by R. and G. Forster in 1774 [15], for example,
Paspalum forsterianum, dedicated to them by Flüggé. In Rapa Nui, Forster also collected
Sporobolus indicus, Dichelachne micrantha, Bromus catharticus and the type specimen of Agrostis
avenacea (=Lachnagrostis filiformis) [14]. Stipa horridula was collected by Skottsberg in Mount
Katiki in 1917; this specimen (Skottsberg 660) became the type (lectotype) of Stipa horridula
published by Pilger in 1922, and considered endemic to the island for a long time. In 1990,
Everett and Jacob [30] reduced it to the synonymy of Stipa scabra Lindl., later transferred to
Austrostipa (A. scabra). Skottsberg also collected, in 1917, the type specimen (Skottsber 658) of
Danthonia paschalis Pilg. [=Rytidosperma paschale (Pilg.) C.M. Baeza] [17]. This species is one of
the two recognized endemic Poaceae from Rapa Nui.

In 1911, Francisco Fuentes collected, among other plants, a specimen published as the holotype
of Paspalum paschale. This name was soon transferred to genus Axonopus (A. paschalis), a species
considered for a long time endemic to the island. In addition, another 18 species of Poaceae
were collected by Fuentes. In 1936, Guillaumin collected eight grass species, most of them
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the most diverse genera are Paspalum (three spp.), Setaria (three spp.), Cenchrus (two spp.),
Digitaria (two spp.), Sorghum (two spp.) and Vulpia (one sp. and one var.).

Although there are relatively few botanical specimens of Poaceae collected in Rapa Nui,
the  species  cited  in  the  botanical  literature  are  well  represented  in  Chilean  herbaria.
Moreover,  only one species  was collected for  the first  time in  2013,  suggesting that  the
inventory of species is fairly comprehensive. The first herbarium specimens entered into
our database correspond to those made by Alexander Agassiz,  who in 1904 collected 16
specimens representing 12 different species, about 20 % of the currently known diversity
of  Poaceae  in  Rapa Nui.  By the  middle  of  the  20th  century,  with  the  botanical  expedi‐
tions made by Fuentes, Skottsberg, Balfour, Williamson & Co.,  Drapkin and the Mission
Franco-Belge, the number of known species reached nearly 50 % of the currently known
species number (Fig. 5). An important increase in the number of known species occurred
after the botanical trips made by Michel Etienne, who published 24 wild and two cultivat‐
ed species of  Poaceae in Rapa Nui [4]  and by Georg Zizka,  who reported 46 species of
grasses, the most comprehensive list until today [13, 14]. In the decade 1981-1990, a total
of  149  specimens  of  Poaceae  were  collected,  most  of  them  by  Zizka.  In  general,  the
herbarium collections of Poaceae from Rapa Nui are limited. Our database for the island
included a total of 369 specimens over 12 decades (1900-2013), including a total of 51 taxa,
most of which were known previously [2], and in Zizka’s [13, 14] papers.

Most of the species of grasses of the island are introduced, some of them cited very early in
the botanical literature, such as Cynodon dactylon, Cenchrus echinatus and Sorghum halepense, as
well as some cultivated species, such as Zea mays, Triticum aestivum and Arundo donax [10].
Some native species were collected very early by R. and G. Forster in 1774 [15], for example,
Paspalum forsterianum, dedicated to them by Flüggé. In Rapa Nui, Forster also collected
Sporobolus indicus, Dichelachne micrantha, Bromus catharticus and the type specimen of Agrostis
avenacea (=Lachnagrostis filiformis) [14]. Stipa horridula was collected by Skottsberg in Mount
Katiki in 1917; this specimen (Skottsberg 660) became the type (lectotype) of Stipa horridula
published by Pilger in 1922, and considered endemic to the island for a long time. In 1990,
Everett and Jacob [30] reduced it to the synonymy of Stipa scabra Lindl., later transferred to
Austrostipa (A. scabra). Skottsberg also collected, in 1917, the type specimen (Skottsber 658) of
Danthonia paschalis Pilg. [=Rytidosperma paschale (Pilg.) C.M. Baeza] [17]. This species is one of
the two recognized endemic Poaceae from Rapa Nui.

In 1911, Francisco Fuentes collected, among other plants, a specimen published as the holotype
of Paspalum paschale. This name was soon transferred to genus Axonopus (A. paschalis), a species
considered for a long time endemic to the island. In addition, another 18 species of Poaceae
were collected by Fuentes. In 1936, Guillaumin collected eight grass species, most of them
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Figure 2. A-E.Arundo donax (Alves 34). F-J. Axonopus compressus (Zizka 357). K. Cenchrus clandestinus (Alves 57). L-N.
Chloris gayana (Zizka 562). O-P. Cenchrus echinatus (Rodríguez 2202); Q-S. Digitaria ciliaris (Alves 13ª). Scale bars: A-B=5
mm; C-J, N, R-S=1 mm; K, O-P=2 mm; L-M, Q=3 mm
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Figure 3. A-C. Dichelachne micrantha (Lücke 15). D-F. Eleusine indica (Zizka 330). G-J. Eragrostis tenuifolia (Alves 30). K-
M. Lachnagrostis filiformis. N-P. Melinis repens (Zizka 586). Q. Bothriochloa ischaemum (Zizka 330). Scale bar: Q=2 mm.
Scale bars: B-F, I-L=1 mm; G-H, M, P=2 mm; A, N-O=3 mm
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Figure 4. A-D. Melinis minutiflora (Alves 60). E-F. Ehrharta stipoides (Alves 32). G. Paspalum 
dilatatum (Stuessy 11008). H. Paspalum forsterianum (Vidal s.n.). I-J. Paspalum scrobiculatum (Alves 
98). K. Sorghum halepense. L-O. Sporobolus indicus. Scale bars: A, C-E, J, L = 1 mm; G-I, K, M-O = 2 
mm; B = 3 mm
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Figure 4. A-D. Melinis minutiflora (Alves 60). E-F. Ehrharta stipoides (Alves 32). G. Paspalum dilatatum (Stuessy
11008). H. Paspalum forsterianum (Vidal s.n.). I-J. Paspalum scrobiculatum (Alves 98). K. Sorghum halepense. L-O.
Sporobolus indicus. Scale bars: A, C-E, J, L=1 mm; G-I, K, M-O=2 mm; B=3 mm
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previously known from Fuentes’ collection. Guillaumin collected, probably for the first time,
Briza minor, nowadays naturalized all over the world [16]. Zizka [13, 14] collected and
described 46 species representing the most important contribution to the knowledge of the
grass family in Rapa Nui.

5. Taxonomic distribution of Poaceae in Rapa Nui

The taxonomic distribution of the species of Poaceae in Rapa Nui is shown in Table 1. Seven
subfamilies are represented. In continental Chile, eight subfamilies are present [30], of which
only species of the subfamily Aristidoideae are absent in Rapa Nui.

The subfamily Arundinoideae comprises only one species: Arundo donax, a perennial C3 reed-
like species introduced from southern Europe, probably at the beginning of the 20th century
or before. It was mentioned as a component of the Rapa Nui flora by Francisco Fuentes in 1913
[10]. According to our records and the literature [4], it is restricted to the crater of the Rano
Kau volcano as a remnant of cultivation [14]. This species is recognized as invasive in Southern
Africa, Australia, North America and the Pacific Islands [3].

The subfamily Bambusoideae is represented only by cultivated bamboos of the genus Bambusa.

The subfamily Chloridoideae comprises six genera and six species in Rapa Nui (Table 1), all
belonging to the subtribe Cynodonteae, most introduced from Tropical Africa, such as Chloris
gayana, Cynodon dactylon, Eragrostis atrovirens and Sporobolus indicus. Accordig to Zizka [13],
the identity of the species of Eragrostis in Rapa Nui is not clear. This author mentions E.
spartinoides (=E. brownii) and E. leptostachya. In this paper, we follow the revision of the genus
Eragrostis by Escobar et al. [34]. According to these authors, the species of Eragrostis inhabiting
Rapa Nui correspond to E. atrovirens and E. tenuifolia. Eleusine indica is a cosmopolitan
Chloridoideae reported in Rapa Nui early in the 20th century.

The subfamily Danthonioideae comprises only two species in Rapa Nui. One of the species
was mentioned only once in the literature dealing with Rapa Nui flora [11], under the name

Figure 5. Number of specimens and species collected in Rapa Nui in 12 decades between 1904 and 2013
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Gynerium argenteum a synonym for Cortaderia selloana. This species is native to South America
and is probably alien in Rapa Nui. It seems that this plant was introduced for erosion control
[3]. The second species is Ritydosperma paschale, endemic to the island. As was established by
Zizka [13], and according to our database, this species is restricted to the slopes of the Rano
Kau volcano. It was also collected previously in Pua Katiki [4], but it seems to now be restricted
to Rano Kau [14].

The only species of the subfamily Ehrhartoideae known in Rapa Nui is Ehrharta stipoides
(=Microlaena stipoides), a species growing in Africa, Tropical Asia, Australasia and the Pacific
[32]. This species is important as forage, but it was reported as invasive in Hawaii and Réunion
Island. It was reported in Rapa Nui as a species widely distributed in the island, advantaged
by overgrazing [4].

The subfamily Panicoideae comprises 12 genera and 23 species, representing about 44 % of the
grass flora of Rapa Nui (Table 1). This clearly contrasts with the total grass flora of Chile, where
Panicoideae represents only ca. 10 % [30]. Paspalum, Setaria and Digitaria are the most speciose
genera.

Panicoideae includes the second endemism of this family from the island, Paspalum forsteria‐
num, a species whose conservation status is “Vulnerable” [3]. To this subfamily also belongs
Axonopus paschalis, long considered endemic to the island. This species was recently included
as a synonym of A. compressus. According to Morrone [unpublished data, Flora de Chile], A.
paschalis is morphologically similar to A. compressus from which it differs by the size of the leaf
blades, the longer, narrower and more rigid leaves, by the hairiness of the spikelets and by the
brown superior floret. Bothriochloa ischaemum was collected for the first time shortly after it had
been introduced to the island; this species behaves invasively [4]. Several other Panicoideae
are found, some of them widely recognized as invasive (v. gr. Setaria parviflora, Cenchrus
echinatus, C. clandestinus, Paspalum scrobiculatum, etc.), others cultivated, such as Saccharum
officinarum.

Subfamily Tribes Genera Species number Species (%)

Arundinoideae 1 1 1 1.96

Bambusoideae 1 1 1 1.96

Chloridoideae 1 6 7 13.73

Danthonioideae 1 2 2 3.92

Ehrhartoideae 1 1 1 1.96

Panicoideae 2 12 23 45.09

Pooideae 4 15 16 31.37

Total 11 37 51 100.00

Table 1. Number of tribes, genera and species of Poaceae in Easter Island

Grasses (Poaceae) of Easter Island — Native and Introduced Species Diversity 11
http://dx.doi.org/ 10.5772/59154

393



The subfamily Pooideae comprises 16 species from 15 genera, being the second most diverse
subfamily. Whereas Pooideae include most of the grasses of the Chilean flora (74.65 %) [30],
in Rapa Nui it represents only ca. 31 % (Table 1). A list of the species, homeland, photosynthetic
pathway, life cycle and classification (subfamily, tribe) is given in Table 2.

6. Phytogeographical origin of Poaceae in Rapa Nui

As in other oceanic islands, grasses are the most common alien plants occurring in Rapa Nui
[3, 33, 35]. The number of endemic, native and alien species of the grass flora in the island is
shown in Fig. 6, where we can see that alien plants represent the vast majority of the grass flora
(Meyer’s secondarization index=0.24). Introduced species are mainly of African, European and
Asian origin (Fig. 7, Table 2).

The proportion of alien species in six Poaceae subfamilies (Bambusoideae was not included as
it contains only one cultivated species) is shown in Figure 8. All Chlorodoideae seem to be
alien, most of African origin. However, the identity of some species, mainly those of Eragros‐
tis, is difficult to elucidate. Eragrostis atrovirens, E. spartinoides and E. tenuifolia have been
mentioned, however, only E. atrovirens and E. tenuifolia were recently recognized in Rapa Nui
[34]. Sporobolus indicus (Chloridoideae) was collected in cultivated field as agrestal weed
(vineyards, pineapple).

Most of the species of subfamily Panicoideae and subfamily Pooideae, which constitute the
bulk of the grass flora of the island, are alien. The only species of subfamily Ehrhartoideae,
Ehrharta stipoides, seems to be invasive; this species is widely distributed in the island and
expands in cases of overgrazing [4].

Figure 6. Percentage of native, endemic and introduced grass species in Rapa Nui

Rapa Nui belongs to the Polynesian Biogeographic Province [36] or Polynesian Floristic Region
[37], included among the 25 biodiversity hotspots of the world [38, 39]. Specifically, it belongs
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to the Eastern Polynesia Subregion of Polynesia and represents the driest island of the
subregion, with 1,325 mm of annual precipitation. In effect, there is no native vegetation on
the island today and introduced plants outnumber native species due to the deforestation that
occurred soon after the arrival of the first Polynesian inhabitants (38).

Introduced species that became naturalized or invasive represent one of the major threats to
native species. It has been proposed that aboriginal people significantly modified the vegeta‐
tion of the island [6] and the original vegetation communities were replaced by grasslands. In
these plant communities, introduced species became increasingly abundant [40]. According
to Aldén [2], the composition of the flora underwent a rapid change from the 18th century,
when European people begin to visit the island.

On the other hand, around 70,000 tourists visit the island each year, causing environmental
deterioration [41]. As shown in Figure 9, a sharp increase in the amount of alien species occurs
in the 1990s; by this time, there are three times the number of alien species present compared
to when Francisco Fuentes visited the island in 1911; nevertheless, in the 1910s, aliens already
exceed the number of native species. Zizka [14] collected six species of grasses for the first time,
all of them introduced. In some cases, nevertheless, we cannot be absolutely sure if certain
species are indigenous or were accidentally introduced by man.

Figure 7. Geographic origin of the species introduced to Rapa Nui

From a physiological point of view, introduced species mostly show C4 photosynthesis (Fig.
10), and most of the species, both alien and native, are perennial (Fig. 11). It has been demon‐
strated that alien species distantly related to the native flora are more likely to become harmful
weeds for regional ecosystems, supporting Darwin’s naturalization hypothesis; thus, special
attention should be paid to newly introduced species for which there are no close relatives in
the regional flora [42]. In Rapa Nui, our data show that species from 30 genera and two
subfamilies that do not include native species have been introduced.
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Figure 9. Number of native and introduced grass species in Rapa Nui in 12 decades of botanical collections

Figure 10. Number of C3 and C4 grass species in Rapa Nui

Figure 8. Taxonomic distribution of the alien species recorded for Rapa Nui
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Figure 11. Life cycle of native and alien species of Poaceae in Rapa Nui

7. Comparing the diversity of Poaceae in Rapa Nui with other Pacific
Islands

The diversity of grasses in Rapa Nui, calculated as the number of species per area expressed
in square kilometres (regional diversity index) is slightly lower than that of the Juan Fernández
Archipelago (Fig. 12). According to the literature, Poaceae in Juan Fernández Archipelago
comprises 32 genera and 53 species [33, 43]. This number is relatively small compared with
Hawaii (216 species) and Galápagos (94 species). From Desventuradas islands (San Félix, San
Ambrosio), only two species have been recorded (Eragrostis kuschelii and E. peruviana), the first
one endemic to Chile (Desventuradas Islands). If the identity of the species is considered, Rapa
Nui is still more similar to Juan Fernández than to other Pacific islands (Fig. 13). However,
taxonomic distribution of the flora of Poaceae is different in these two Chilean islands. C3
Pooideae dominated Poaceae in Juan Fernández, whereas in the more tropical Rapa Nui, C4
Panicoideae are more abundant. In both islands, perennial grasses dominate over annuals.

Figure 12. Diversity of Poaceae of Rapa Nui (Easter Island) compared to other oceanic islands
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Figure 13. Poaceae floristic similarity between Rapa Nui (Easter Island) and other Pacific islands.

Species Origin Homeland C3/C4 Life
cycle

Subfamily Tribe

1. Agrostis stolonifera L. I Europe C3 P Pooideae Poeae

2. Arundo donax L. I Europe C3 P Arundinoideae Arundineae

3. Austrostipa scabra (Lindl.) S.W.L.
Jacobs & J. Everett

I Australia C3 P Pooideae Stipeae

4. Avena fatua L. I Europe C3 A Pooideae Poeae

5. Axonopus compressus (Sw.) P.
Beauv.

N South America C4 P Panicoideae Paniceae

6. Bambusa sp. C Asia C3 P Bambusoideae Bambuseae

7. Bothriochloa ischaemum (L.) Keng I Asia C4 P Panicoideae Andropogoneae

8. Briza minor L. I Europa C3 A Pooideae Poeae

9. Bromus catharticusVahl N America C3 P Pooideae Bromeae

10. Cenchrus clandestinus (Hochst. Ex
Chiov.) Morrone

I Africa C4 P Panicoideae Paniceae

11. Cenchrus echinatus L. I Cosmopolitan C4 A Panicoideae Paniceae

12. Chloris gayana Kunth I Africa C4 P Chloridoideae Cynodonteae

13. Coix lacryma-jobi L. I Asia C4 P Panicoideae Andropogoneae

14. Cortaderia selloana I South America C3 P Danthonioideae Danthonieae

15. Cynodon dactylon (L.) Pers. I Tropical AfricaC4 P Chloridoideae Cynodonteae

16. Dichelachne crinita (L. f.) Hook. f. N Australia, Asia
& Pacific

C3 P Pooideae Poeae

17. Dichelachne micrantha (Cav.)
Domin

N Australia, Asia
& Pacific

C3 P Pooideae Poeae

18. Digitaria ciliaris (Retz.) Koeler N? South America C4 A Panicoideae Paniceae

19. Digitaria setigera Roth ex Roem. &
Schult.

I Australia, Asia
& Pacific

C4 A Panicoideae Paniceae
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Species Origin Homeland C3/C4 Life
cycle

Subfamily Tribe

20. Digitaria violascens Link I South America C4 A Panicoideae Paniceae

21. Eleusine indica (L.) Gaertn. I Africa C4 A Chloridoideae Cynodonteae

22. Eragrostis atrovirens I Australia C4 P Chloridoideae Cynodonteae

23. Eragrostis tenuifolia (A. Rich.)
Steud.

I Africa C4 P Chloridoideae Cynodonteae

24. Gastridium ventricosum (Gouan)
Schinz & Thell.

I Europa C3 A Pooideae Poeae

25. Hordeum murinum L. I Europa C3 A Pooideae Triticeae

26. Lachnagrostis filiformis (G. Forst.)
Trin.

N New Zealand,
Australia, New
Guinea, Rapa
Nui

C3 A/P Pooideae Poeae

27. Lepturus repens (G. Forst.) R. Br. I Africa C4 P Chloridoideae Cynodonteae

28. Lolium perenne L. I Europe C3 P Pooideae Poeae

29. Megathyrsus maximus (Jacq.) B. K.
Simon & S. W. L. Jacobs var.
pubiglumis (K. Schum.) B. K. Simon &
S. W. L. Jacobs

I Africa C4 P Panicoideae Paniceae

30. Melinis minutiflora P. Beauv. I Africa C4 P Panicoideae Paniceae

31. Melinis repens (Willd.) Zizka I Africa C4 A/P Panicoideae Paniceae

32. Ehrharta stipoides Labill. I Australia C3 P Ehrhatoideae Ehrharteae

33. Paspalum conjugatum P. J. Berg. I America C4 P Panicoideae Paniceae

34. Paspalum dilatatum Poir. I America C4 P Panicoideae Paniceae

35. Paspalum forsterianum Flüggé E Rapa Nui C4 P Panicoideae Paniceae

36. Paspalum notatum Flüggé var
saurae Parodi

N? South America C4 P Panicoideae Paniceae

37. Paspalum orbiculare G. Forst. I Africa C4 P Panicoideae Paniceae

38. Poa annua L. I Europe C3 A Pooideae Poeae

39. Rostraria cristata (L.) Tzvel. I Europe C3 A Pooideae Poeae

40. Rytidosperma paschale (Pilg.) C. M.
Baeza

E EI C3 P Danthonioideae Danthonieae

41. Saccharum oficinarum L. I Asia C4 P Panicoideae Andropogoneae

42. Setaria cf. palmifolia (Koenig) Stapf I Asia C4 P Panicoideae Paniceae

43. Setaria parviflora (Poir.) Kerguélen
var. parvilfora

I America C4 P Panicoideae Paniceae

44. Setaria sphacelata (Schumach.)
Stapf & C. E. Hubb. ex M. B. Moss

I Africa C4 P Panicoideae Paniceae

45. Sorghum bicolor (L.) Moench. I Asia C4 A Panicoideae Andropogoneae

46. Sorghum halepense (L.) Pers. I Europe C4 P Panicoideae Andropogoneae
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Species Origin Homeland C3/C4 Life
cycle

Subfamily Tribe

47. Sporobolus indicus (L.) R. Br. I Africa C4 P Chloridoideae Cynodonteae

48. Triticum aestivum L. I Asia C3 A Pooideae Triticeae

49. Vulpi amyuros (L.) C. C. Gmel var.
myuros

I Europe, Asia,
Africa

C3 A Pooideae Poeae

50. Vulpia myuros var. megalura
(Nutt.) Auquier

I Europe, Asia,
Africa

C3 A Pooideae Poeae

51. Zea mays L. I America C4 A Panicoideae Andropogoneae

Table 2. List of the species of Poaceae in Rapa Nui. Life cycle: A=annual; P=perennial; Origin: EI=Rapa Nui; e=endemic;
i=introduced; n=native

8. Taxonomic sampling effort

The collection effort (sampling) is an important part of the taxonomic work on which the
knowledge of species richness and, ultimately, the knowledge of biodiversity are based.
Although collectors try to find all the species in a region, this goal is almost impossible, or at
least very difficult to achieve; thus, the real number of species can only be estimated from the
number of observed (collected) species (48). As shown in Table 3 and Figure 14, for a total of
50 observed species, the species richness estimated by different estimators ranges from 58.3
(Bootstrap) to 86.8 (Chao). An increased collection effort for Poaceae in Rapa Nui could yield
between eight and 36 additional hitherto unsampled species. As shown in Fig. 15, collections
are concentrated only in a few localities, chiefly in Rano Kau, near Hanga Roa, Anakena, and
Rano Raraku.

Diversity Estimator Species Richness

Sobs (Mao Tau) 50

ACE 70.6

ICE 73.7

Chao 1 86.8

Chao 2 86.8

Jack 1 69.3

Jack 2 82.2

Bootstrap 58.3

Michaelis-Menten 66.06

Table 3. Estimated species richness of Poaceae in Rapa Nui, using eight different estimators.

Biodiversity in Ecosystems - Linking Structure and Function18400



Species Origin Homeland C3/C4 Life
cycle

Subfamily Tribe

47. Sporobolus indicus (L.) R. Br. I Africa C4 P Chloridoideae Cynodonteae

48. Triticum aestivum L. I Asia C3 A Pooideae Triticeae

49. Vulpi amyuros (L.) C. C. Gmel var.
myuros

I Europe, Asia,
Africa

C3 A Pooideae Poeae

50. Vulpia myuros var. megalura
(Nutt.) Auquier

I Europe, Asia,
Africa

C3 A Pooideae Poeae

51. Zea mays L. I America C4 A Panicoideae Andropogoneae

Table 2. List of the species of Poaceae in Rapa Nui. Life cycle: A=annual; P=perennial; Origin: EI=Rapa Nui; e=endemic;
i=introduced; n=native

8. Taxonomic sampling effort

The collection effort (sampling) is an important part of the taxonomic work on which the
knowledge of species richness and, ultimately, the knowledge of biodiversity are based.
Although collectors try to find all the species in a region, this goal is almost impossible, or at
least very difficult to achieve; thus, the real number of species can only be estimated from the
number of observed (collected) species (48). As shown in Table 3 and Figure 14, for a total of
50 observed species, the species richness estimated by different estimators ranges from 58.3
(Bootstrap) to 86.8 (Chao). An increased collection effort for Poaceae in Rapa Nui could yield
between eight and 36 additional hitherto unsampled species. As shown in Fig. 15, collections
are concentrated only in a few localities, chiefly in Rano Kau, near Hanga Roa, Anakena, and
Rano Raraku.

Diversity Estimator Species Richness

Sobs (Mao Tau) 50

ACE 70.6

ICE 73.7

Chao 1 86.8

Chao 2 86.8

Jack 1 69.3

Jack 2 82.2

Bootstrap 58.3

Michaelis-Menten 66.06

Table 3. Estimated species richness of Poaceae in Rapa Nui, using eight different estimators.

Biodiversity in Ecosystems - Linking Structure and Function18400

Figure 14. Species accumulation curve (Sobs) and estimated species curves for 12 decades of sampling, based on Chao
1 and Bootstrap estimators.

Figure 15. Map of the localities of Poaceae collected in Rapa Nui. Each point represents at least one collected specimen.

9. Concluding remarks

The floras of the oceanic islands are especially prone to serious threats from alien invaders [44],
because they have a propensity to include highly adapted specialist rather than generalist
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species [45]. This is of particular interest, as these ecosystems comprise high numbers of
endemic plants, in contrast with continental regions of similar size [6]. For these reasons, it is
necessary to have on hand complete lists of the flora indicating alien plants that could be
agricultural weeds and invasive species that can put pressure on native ecosystems.

Poaceae contains an important number of species that behave as weeds in natural environ‐
ments (invasive), as well as in ruderal and agricultural habitats all over the world. In Rapa
Nui, grasses are the most diverse family of vascular plants; nearly 90 % of the island is covered
by grasslands and alien grasses represent nearly 80 % of the Poaceae of the island. A similar
situation occurs in other oceanic islands [33]. Several alien species introduced to Rapa Nui are
noxious weeds (Agrostis stolonifera, Hordeum murinum, Sorghum halepense, Lolium perenne,
Setaria parviflora), probably introduced accidentally, mostly from Europe. As was previously
established [38], Rapa Nui shows the greatest (<1) secondarization index (number of native
species/number of naturalized species=0.68) when compared with many other Easter Polyne‐
sian islands. For Poaceae, this index is greater still (0.24).

On the other hand, only two Poaceae endemic to Rapa Nui are recognized. Another two
Poaceae considered endemic in previous studies have been the object of taxonomic studies
that demonstrate their non-endemic status: Axonopus paschalis (=Axonopus compressus) and
Stipa scabra (Austrostipa scabra).

Herbarium specimens provide valuable information to appreciate regional plant diversity, as
well as to understand plant invasions and geography [46, 47]. A wide array of data (phenology,
flowering periodicity, distribution, altitude, morphometry, minimum residence time, new
distributional records, etc.), that are important to biodiversity monitoring can be obtained from
herbarium specimens [49]. However, herbarium collections in Rapa Nui are relatively scarce.
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1. Introduction

This chapter presents a review of some important literature linking plant structure with
function and/or as response to the environment in Brazilian neotropical savannah species,
exemplifying mostly with Amaranthaceae and Melastomataceae and emphasizing the
environment potential role in the development of such a structure.

Brazil is recognized as the 17th country in megadiversity of plants, with 17,630 endemic species
among a total of 31,162 Angiosperms [1]. The focus in the Brazilian Cerrado Biome (Brazilian
Neotropical Savannah) species is justified because this Biome is recognized as a World Priority
Hotspot for Conservation, with more than 7,000 plant species and around 4,400 endemic plants
[2-3].

The Brazilian Cerrado Biome is a tropical savannah-like ecosystem that occupies about 2
millions of km² (from 3-24° Latitude S and from 41-43° Longitude W), with a hot, semi-humid
seasonal climate formed by a dry winter (from May to September) and a rainy summer (from
October to April) [4-8]. Cerrado has a large variety of landscapes, from tall savannah woodland
to low open grassland with no woody plants and wetlands, as palm swamps, supporting the
richest flora among the world’s savannahs-more than 7,000 native species of vascular plants-
with high degree of endemism [3, 6]. The “cerrado” word is used to the typical vegetation,
with grasses, herbs and 30-40% of woody plants [9-10] where trees and bushes display
contorted trunk and branches with thick and fire-resistant bark, shiny coriaceous leaves and
are usually recovered with dense indumentum [10]. According to [8], natural fires and
anthropogenic fires coexisted for thousands of years and, together with the seasonality of

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



rainfall and the poverty of nutrients in the soil are the responsible for the phytophysiognomy
of Cerrado.

One of the first systematized studies of Cerrado Biome was the one done in Lagoa Santa, Minas
Gerais State, around the year of 1892, by Warming [11], who described the place in aspects of
soil, temperature, water precipitation and vegetation. When he [11] described the vegetation
of flat grassland, he emphasized the thickness and toughness of Poaceae and Cyperaceae leaves
and the abundance of perennial herbs or subshrubs with large lignified underground organs,
multiple shoots growing from an underground stem and xeromorphic characteristics, as dense
pilosity, coriaceous leaves positioned in acute angle and with reduced size. His [11] conclusion
was that the dryness of the air, the harsh and dry clay soil and eventually, the fire occurrence,
were responsible for these xeromorphic features of the plants.

Since then, a lot of work has been done to explain some contradictions such as the abundant
flowering and budding and no signs of turgor loss during the dry season [10]. In [12] linked
the plants physiognomy with the occurrence of fire and proposed an ecological classification
of the Cerrado plants: plants which survive only during the rainy season, without any bud or
leaf during the dry season (winter); grasses with superficial roots, like Echinolaena inflexa (Poir.)
Chase and Tristachya chrysothrix Nees, which wither when the water is gone in the superficial
soil; bushes and small trees with deep roots (up to 11 meters), usually green during all the dry
season, which represent the typical vegetation. Leaves of the specimens observed [12] never
closed completely their stomata: Kielmeyera coriacea Mart., Annona coriacea Mart., Annona
furfuracea A.St.-Hil., Palicourea rigida Kunth, Stryphnodendron obovatum Benth.(syn=S. barbati‐
mao), Didymopanax vinosum (Cham. & Schltdl.) Marchal, Byrsonima coccolobifolia Kunth, Cocos
leiospatha Barb. Rodr., Echinolaena inflexa (Poir.) Chase , Andira laurifolia Benth., Anacardium
pumilum Walp., Neea theifera Oerst. and two species of Erythroxylon genus. In [13], perennial
species with deep roots were associated to the ability of regenerating the aerial parts after a
long dry season or after fire; these type of plants were designated as periodics, because they
reduce or eliminate their leaves and branches during the winter, when the available water is
rare at the soil surface.

The work [14] indicated that Cerrado soils are deep, with pH between 4,0 and 5,5 (acid) and
connected the xeromorphic features in trees to nitrogen deficiency, because the studies done
in Cerrado showed that water was not a limiting factor to these plants. In [15] it was added
another important aspect to explain xeromorphic features in Cerrado plants: the high levels
of aluminum would be a principal cause of mineral deficiency which would affect all Cerrado
vegetation. Soils under Cerrado are usually poor, acid, well drained, deep, and show high
levels of exchangeable aluminum [16-17]. The soil of the low grassland in the area of the old
Experimental Station of hunting and fishing Emas (Pirassununga, São Paulo State) can be as
deep as 20 meters and the groundwater is at 17-18 meters below the surface; only the first one
to 1.5 meters dries during the winter and roots of at least one tree (Andira sp.) can reach the
deepest groundwater; a shrub species, Anacardium humile A. St.-Hil., with aerial parts reaching
0.5 meters high, can have roots with over three times its shoot length [12]. The underground
systems of roots and stems are so big in some species, such as in Andira laurifolia Benth., that
in [11] it was called an “underground tree”. Low concentration of nutrients in the leaves of
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native species is related with the low concentration of nutrients of the dystrophic soils [18] and
the floristic composition and dominance of species is a reflection of it. Cerrado plants absorb
significant amount of aluminum and when the leaf concentration is over 1,000 mg Kg-1 the
species is referred as Al-accumulative [19]. It is still unknown if this amount of aluminum have
any physiological or structural significance in the metabolism of the native plants [20], but the
translocation of this element is showed by the presence of aluminum in the phloem and other
metabolically active tissues of leaves and seeds and there are at least two plants which cannot
survive in medium without aluminum: Miconia albicans (Sw.) Steud. (Melastomataceae) and
Vochysia thyrsoidea Pohl (Vochysiaceae), woody species from Cerrado [18, 20]. Another curious
aspect about Cerrado plants is that there are species that only live in calcareous or acid soils
and there are also those which are indifferent to soil fertility [21].

The occurrence of wildfire is a common and important factor to be considered in the studies
of this Biome vegetation, because it selects structural and physiological features of the plants
and act as a renewal element [22]. In [13] were described some strategies which could help the
perennial smaller plants to survive fire; during the dry season, some of them reduce or
eliminate leaves and shoots and rely on their extensive underground system to re-sprout the
aerial system after the dry season or after fire. As examples of fire resistance, in [13] were
quoted the plants studied by [11], Andropogon villosus f. apogynus (Hack.) Henrard (Poaceae),
Scirpus warmingii Boeckeler, Scirpus paradoxus (Spreng.) Boeckeler and Rhynchospora warmin‐
gii Boecheler (Cyperaceae), as well as Aristida pallens Cav., explaining that these plants have
buds in the base of the aerial system well protected by some layers of sheath blades; the old
ones are more external and will burn first, always protecting the newest ones and the internal
buds.

An extensive review of the morphological and ecological studies is given in [10], whose author
considered the Cerrado a great environment for scientific discussion and discuss the vegetation
in a broader perspective, and in [23-24], whose author is more centered in anatomical aspects
of Cerrado species.

Although the Cerrado Biome is a hotspot for the conservation of global biodiversity which
shelters species fully adapted to survive under harsh conditions of soil and climate of this
savannah-like environment [2], only 30% of its biodiversity is reasonably known [25]. Con‐
sidering that the open environments in this Biome are subject to high luminosity and seasonal
variation in the rain, how do plants react to adapt themselves? Considering that fire is also a
natural event during the dry season, is there any morphological and/or anatomical variations
developed to survive? Considering that the groundwater level of some areas can vary in a high
degree among the two seasons, how do plants manage to survive? Some of these questions
will be addressed and data about it will be shown.

2. Methodology

In order to perform studies about morphology, anatomy or cell biology, as well as when the
flora is been studied, it is usual to collect control or testimony material to guarantee species
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identification and further studies [26]. Vegetative and flowering plant branches are collected,
pressed, dried and deposited as control material at some Brazilian Herbaria, following usual
techniques [27]. The previous identification of the species is done with the aid of a stereomi‐
croscope, identification keys and specialized literature [28-38]. After previous identification,
plant vouchers stay preserved to the study of a taxonomist specialized on the family and for
future references, including of the place of occurrence, under a specific number of the principal
collector, normally not only in one Herbarium (duplicates are usually distributed).

When studying the leaf anatomy, histological samples are obtained from visually healthy
green and completely developed leaves, usually from 3rd to 5th node, of pre-identified species;
samples can be or not submitted to different fixatives and paraffin embedding medium [39]
before slicing it to be studied under an optical microscope (light microscopy). Cell samples in
tissue for ultrastructural studies can be smaller pieces of the aimed organ submitted to a
fixative and post-fixed in heavy metals in the dark, followed by in-block staining [40]. Later,
plant pieces are dehydrated and slowly embedded in a harder medium (epoxy or epon resin),
to be sliced for observation. Semi-thin sections can be obtained with an ultramicrotome using
glass knives, stained and analyzed under the optical microscope in order to localize the cells
in the tissues; ultra-thin sections of the same material are obtained with a diamond knife,
collected in copper grids and analyzed under a transmission electron microscope (TEM), with
or without any additional staining. To be studied under a scanning electron microscope (SEM),
sections of the plant are also fixed and post-fixed as indicated for TEM analysis [40], with some
modifications because of plant characteristics, but the use of control pieces [41] is necessary to
avoid interpretation errors. After that, fixed pieces are dehydrated in ethanol or acetone
solution and critical point dried in the proper device, attached to a stub and gold sputtered to
be observed under SEM [40].

3. Morphology, histology and cell biology studies

Morphological studies are used to identify and characterize the plant species in taxonomy, but
it is also important to understand the behaviour of plants in nature. The first hint on the
function is based on the external morphology of the organs. Different plant species can be very
alike in habit and vegetative morphology, especially in some plant families as Amaranthaceae,
which rely upon some flower details to be truthfully identified, demanding a highly special‐
ized work [33-38, 42-44].

Anatomy and cell biology studies aim to describe and understand the species organs and cells
and help taxonomy to define affinities and parental relationships among plant groups. When
combined with histochemical analysis they can lead to a better understanding of the cell, tissue
or organ function and the interaction between the plant and its environment.

It is usual, in plant structural studies, to bear a description of the aimed plant or organs of
interest, assuming that the function is already explained enough by the function of the organ
in the plant or by previous researches. As results are subject to interpretation and there are
some variables to be considered, it is not usual to connect the structure to the function.
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However, in the Cerrado species case, since the first studies there is an attempt to explain the
structure and relate it to the unique environmental conditions, which was detailed in the
introduction of this work, helping to give a broader significance to the structure.

Studying the so called xeromorphic features of three leaves, [14] concluded that they could be
explained by the soil oligotrophic conditions, given raise to the theory of oligotrophic sclero‐
morphism: the mineral elements deficiency would be the main responsible for the plant
characteristics, by limiting its grow; the carbohydrate accumulation is then converted in
deposits of thick cuticle, thicker cell walls, wax deposits over the epidermis and other sclero‐
morphic features. High level of aluminum in Cerrado soils, another cause for the oligotrophic
scleromorphism [15] is considered the main responsible for the acidity of Cerrado soils [45].
Through the study of eleven Cerrado plants, [46] it was indicated the constant presence of
fungi over its leaves, mostly on species without epicuticular wax, and connected this outermost
layer over the cuticle layer to environmental adaptation, as protection against any fungus
hypha.

Sclerenchymatous elements, fibers and sclereids are distinctive structural features in vegeta‐
tive organs of Cerrado plants, and the presence of gelatinous fibers is frequent, associated or
not with the tension wood; besides, it is also constant the impregnation of silica and siliceous
bodies, not only in Poaceae and Cyperaceae species, but also in leaf and stem epidermis, roots
and xylopodium of Brasilia sickii G. M. Barroso (Asteraceae) [23-24]. In epidermis, [24] silica is
connected to the protection against excessive transpiration and as a defense mechanism against
fungi. In [24], author also explained why the aperture or closure of stomata can be slower in
Cerrado plants: it would be due to the thickening of the guard cells walls of a stoma, which
can be impregnated with lignin, as in Ouratea spectabilis (Mart. ex Engl.) Engl. or have silica
incorporated, like in Esterhazya splendida J. C. Mikan, B. sickii and Casearia grandiflora Cambess.

Amaranthaceae family is considered a good representative of the herbs and subshrubs of
Cerrado due to its morphology and adaptations that promote survival in adverse conditions
(drought and fire), such as tuberous or woody roots, xylopodium, herbaceous or subshrub
habit, dense pubescence in aerial portions, senescence of shoots and leaves during the driest
season, dependence on rain or fire to re-sprout and/or flowering, fruiting followed by wind
dispersion, thick cuticle on epidermis and C4 photosynthetic metabolism [37, 47-48]. The
knowledge of the reproductive structures in Amaranthaceae Brazilian species is mostly
restricted to the obtained during floristic survey and with taxonomic purpose, with few
additional studies of reproductive structures, such as [49], who studied the flower vascular
pattern in Pfaffia jubata Mart., Gomphrena macrocephala A. St.-Hil. and Froelichia interrupta (L.)
Moq. and [50], with the study of pollen from Cerrado species, helping to understand the
phenology of them through the analysis of herbarium species.

In this section, some morphological, histological or cellular aspects of reproductive and
vegetative (aerial and underground) organs will be exemplified, discussing the aspects related
to the environment where these plants grow and survive and to the function in the plant
species, whenever possible.

Plant Structure in the Brazilian Neotropical Savannah Species 5
http://dx.doi.org/ 10.5772/59066

411



3.1. Reproductive organs — Flower, fruits and seeds

Amaranthaceae flowers are generally small and densely clustered in terminal or axillary
inflorescences (figure 1), pollinated by the wind or by insects, with self-pollinating or out‐
crossing [51]. Due to the hairy perianth, small and dry fruits or seeds, the dispersion is usually
done by wind or water [51]. In some genus, small seeds fall from the parent plant and germinate
only when the site is again disturbed; seeds can be, also, eaten and dispersed by browsing
animals [51].

Figure 1. Pfaffia jubata Mart. a: habit; b: median bract; c: lateral bract; d-e: sepals; f: staminal tube; g: ovary (Hatschbach
et al. 53625, MBM). Reproduced from [37] with permission of Hoehnea publisher. The species was considered a good
representative of Amaranthaceae family: habit from herb to subshrub, 0.10-0.20 m high, stems erect, densely villous
and woody root. Leaves have the upper side densely villous and lower side tomentose. Inflorescence is a spike, isolat‐
ed, simple, terminal, with ferruginous trichomes.
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Brazilian species of Celosia, Chamissoa and Amaranthus have circumscissile capsule fruits, with
only one seed in the two last genera and more seeds in the first one; capsules are surrounded
by the perianth and parts of the androecium and gynoecium, except in Amaranthus where the
filaments are free and there is no staminate tube [52]. Dehiscence can be median (Amaran‐
thus) or semi basal (Celosia) and dispersal is probably done by autochory [52], although [53]
considers the accidental endozoochory more probable in Amaranthus case, because ruminants
usually eat Amaranthus inflorescences.

Fruits of Alternanthera, Pfaffia, Gomphrena, Blutaparon, Achyranthes, Cyathula and Pseudoplanta‐
go are one-seeded capsules with two valves included in the perianth sepals which are glabrous
to hairy or spine-like; these fruits can carry part of the androecium and gynoecium and
sometimes the perianth displays external bristle tufts or modified bracts [34-35, 52]. Wind
seems to be responsible for the dispersal of Alternanthera, Pfaffia, Gomphrena and Blutaparon
fruits because of the hairiness of the perianth, which presents long trichomes; species of
Froelichia, Froelichiella, Pfaffia and Gomphrena genera from open grassland have their fruit easily
dispersed by the wind [34-35, 52].

In [54] wind dispersal of fruits in species which occur in Cerrado regions that were affected
by fires, mostly Gomphrena macrocephala associating the natural fire with the easier dispersal
of its fruits and seed germination. The passage of fire burns grasses and help dispersal of the
G. macrocephala, G. pohlii Moq. and G. virgata Mart. fruits; fire also promotes the dehiscence of
the fruits, leaving the seeds nearer to the soil [42, 55]. The maturation and dispersal of fruits
is exemplified in G. arborescens L.f. (figure 2), a native Cerrado plant which behaves the same
way of G. macrochepala [54]: the inflorescence opens for pollination and closes after that due to
a growth of its bracts for the maturation of the fruits; after that, the shoot inclines towards the
soil and the inflorescence structure reopens to release the dispersal units in the soil, formed by
the seed and parts of the perianth, until the wind carries it. The same phenomenon was
observed in Pfaffia argyrea Pedersen, P. cipoana Marchior. et al., P. denudata (Moq.) Kuntze, P.
elata R. E. Fr., P. hirtula Mart., P. jubata Mart. P. minarum Pedersen, P. rupestris Marchior. et al.,
P. sarcophylla Pedersen, P. siqueiriana Marchior. et al, P. townsendii Pedersen, P. tuberculosa
Pedersen, P. velutina Mart. and Froelichiella grisea (Lopr.) R.E.Fr. all Cerrado species which occur
in areas subject to burning [37, 55]. Froelichia has one-seeded nutlet involved by parts of the
gynoecium and androecium, partially because of the connated perianth and presents a wing
structure densely hairy which favours the wind dispersal [34, 52].

Although Alternanthera and Blutaparon genera fruits are usually wind dispersed, Alternanthera
pungens Kunth have its perianth highly modified, presenting uneven sepals, with the outer
two sharply pointed, which can help its adhesiveness in animal skin or fur to be dispersed [52].
The same occurs with Achyranthes and Cyathula genera, which fruits are dispersed by animals
through adhesiveness structures [53]. Achyranthes two perianth lateral bracts are thorn-like,
the same as in Pseudoplantago friesii Suess [52]. Cyathula have a set of uncinate bristles which
can be considered sterile flowers and play a special function in helping the fruit dispersal
attached to skin or fur of animals, a phenomenon called epizoochory [52].
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Figure 2. Fruits of Gomphrena arborescens L.f. are dispersed by the wind. The inflorescence opens for pollination (A) and
closes after due to a growth of its bracts (B) for the maturation of the fruits; after that, the shoot (black arrow) inclines
towards the soil (C) and the infructescence structure reopens to release the diaspores (white arrow in C, D, E) in the
soil, formed by one seed (red arrow in E) and parts of the perianth (blue arrow in E), until the wind carries it. Scale
bars: A-E: 2 cm.

Amaranthaceae species are well adapted to Cerrado environment and some species display
different strategies to survive during the markedly seasonal climate of the Cerrado Biome [47].
Using only data obtained about perennial species, an interesting case is the aerial life cycle of
Froelichiella grisea, which is endemic of the rocky fields of Chapada dos Veadeiros, Goiás State
[34]; this species was registered during the onset of the flowering stage in the field, almost after
two years of searching for it, only 20 days after a fire that burned out the vegetation (in August,
during the dry season); Gomphrena lanigera Pohl ex Moq. also was found only at the same day,
at the fruiting stage, revealing an even faster life cycle of the aerial parts [48, 57]. On the other
hand, the species Pfaffia townsendii and G. hermogenesii J.C. Siqueira were found in the same
region all year round; whilst the first one was always bearing flowers (it is a well-branched
shrub that stands out in the middle of the rocks), the second one was usually found in the
vegetative stage, more or less hidden among the surrounding Gramineae (=Poaceae) and
Cyperaceae; only after the fire grazed all the grasses of the area, G. hermogenesii re-sprouted
its aerial organs and was found in the onset of the flowering stage [48, 57]. Another species,
G. arborescens is usually found at bloom time at RECOR/IBGE and at the Olympic Center of
Universidade de Brasília, in Brasília, Federal District, during the rainy station (from November
to April) and at vegetative stage from August to October (during winter); in this 0.5 meter high
species, leaves were always attached to the shoot at the same time as the flowers and fruits,
although in the end of the fruiting stage, some or all the shoots bearing fruits can dry out, in
order to release the fruits [58]. Another species, G. virgata, found in the same locations than G.
arborescens, reaches 2.0 m high and is found at vegetative stage from March to July (middle of
the dry season) and fruiting goes until September (end of the winter); in the beginning of the
bloom period, leaves enter in a senescence process and are detached from the shoot; after
dispersing seeds, its aerial parts also dry out, re-sprouting around March (near the end of rainy
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although in the end of the fruiting stage, some or all the shoots bearing fruits can dry out, in
order to release the fruits [58]. Another species, G. virgata, found in the same locations than G.
arborescens, reaches 2.0 m high and is found at vegetative stage from March to July (middle of
the dry season) and fruiting goes until September (end of the winter); in the beginning of the
bloom period, leaves enter in a senescence process and are detached from the shoot; after
dispersing seeds, its aerial parts also dry out, re-sprouting around March (near the end of rainy
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season) [58]. Found only at the Olympic Center, G. pohlii develops its aerial organs up to 1.8
m high from August to November, starting the blooming period in December and finishing
fruit dispersion around April, drying out its aerial portions during the winter [58].

As an agent of perturbation in the vegetation of Cerrado, fire can produce variable effects in
the flowering and fruiting patterns: whilst flowering is more intense in the herbaceous layer
after a fire breaks out, the same phenophases are not affected in trees and shrubs [59]. A thicker
pericarp in dry fruits may provide greater protection for seeds, acting as a barrier against high
external temperatures, such as in Kielmeyera coriacea winged seeds inside dry fruits [60]. Fire
increases the dehiscence in anemochoric species [54, 60].

Would be necessary more research in order to understand not only the structures of repro‐
ductive organs, but also describe the relation among flowers and its pollinators in Cerrado
species and to understand the phenology of the species, which have different strategies to
survive natural and eventual events, since dropping leaves during the flowering/fruiting
phase, recycling all aerial parts after completing the fruiting phase, among others.

3.2. Vegetative structures of Amaranthaceae and Melastomataceae species

During the study of Brazilian Amaranthaceae species some morphological characteristics
stood out in Cerrado species: well developed subterranean systems with xylopodium, high
level of endemism and hairy stem, leaves, flowers and fruits [34, 37, 47, 56], which indicates
adaptations of these plants to the environment. Xeromorphy and scleromorphy are common
features in leaves of Cerrado species [61]. Although the two terms describe similar morphology
results, a xeromorphic plant is adapted to withstand drought and a scleromorphic plant is the
result of other limiting factors to its growth instead of water, for instance a restricted nutrient
intake [14] or aluminum toxicity [15]. Some aspects of the plants can be genetically determined,
developed as a selective advantage, such as the development of xylopodia in Clitoria guianen‐
sis Benth. and Calliandra dysantha Benth. [62], both Cerrado plants.

Scleromorphism is precocious in all organs, especially the vegetative ones [24], which is why
the most aimed organs to study structure are leaves, stem and roots, although the identification
of a plant is usually obtained by the study of its reproductive organs. Field observations,
morphological, anatomical and cellular data on aerial structures of Amaranthaceae and
Melastomataceae species will be emphasized in order to improve the understanding of the
surviving strategies used by some species of these families [35, 47, 61].

3.2.1. Leaf structure

Leaf anatomical traits are useful to infer adaptations to a specific environment [63-64] and
are  good  predictors  of  performance  [65]  because  of  their  common  and  strong  relation‐
ships with functional parameters such as photosynthesis, leaf nutrient content and radial
growth [66-69]. Studies with Macairea radula (Bonpl.) DC. and Trembleya parviflora (D. Don)
Cogn.  (Melastomataceae)  showed quantitative  anatomical  plasticity  in  different  environ‐
ments [61]: plants on open flooded area of palm swamp had significantly smaller values
of  specific  leaf  area  and  significantly  higher  values  of  leaf  mesophyll  thickness  when
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compared with leaves  partially  shaded on non-flooded soil  of  the  Cerrado sensu stricto,
indicating that the former are smaller and thicker than the latter.  Quantitative plasticity
may also appear in the leaf flush as an influence of seasonality. Leaves which flushed during
dry or wet season, in Gochnatia polymorpha (Less.) Cabrera (Asteraceae), showed statistical‐
ly significant differences in the cuticle, mesophyll and abaxial epidermis thickness, stomatal
size,  stomata  and  trichomes  density,  indicating  a  probable  water-status  control  and  an
adaptation to seasonality of rainfall in the Cerrado [70]. Furthermore, in [70] the authors
emphasized a positive correlation between the increase in the number of  trichomes and
stomata density in the dry season, and suggested that this relationship would promote a
highest control over stomatal conductance and transpiration.

Plants of different physiognomy of Cerrado showed that leaves are hypostomatic in most of
the species, whilst there are also amphistomatic species [61, 71-73]. Stomata only on the abaxial
surface are an advantageous trait for plants on low relative humidity and high temperature
environment because it could reduce the loss of water vapour as the temperature on the abaxial
side of the leaf is lower [74-75]. On the other hand, stomata on both surfaces makes it easier
the intercellular diffusion of CO2 in mesophyll of thicker leaves [76] and amphistomatic leaves
are characteristics of plants living in high-light environments and with high photosynthetic
capacity [74]. The same species can display stomata on both or only on one leaf surface in
response to the light intensity under which they are grown, which can be related with leaf
thickness, photosynthetic capacity and maximum stomatal conductance [75]. Leaves of the
same species which were grown on high-light environment can be amphistomatous, thicker
and with higher rates of photosynthesis, stomatal conductance for CO2 uptake and loss of water
vapour, whilst leaves of plants grown under low-light intensity are hypostomatous and show
lower values for the same variables [74-76], demonstrating the plasticity of this feature and its
influence on the hydric balance and gas exchange of the plants.

Ericaceae species Gaylussacia brasiliensis (Spreng.) Meisn. (figure 3 C and 3E), and species of
Myrtaceae [77] and Melastomataceae [61] of cerrado sensu stricto and palm swamps have
epidermis cells that present simultaneously evaginations of protoplasm and invaginations of
the external periclinal cell wall (figure 3A-D). In frontal view the cell walls are sinuous and
evagination points are usually shinier (figure 3E-F). Although the function of this feature is
unproven, similar structures were found in Drosera [78] and named miniature papillose
processes, which would be functioning as sensors for mechanical or chemical stimuli.

Emergences are structures of mixed protoderm and ground meristem origin, and are generally
found in Melastomataceae leaves (figure 4). These structures are related with the vascular
system and ultrastructural and histochemical analyses of the cell walls revealed micro channels
permeable to water and nutrients, indicating that these structures are related with the transport
of substances and may absorb or exude solutions [61, 79-80].

Phenolic compounds are regarded as protective against the incidence of UV-B radiation and
could act as filters or antioxidants [81-84]. These secondary metabolites are also considered
inhibitors of herbivory which, along with radiation, function as a stimulator in the biosynthesis
of phenolic compounds [85]. Phenolic compounds are very common in leaves of Cerrado
plants of diverse physiognomy such as palm swamp, a flooded and open soil, in a dry forest

Biodiversity in Ecosystems - Linking Structure and Function10416



compared with leaves  partially  shaded on non-flooded soil  of  the  Cerrado sensu stricto,
indicating that the former are smaller and thicker than the latter.  Quantitative plasticity
may also appear in the leaf flush as an influence of seasonality. Leaves which flushed during
dry or wet season, in Gochnatia polymorpha (Less.) Cabrera (Asteraceae), showed statistical‐
ly significant differences in the cuticle, mesophyll and abaxial epidermis thickness, stomatal
size,  stomata  and  trichomes  density,  indicating  a  probable  water-status  control  and  an
adaptation to seasonality of rainfall in the Cerrado [70]. Furthermore, in [70] the authors
emphasized a positive correlation between the increase in the number of  trichomes and
stomata density in the dry season, and suggested that this relationship would promote a
highest control over stomatal conductance and transpiration.

Plants of different physiognomy of Cerrado showed that leaves are hypostomatic in most of
the species, whilst there are also amphistomatic species [61, 71-73]. Stomata only on the abaxial
surface are an advantageous trait for plants on low relative humidity and high temperature
environment because it could reduce the loss of water vapour as the temperature on the abaxial
side of the leaf is lower [74-75]. On the other hand, stomata on both surfaces makes it easier
the intercellular diffusion of CO2 in mesophyll of thicker leaves [76] and amphistomatic leaves
are characteristics of plants living in high-light environments and with high photosynthetic
capacity [74]. The same species can display stomata on both or only on one leaf surface in
response to the light intensity under which they are grown, which can be related with leaf
thickness, photosynthetic capacity and maximum stomatal conductance [75]. Leaves of the
same species which were grown on high-light environment can be amphistomatous, thicker
and with higher rates of photosynthesis, stomatal conductance for CO2 uptake and loss of water
vapour, whilst leaves of plants grown under low-light intensity are hypostomatous and show
lower values for the same variables [74-76], demonstrating the plasticity of this feature and its
influence on the hydric balance and gas exchange of the plants.

Ericaceae species Gaylussacia brasiliensis (Spreng.) Meisn. (figure 3 C and 3E), and species of
Myrtaceae [77] and Melastomataceae [61] of cerrado sensu stricto and palm swamps have
epidermis cells that present simultaneously evaginations of protoplasm and invaginations of
the external periclinal cell wall (figure 3A-D). In frontal view the cell walls are sinuous and
evagination points are usually shinier (figure 3E-F). Although the function of this feature is
unproven, similar structures were found in Drosera [78] and named miniature papillose
processes, which would be functioning as sensors for mechanical or chemical stimuli.

Emergences are structures of mixed protoderm and ground meristem origin, and are generally
found in Melastomataceae leaves (figure 4). These structures are related with the vascular
system and ultrastructural and histochemical analyses of the cell walls revealed micro channels
permeable to water and nutrients, indicating that these structures are related with the transport
of substances and may absorb or exude solutions [61, 79-80].

Phenolic compounds are regarded as protective against the incidence of UV-B radiation and
could act as filters or antioxidants [81-84]. These secondary metabolites are also considered
inhibitors of herbivory which, along with radiation, function as a stimulator in the biosynthesis
of phenolic compounds [85]. Phenolic compounds are very common in leaves of Cerrado
plants of diverse physiognomy such as palm swamp, a flooded and open soil, in a dry forest

Biodiversity in Ecosystems - Linking Structure and Function10416

on limestone outcrops or in open areas of Cerrado [26, 61, 73], where the leaves are exposed
to high irradiance and high herbivory or fungi infection.

Although the photosynthesis is highly dependent on structural and ultrastructural coordina‐
tion in leaves, the environment is responsible for the relative abundance of a determined
subtype of the C4 pathway [86]. The C4 photosynthesis pathway evolved in a great diversity
of Kranz anatomy forms, biochemical routes and dimorphism of chloroplast ultrastructure
[87-89] and is broadly dispersed among Angiospermae plants, including in the Amaranthaceae
family [90-91].

The parenchyma bundle sheath and the mesophyll cell arrangement are the most usual
anatomic pattern to determine the C4 photosynthesis pathway [92]. However, the high degree

Figure 3. Leaf epidermis with evaginations and invaginations of external periclinal cell wall. A-D: cross section; E-F:
frontal view. A: Myrcia cordifolia DC. (Myrtaceae). B: Gomidesia pubescens (DC.) D. Legrand (Myrtaceae). C, E: Gaylussacia
brasiliensis (Spreng.) Meisn. (Ericaceae). D, F: Lavoisiera bergii Cogn. (Melastomataceae). Arrow show evagination
points in dissociated of epidermal cells (E) and shiny dots in frontal view (F). Scale bars: A-D: 20 µm, E-F: 50 µm.
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of evolutionary convergence does not guarantee a unique pattern at biochemical or cellular
and subcellular levels [86]. The structural type of leaves (Kranz or non-Kranz), the chloroplasts
position, the absence or presence of stacked disks (grana) in the thylakoid membranes of
chloroplasts and the number of mitochondria are important characteristics to know the
photosynthetic metabolism of a plant species [89, 93]. At ultrastructural level, number and
concentration of chloroplasts, mitochondria and peroxisomes in the bundle sheath cells are
the most reliable criteria to determine the photosynthetic capacity of a plant [94]. However,
recent studies showed that the C4 photosynthesis can operate by dimorphic chloroplasts
located in different regions of the same cell, as demonstrated in Orcuttia sp. and in Borszczowia
aralocaspica Bunge and Bienertia cycloptera Bunge [87, 95-97]. This way, the ultrastructural study
of leaves can be a key element to understand the plant metabolism.

Since the first works, leaf anatomical studies done in Brazilian Amaranthaceae species showed
a well-developed vascular bundle in Gomphrena and Froelichia genera, but not in Alternan‐

Figure 4. Leaf emergences in Melastomataceae. A: Non-glandular emergence (arrow) in margin of Lavoisiera bergii
Cogn. B: Non-glandular emergence (arrow) in adaxial surface of Macairea radula (Bonpl.) DC. C: Non-glandular (ar‐
row) and glandular (arrowhead) emergences in abaxial surface of Macairea radula Scale bars: 100 µm
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thera and Pfaffia genera [26, 98-101]. Intracellular studies are rarer [56, 102-103]. In [103] it is
showed a gradual change in the stacked thylakoids of dimorphic chloroplasts in Gomphrena
macrocephala, G. prostrata Desf. and G. decipiens Seub. connecting it with the NADP-ME subtype
of C4 photosynthesis pathway, which was the same preliminarily observation done in G.
arborescens [56]. Pfaffia jubata displays the same type of chloroplasts in different leaf tissues,
indicating the operation of the C3 pathway of photosynthesis [102]. In [103] are described
dimorphic chloroplasts in G. scapigera Mart. leaves which ultrastructure was considered
compatible with NADP-ME subtype of C4 photosynthesis. These results are coherent with the
ones showed in Australian Gomphrena species: G. celosioides Mart., G. globosa L., G. conica (R.
Br.) Spreng., G. brachystylis F. Muell., G. brownie Moq., G. flaccida R. Br., G. canescens R. Br. [93].

Leaves of 13 Amaranthaceae species-Alternanthera brasiliana (L.) Kuntze, A. paronychioides St.-
Hil, Froelichiella grisea, Gomphrena arborescens, G. hermogenesii, G. lanigera, G. pohlii, G. prostrata,
G. virgata, Hebanthe eriantha (Poir.) Pedersen, Pfaffia glomerata (Spreng.) Pedersen, P. gnapha‐
loides (L.f.) Mart. and P. townsendii were studied in order to understand their metabolic
pathway of photosynthesis [47, 56]. All the species are native to Brazil and occur in the Cerrado
Biome; six of them are endemic to Brazil and one is endemic to the Brazilian Cerrado Biome
[38, 48]. All leaves are hairy (trichomes are rarer in Alternanthera species), amphistomatic
(except Pfaffia townsendii), have one cell thick epidermis with stomata more or less leveled to
the surrounding epidermal cells and dorsiventral mesophyll (except F. grisea, which has
isobilateral mesophyll) with collateral bundles. All six Gomphrena species have thick-walled
parenchymatous bundle sheath and organelles ultrastructure compatible with the operation
of NADP-ME subtype of C4 pathway of photosynthesis. Whilst G. pohlii and G. virgata have a
more classical type of Kranz anatomy (figure 5) [47], G. arborescens, G. hermogenesii, G. lani‐
gera and G. prostrata have the same type of Kranz anatomy found in most Gomphrena species
[93, 98, 102-105], classified as “Gomphrena type” [89] but all share dimorphic chloroplasts
(figure 6) [47]. Alternanthera species presented variable anatomy, with organelles positioned
towards the vascular bundle in A. paronychioides and in the peripheral position in A. brasili‐
ana bundle sheath cells. The first Alternanthera species was characterized as a C3-C4 intermedi‐
ate species [106] based on its leaf anatomy, CO2 compensation point and activity of key
photosynthetic enzymes, but the authors did not mention stomata on both epidermis leaf
surfaces, which is considered another fundamental feature to lower the CO2 compensation
point [74]. Thus, the position of organelles in bundle sheath cells can be a key element in
determining the intermediary metabolic type in Alternanthera species (figure 7) [47]. Froeli‐
chiella, Hebanthe and Pfaffia species have leaf anatomy and ultrastructure compatible with C3

metabolism [47]. Chloroplasts of the Kranz cells of C4 plants usually have no grana, present
little PSII activity and a larger amount of starch [107] whilst, in C3 plants, the palisade cells
show a larger amount of starch than the ones of the spongy parenchyma [108].

If the evolution of C4 metabolism is associated to the weather and ecological disturbance, is it
possible to link some structural changes in leaves of Cerrado plant species to these evolution
factors? The evolution of C4 metabolism in these Amaranthaceae species can be related to the
development of amphistomatic leaves, associated with increased leaf thickness, thicker bundle
sheath cell walls, fast lifespan of the aerial system and well-developed gemmiferous under‐
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ground system as adaptation to an open shinny environment with seasonal rain and oligotro‐
phic acid soil, at least partially. Species’ survival in adverse environments can be achieved by
the operation of C4 photosynthesis and carbon accumulation [109], which is associated with
high photosynthesis rate [74]; the accumulated carbon is stored and protected in the under‐
ground organs, explaining the energy source to re-sprout of Cerrado species. Although in [92]
trichomes are believed to affect the gas exchange and leaf temperature, reducing the light
incidence, Gomphrena arborescens developed a translucid tissue surrounding the large trichome
bases, which allows the light to reach internal photosynthetic tissue [26], indicating that its
trichomes can be more a restriction to herbivory than to reduce leaf temperature or light
incidence, the same way as in G. pohlii and G. virgata [58]; another aspect shared by all
Amaranthaceae Cerrado´ species is the constant presence of calcium oxalate druses inside
leaves and shoots [26, 47, 57-58], which is considered a highly specialized way of sequester
and immobilise calcium [110].

Figure 5. Gomphrena pohlii Moq. (A) and G. virgata Mart. (B) (Amaranthaceae) leaves in cross sections. Red arrow indi‐
cates bundle sheath cells with organelles positioned near the inner cell walls, towards the vascular bundle. Scale bars:
50 µm.

Large plastoglobuli were found in chloroplasts F. grisea, G. arborescens, G. hermogenesii, G.
pohlii and G. virgata. According to [111], plastoglobule consists of an outer lipid monolayer
containing neutral lipids and proteins/enzymes related to lipid metabolism; its dimensions
vary from 30 nm to several micrometers. Plastoglobuli shape and size change during devel‐
opment and plastid differentiation, and under stress conditions, clustering of large groups of
connected plastoglobuli were observed [111-112]. Lipid and protein storage inside the
chloroplasts could support plants’ fatty acid regulation, unsaturation and mobilization in
response to the stress caused by biotic interactions, especially due to the presence of plasto‐
globulin among its proteins [111, 113]. Although higher plastoglobuli content in chloroplasts
could be linked to plant senescence [114], this may not be the case of these Amaranthaceae
plants because all leaf samples were visually healthy and green when collected. In G. hermo‐
genesii leaves which were infected for some sort of septate endophytic organism (figure 8),
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when compared with non-infected leaves (figure 8), plastoglobuli were reduced in size, which
suggests a mobilization of its content due to the interaction with this microorganism.

Leaf surfaces of some Cerrado species of the genus Gomphrena presented epicuticular wax
crystals in platelet form, oriented in parallel [58], an aspect previously described only in
Chenopodiaceae species. If these platelets are present only in Cerrado species, it could be
explained as a way of immobilize the excess of carbohydrates produced by a species with high
photosynthesis rates and limited growth – as preconized by the theory of oligotrophic
scleromorphism [14]. Crystalloid wax projections were found on both leaf surfaces of
Gomphrena arborescens, G. pohlii and G. virgata, as platelets distributed in different densities and

Figure 6. Dimorphic chloroplasts in Gomphrena species (Amaranthaceae) observed through an electron transmission
microscope. A: Granal (black arrow) chloroplast of Gomphrena arborescens L.f. spongy parenchyma, with few starch
granules (white arrow) and a large plastoglobule (white star). B: Granal chloroplast in G. pohlii Moq. palisade paren‐
chyma, with well-developed peripheral reticulum (orange arrow) and large plastoglobuli (white stars). C: Organelles
in G. arborescens bundle sheath cell, which are positioned towards the vascular bundle, with chloroplasts with no
stacked disks (grana) of thylakoid membranes, but large amount of starch granules (white arrow), large plastoglobuli
(white star), and mitochondria (red arrow). Scale bars: A, C: 1 µm; B: 0.5 µm.

Figure 7. Leaf anatomy of Alternanthera species (Amaranthaceae) observed in cross sections. A: Alternanthera brasiliana
(L.) Kuntze (syn=A. dentata). B: A. paronychioides A. St.-Hil. (syn=A. ficoidea). Black arrow indicates the bundle sheath
cell with organelles near the outer cell wall in A (C3 species) and towards the vascular bundle in B (C3-C4 intermediary
species). Scale bars: 50 µm.
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patterns; epicuticular wax did not prevent the development of fungi hyphae on leaves of none
of these three Cerrado native species; however, the development of such a structure should be
one adaptation of the Cerrado species, because they present more platelets and ridges of
epicuticular waxes in relation to G. globosa, an introduced species also studied [58].

There is much work to be done in order to understand all aspects connected to leaf function
in Cerrado plants, because more than been the primary photosynthetic organ which produce
carbohydrate for the plant, leaves also give place to biotic interactions (it is common to find
fungi or insects larvae in leaves) which can affect the plant life, including the onset of the
production of complexes chemical compounds of interest because of its biologic activity
(alkaloids, tannins or other phenolic compounds, sterols, saponin).

3.2.2. Root and stem structure

Melastomataceae species are found in several physiognomies in the Cerrado, from well
drained to periodically or permanently flooded soils [115], displaying anatomical features
which give them the ability of survive in different environments. Species of the palm swamps
with periodically flooded soils produce an aerenchymatous tissue in roots and stem during
the primary and secondary growth [116]. During the primary growth of root and stem the
tissue is a schyizolisigenous aerenchyma and schyzogen aerenchyma, respectively. During the
secondary growth, root and stem develop phellogen from division of pericicle cells, deriving
two cells types, one with square or rectangular shape (compact cells positive for suberin in
histochemical test under light microscopy) and another cell with “T” shape (negative for
suberin), which are disposed with intercellular spaces, naming the tissue aerenchymatous

Figure 8. Chloroplasts in Gomphrena hermogenesii J.C. Siqueira bundle sheath cell. A: Non-infected sample show the
chloroplast with starch (white arrow) and large plastoglobuli (white star); mitochondria (red arrow). B: Sample with a
septate endophytic microorganism (blue arrow), shows that chloroplast´s large plastoglobuli were mobilized (white
circle in B) and the membrane system was disrupted, while starch (white arrow) was preserved. Scale bars: 2 µm.
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polyderm. The polyderm of the same organ and species found in well drained soils or emerged
in the flooded soils does not have this aerenchymatous aspect [116]. According to [117], these
intercellular spaces are filled of gases and longitudinally interconnected emerged parts with
immersed parts, providing a low resistance way which facilitates internal diffusion of these
gases at long distances throughout the organs of the plant. Although the epidermic cell walls
and cuticle of primary roots generally are thin [63, 118], any species show thickness of external
periclinal and anticlinal walls of epidermic cells in plants submitted to flooding in palm
swamps [116]. This thickness could provide protection against adverse conditions near to root
surface in the flooded soils [119].

Gelatinous fibers are different of other sclerenchyma fibers because they have a cellulosic
thickening in the inner cell walls (figure 9) which, due to artifact of manufacturing of the blade,
disconnects from lignified cell walls and stands out [120]. The most accurate way to observe
the gelatinous fibers is the color technique using dyes that differs lignin of cellulose. For
example, acid floroglucine will stain only the external layer of wall where there is lignin and
safranine-fast green, a double staining, that will stain red the lignified wall and green the
gelatinous layer, indicating presence of cellulose [121]. This layer is also called mucilaginous
layer or “G” layer and generally occurs in tension wood and underground organs [23, 122-123].
Gelatinous fibers are very common in the Cerrado plants and they usually appear associated
with the secondary xylem of stem, mainly in the initial layers of the growth ring [120, 124] but
also may appear on other organs such as petiole and raquis of leaves [121]. Generally, the
mucilaginous aspect of “G” layer is linked to the ability of aggregate water because the
structure is highly hygroscopic [23].

Figure 9. Gelatinous fibers in the secondary xylem of Macairea radula (Bonpl.) DC. (Melastomataceae) stem. Arrow
show the “G” layer with cellulosic thickness. Scale bar: 50 µm.
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In Amaranthaceae species it is common to find a secondary thickening formed by a series
of vascular cambia arising successively farther outward from the center of the stem, each
producing  xylem  toward  the  inside  and  phloem  toward  the  outside  –  an  anomalous
secondary thickening [125-126].  Amaranthus  spp. can have two or more rings of primary
vascular bundles and a complex organization of leaf traces associated with leaf gaps [127].
Some members of the family have vascular bundles included in the medullary tissue of the
shoot, with unknown function, which can contribute to leaf vascularization, as in Melasto‐
mataceae and Piperaceae species [128]. The anomalous secondary thickening was found in
all investigated members of Amaranthaceae family, which is considered an important group
to understand the origin of  successive cambia and its  products and the variation in the
wood anatomy and stem in dicots [126, 129].

Preliminary study of Gomphrena arborescens [56] did not show successive vascular cambia in
the secondary thickening of the shoot, but the bidirectional activity of a singular vascular
cambia adding more cells in the secondary xylem than in the secondary phloem. There were
found nucleated fibers and perimedullary amphicribral vascular bundles near the node
regions (figure 10) [56], which were connected to the vascularization of a deriving leaf. Further
studies are necessary to determine the function of these elements and the reason to this kind
of secondary thickening, although it seems to indicate that this species is in transition from
herbal to subshrub habit.

Figure 10. Transverse sections of Gomphrena arborescens L.f. stem. A: Perimedullary amphicribral vascular bundles
(black arrow) near the node regions, which were connected to the vascularization of a deriving leaf. B: Bidirectional
activity of a singular vascular cambia (white arrow). Scale bars: A: 500 µm. B: 100 µm.

Although the Raunkiaer system [130] is widely used to classify the life form of plants based
on the level of protection of budding structures, new ecological classifications were proposed
in Brazil due to the diversity of the subterranean systems found in our flora [131]. The first
researcher to use the term “xylopodium” [132], around the year of 1900, described a lignified
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structure responsible for the regeneration of the aerial parts of a plant, during his studies of
the ecology on open fields of Rio Grande do Sul State, in Brazil. Around the year of 1908, [11]
another researcher noticed the same structure in Lagoa Santa plants (in Minas Gerais State),
but did not attempt to define it. Since then, all the studies trying to understand this organ were
concentrated in Cerrado plants [131].

Studying plants with xylopodium in São Paulo State, [133] author concluded that the super‐
ficial portion of the subterranean system, which originates the first aerial sprouts after burning,
is a small subterranean stem – and sometimes is difficult to understand where the stem finishes
and where the root starts. Naturally, the subsequent studies were focused in understanding
the ontogenesis and the environment were these plants grow. Another study [134] determined
that the xylopodium can be formed by the tuberous growth of the primary root near the soil
or by the tuberous growth of the hypocotyl; the first one is due to a disturbed environment
which prevents the plant to grow naturally (like in Mimosa multipinna Benth, Stryphnodendron
adstringens (Mart.) Coville, Palicourea rigida H.B.K and Kielmeyera coriacea (Mart.) var. glab‐
ripes N. Saddi) and the second one is genetics and independent of the environmental conditions
(like in Clitoria guianensis Benth. and Calliandra dysantha Benth.). Through the study of the
xylopodium of Brasilia sickii (Asteraceae) [23, 135], it was understood that this organ could be
considered a morphological unit, but not an anatomical one; it was stated the need of ontoge‐
netic studies to really understand the origin of any plant xylopodium, since it can be originated
from the root in a young xylopodium and from the stem in an older one, always with the
predominance of xylem tissue, including gelatinous fibers with the ability of storing water. In
[62] authors theorized that the cutting-off of the shoots, at the end of every dry season, would
favour the development of xylopodium as an adaption to the conditions prevailing in the
grassland or “campos” – where these plants are well established. This cutting-off of the shoots
could, also, be provided by fire and the hard lignified xylopodium would survive as under‐
ground persistent organs of plants that dwell in savannah-like regions with a dry season lasting
from 4-6 months [134]. In [136], Mandevilla illustris (Vell.) R.E. Woodson and M. velutina K.
Schum. (Apocynaceae) from Cerrado were studied and authors concluded that a same plant
can have an underground organ formed by a xylopodium (the hard superior portion) and by
a fleshy tuberous root; the xylopodium is formed by a cambium tissue, in the junction of the
hypocotyl and the primary root, without the participation of the shoot and retaining the
capacity of re-sprout the shoot.

In [23], soboles are indicated as common feature in Cerrado plants, an underground horizontal
stem which grow out as an erect plant [137]. Sobole of Annona pygmaea Warm. can be originated
from the hypocotyl, in the begging of the development, or from the top of the root when the
primary stem is destroyed; the organ can have aerial portions of leaves and is usually a storage
organ with well-developed starchy parenchyma; this kind of plant can perform vegetative
reproduction, the same way as the other type of root suckers, the gemmiferous root [62].

In this study [131] are described Bauhinia forficata Link, Centrolobium tomentosum Guill. ex
Benth, Inga laurina Willd. and other Cerrado tree species with long roots running in parallel to
the surface and showing budding shots. The point of origin to the aerial parts was a typical
root without medullary tissue and with primary xylem with centripetal maturation, usually
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storing starch [131]. In these cases and in herbal or subshrub species from Cerrado, the
underground organ is called gemmiferous roots, the second of the root sucker types [62].

The underground system is very important in Cerrado plants, being linked not only to the
anchorage, support and water absorption, but also to carbohydrates and water storage and to
vegetative reproduction [23, 138]. This Biome is subject to fires since remote ages, which could
be caused by electrical discharge or by the primitive men as a strategy to hunt and, most
recently, in order to open areas to grow crops [22]; in experimental burned Cerrado areas, the
surface temperature is about 74 ºC but, under the soil, heating is drastic not so high, varying
from 55 ºC one centimeter below and reaching only few degrees at 5 cm under the surface.
Certain savannah species are ephemeral but most of Brazilian Cerrado´s species are perennial
[22]. Probably, the temperature difference during the fire can allow underground organs to
survive, although the aerial parts are burned out; adding to this the budding characteristic of
the xylopodium, soboles and gemmiferous roots, the well-developed underground organs of
Cerrado´s species can explain the prevailing perennial habit.

The underground organ of Gomphrena macrocephala (Amaranthaceae), a Cerrado species,
revealed fructan as the main storage carbohydrate; it was the first reference to this polysac‐
charide in a plant of the superorder Caryophyllidae [139-140]. Fructans are fructose based
polysaccharides, usually found in Asteraceae and Gramineae, two of the most evolved
families, which indicates it to be a selective advantage [108]. In G. macrocephala, the capacity to
store fructans instead of starch was considered an advantage developed in response to the
environmental stress of the dry season and eventual fires [141]. The fluctuation in fructan
content of G. macrocephala is connected to photoperiodism: shorter days, typical from the dry
winter, induce senescence of the aerial organs and increase in the fructan content whilst long
days, typical of the rainy summer, stimulated the development of the aerial organs and
resulted in shortage of fructan content [142]. A well-marked seasonality of fructan accumula‐
tion was found in tuberous roots of Gomphrena marginata Seub. [143] and authors correlated it
with seasonal changes in the availability of water in the soil; the content of fructans decreased
during the rainy season and increased during the dry season, keeping almost steady the
relative water content of the underground organs. Preliminary data show that tuberous roots
of G. arborescens only stores fructan (figure 11), whilst in the shoot there was found starch [56].
As G. arborescens roots are used in folk medicine to reduce fever, against asthma and bronchitis
or as tonic [144-147], along with other Amaranthaceae species used for the same purposes, the
isolation and study of their fructans could help to understand the origin of its folk medicinal
properties. In roots of Arctium lappa L., var. herkules there were fructans from inuline series
which were proved to be biologically active as cough-suppressing agent in a cat model in
vivo; the activity of these fructans in suppressing cough was compared to the parameters
stablished for antitussive efficiency of drugs commonly used in clinical practice [148]. So, more
than a challenge to understand the morphology and anatomy of the underground system in
Amaranthaceae species, it is also necessary a more comprehensive study of the carbohydrates
and phenology of another species of this family, even to determine if the presence of fructan
is widespread or restricted to some members or genera of the family.
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Figure 11. Transverse sections of Gomphrena arborescensL.f. root. A: After treatment in pure ethanol for at least 7 days,
clusters of spherical fructan crystals (white arrow) appear in the cortex region. B: Spherical fructan crystals (black ar‐
row) under polarized light, after dying the section with safranine ethanolic solution. Scale bars: A: 500 µm. B: 100 µm.

4. Retrospective and perspectives about Cerrado knowledge and structural
studies

Much of the actual knowledge about the Brazilian savannah or Cerrado Biome and its
vegetation is derived from a group of researchers who shared their point of views in a series
of Symposia, organized initially by them in order to gather efforts and develop multidiscipli‐
nary research in networks, mostly by initiative of teachers of USP – the São Paulo University
[10], who also republished in Portuguese some very important works done by the first foreign
researchers [10-11, 132]. The first Symposium was realized in 1962, in São Paulo city: the
“Simpósio Nacional do Cerrado” was intended to improve the knowledge to grow crops and raise
cattle in the region [149]; the second one was realized in Rio de Janeiro, in 1965, where people
concluded that most of the knowledge about Cerrado was related to the plant biology and that
would be necessary to realize a multidisciplinary approach to create a national policy and also
to undertake basic and applied research. The third event was again in São Paulo, in 1971, and
gathered so many researchers that it was necessary to realize simultaneous meetings and
extend the event in order to allow everybody to present their works [10, 149].

From the year 1975 on, the federal government created a set of programs to speed up the
development of federal States in the center of the Cerrado Biome (Goiás, Minas Gerais, Mato
Grosso and Federal District) through financial aid for the construction of roads, schools and
warehouses, funding agricultural research, providing technical assistance to incorporation of
new areas into the production process and encouraging the use of limestone and phosphate
to correct the soil pH, among others [150]. More than that, Brazilian Enterprise for Agricultural
Research – EMBRAPA – a state-owned company affiliated with the Brazilian Ministry of
Agriculture, created its unit Embrapa Cerrados (CPAC) with the aim of developing agricul‐
tural systems viable to the Cerrado Biome and to give technical support to farmers. So, from
the fourth Symposium on, realized in 1976, these events were done in Brasília, with the
incentive of Embrapa Cerrados; collecting important data for agricultural development, all the
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work done in this event was of great value to improve the newly approved policy of the
Program for Development of Cerrados [149].

According to [149], all the information gathered wasn´t still enough to support the region
development, mostly because they were generalized. Among other problems [149],  there
were: irregular distribution of rain (a challenge to grow crops), the soils low level of fertility,
inadequate methods used to cultivate soils leading to soil exhaustion, incidence of illness
in  monotypic  crops  and  few  knowledge  about  environmental,  economic  and  social
peculiarities  of  the  core  region  of  the  Cerrado  Biome.  Embrapa  Cerrado  leaded  the
development  of  networks  with  institutes,  universities,  other  Embrapa  units  and  state
companies  to  obtain  systematic  data  on  every  field  of  interest  to  understand and com‐
plete the knowledge gaps in order fulfill its own mission. The knowledge gained through
political,  technical  and  economic  focus,  transferred  as  technical  support  to  the  farmers,
created a scale gain which benefited all  the participants;  the technology incorporated by
the  farmers  implicated in  rapid increase  of  cultivated area  [149],  at  a  speed that  is  not
currently possible to maintain without a huge loss of biodiversity.

In 1979 the Symposium theme was “Cerrado: use and management” and in 1982 it was the
begging of the international comprisement of the event, which was themed “Savannah: food
and energy” and shared the concerns in the use of this kind of environment around the
world [149].  In  1989,  the  seventh Symposium was done in  order  to  gather  data  on the
increasing efficiency to produce crops and, in 1996, the VIII National Symposium and the
I International Symposium were done in a year where the cultivated area in Cerrado Biome
was four  times  more  efficient,  during the  onset  of  environmental  damages  such as  soil
degradation,  weed spreading and pests;  from then to now, the rational  usage of  savan‐
nah areas is the main concern [149-150].

In 2006 [149], the Cerrado region contributed to 33% of the Brazilian Gross Domestic Product,
employing around 40% of the labor force. So, in 2008 the theme “Challenges and strategies for
the equilibrium between society, agribusiness and natural resources” [149] was chosen to
delineate the main discussions of the IX National Symposium of Cerrado and the II Interna‐
tional Symposium of Tropical Savannas; in the third chapter [149] there is a review, in English,
about the importance of savannah environments to the global climate change, emphasizing
the distribution of this kind of environment in the world, not only in tropical regions of Africa,
South America, Asia and Pacific, but also in temperate climate regions of North America
(prairies) and derived savannahs in Europe.

According to [151] tropical savannahs are characterized by physiognomies with trees and
shrubs and abundance of herbs from Poaceae and Cyperaceae families over dystrophic and
sandy soils under a climate with seasonal rainfall. The predominance of bushes and trees over
grasses depends on the soil fertility and fire as a natural or anthropomorphic phenomenon,
among other environmental characteristics [151]. However, savannah flora presents differen‐
ces: whilst Australian and African savannahs have more deciduous species among bushes and
trees, evergreen species are the main representatives of these groups in Brazilian savannah
[151-152]. African species can close leaf stomata very rapidly, but this is not the rule for
Brazilian species, although there are some exceptions; this characteristic and the deciduous‐
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ness can be linked to the shallow root system of African species [151]. Similar to the subterra‐
nean organs of Brazilian species earlier cited in this chapter, Australian savannah species
develop lignotubers [153-154] with regenerative and storage functions which allows the
resprout after fire. Tropical savannahs are considered more suitable to intensive grain cropping
and livestock production, but it is necessary to ponder the need of food production and give
value to the ecosystem services of this environment, as the maintenance of fresh water
resources and moderation of the Carbon cycle, in order to create another income source for
farmers [150] over preserved land.

Although there is a lot of data obtained already for Cerrado species, due to the research
network which leaded to the creation of Embrapa Cerrados, and later by the increase of the
number and quality of the networks created by Embrapa itself and by other Federal Govern‐
ment Agencies policies (as the Milenium Institutes Program, the National Institutes for Science
and Technology-INCT Program and the Long-Term Ecological Research Program – PELD,
from CNPq), some basic structural studies are still needed to improve the knowledge about
the huge diversity of Cerrado´s species (plants, fungi and fauna), preferably multidisciplinary
ones, ranging from ecology, morphology and taxonomy to the anatomy and cell biology of
species. The structural knowledge is the basis to further development of applied studies
(preservation, investigation of pharmacological properties and others). For example, histo‐
chemical investigation in plants can help taxonomy [155-156] and the establishment of patterns
for quality control of drugs or micro-scale identification of the potential origin of pharmaco‐
logical properties in Folk medicinal plants, but it is necessary special preparation and fresh
material at your disposal [26]. Mostly because of the time consuming and the high cost of
pharmacological and pharmaceutical studies, in Brazil there are a great amount of plants used
by the population as medicinal [144-147] without almost any scientific study to confirm it.

Since the high humidity and intense heat of the Cerrado´s rainy season favours the develop‐
ment of fungal hyphae on leaf surfaces, including on the Amaranthaceae species Gomphrena
arborescens, G. pohlii and G. virgata [46, 58], the study of the plant-microorganism interaction
also can lead to a wide range of applications; for example, health risks to human or stock
farming animals’ can be avoided simply by preventing the consumption of contaminated food
or the medicinal plant. Plants offer a wide range of habitats for microorganisms, including its
aerial parts, rhizosphere and internal transport system [157]. This kind of interaction contrib‐
utes to the environmental equilibrium and can play essential roles in agricultural and food
safety [157-158]. The plant metabolites against endophytic invaders could be isolated and used
for the genetic improvement of crop biochemical defenses; selected microorganism metabolites
can be isolated to act as a biological control of crop diseases and herbivores [157].

These and other fields of study demands the basic studies of taxonomy, morphology and
anatomy in order to be properly interpreted and, later, lead to application not only on the
increase of crop production, but also in the conservation of the few areas of the Cerrado Biome
which are still preserved, mostly due to some Conservation Units created to integrate the
Conservation Unit System of Brazil. Goiás State is in the center region of the Cerrado Biome
and only 15% of the natural savannah was protected in 2002 [159]; originally, savannah
vegetation represented 50% of the State territory, and the author claims that the remaining
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species biodiversity will only be found in Conservation Units about a hundred years from
now.

According to [160] the apparent dichotomy between food production and preservation of the
natural vegetation is not impossible, because Brazil has already cleared enough area to support
all food, fiber and bioenergy production that is necessary to meet not only the own country
needs but also the global market. So, maybe it is time to set a new policy not only for agricultural
and livestock development, but also to improve infrastructure and the efficiency of these
activities and for encouraging and expanding the Conservation Unit System in order to better
preserve the huge biodiversity of flora and fauna and its direct and indirect benefices to
Brazilian people, now and through the significant amount of research that is still to be done.
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species biodiversity will only be found in Conservation Units about a hundred years from
now.

According to [160] the apparent dichotomy between food production and preservation of the
natural vegetation is not impossible, because Brazil has already cleared enough area to support
all food, fiber and bioenergy production that is necessary to meet not only the own country
needs but also the global market. So, maybe it is time to set a new policy not only for agricultural
and livestock development, but also to improve infrastructure and the efficiency of these
activities and for encouraging and expanding the Conservation Unit System in order to better
preserve the huge biodiversity of flora and fauna and its direct and indirect benefices to
Brazilian people, now and through the significant amount of research that is still to be done.
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1. Introduction

Over the past two decades research on ecosystem services, i.e. the benefits that humans derive
from natural systems [1], has gained importance among scientists, managers, and policy-
makers worldwide as a way to communicate societal dependence on ecological life support
systems integrating both natural and social science perspectives [2]. Ecosystem services can
be direct benefits, such as food or freshwater for drinking, or indirect benefits through
provisioning of services such as carbon sequestration [1]. Ecosystem services include 1)
provisioning services obtained directly from the ecosystem such as food provision, 2) regu‐
lating services such as water regulation, habitat, air quality, and water quality, and 3) cultural
services, which are the benefits that people obtain through tourism, aesthetic values, spiritual
enrichment, and sense of place [3, 4].

The ecosystem services approach is useful for decision-making in conservation and natural
resource management [5] because it assigns value to nature by translating ecosystem proper‐
ties into human needs [6]. Ecosystem services can be valued using different approaches
ranging from biophysical quantifications to sociocultural surveys to economic assessment.
Biophysical quantification of services such as carbon storage and sequestration have recently
been used extensively in conservation applications. However, to conserve biodiversity, we
need to move beyond narrow studies of species or habitat status and increase social awareness
of the broader importance of conservation [2]. A key challenge in implementing this approach
is identifying an ecosystem’s capacity to provide services (supply side) and the social demand
for those services (demand side). Addressing both the supply and demand for ecosystem
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services underscores the fact that the importance of an ecosystem service to people is influ‐
enced not only by the ecosystem’s properties but also by societies need for that service and
how that need is perceived.

The Kiamichi River watershed, in southeastern Oklahoma (USA), provides many direct and
indirect ecosystem services to stakeholders that live in or visit the area. This watershed and
the area surrounding it is a national biodiversity hotspot, meaning it is biologically rich, yet
threatened. This area is also at the center of a highly politicized debate between different
stakeholders’ plans for the use of the watershed’s ecosystem services and activities that may
affect those services [7]. The Kiamichi watershed not only provides many important freshwater
services (e.g., drinking water, water filtration or recreation), but it provides numerous
terrestrial ecosystem services as well such as habitat for species and food production. The land
is relatively undeveloped with few urban areas and extensive tracts of second growth, forested
landscapes [8] that provide carbon storage and sequestration. Carbon sequestration is
considered an optimal descriptor of ecosystem functioning [9, 10, 11]. It is a current focus in
climate change studies and is classified as an intermediate service [12] or as supporting the
delivery of other regulating services [13]. Most people are unaware that carbon sequestration
provides direct benefits such as erosion control and soil fertility and indirect benefits such as
air quality and habitat for species.

Here, we used the Kiamichi River watershed as a case study to examine the social perception
and biophysical supply of carbon related services. We first assessed the social perception of
the general public regarding a variety of ecosystem services provided by the Kiamichi
watershed in southeastern Oklahoma, including direct and indirect benefits related to the
carbon cycle. We used a carbon sequestration model to quantify the spatial distribution of
carbon storage and sequestration across the watershed. We used these results along with the
social perception of services and the watershed capacity for carbon sequestration to analyze
the supply-demand framework of ecosystem services [14]. Finally, we discuss the implications
for linking the structure and functioning of biodiversity within the watershed.

2. Problem statement

Changes in land use-land cover are recognized as one of the most important direct drivers in
ecosystem services delivery [15]. Landscapes across the U.S. are changing with human
population growth and increased development. These land use changes alter the natural sinks
and pools of carbon in the environment, but are often not included in land management or
planning. Different land use types and dominant vegetation differ in their storage capacity
and sequestration rate [15]. To better understand the impacts of land cover-use changes in
relatively undeveloped areas such as the Kiamichi watershed, research is needed on different
land uses and land changes and their impacts on carbon storage and sequestration.

Carbon sequestration can be viewed as an optimal descriptor of ecosystem functioning [10,11],
and human-derived carbon fluctuations [16] in the atmosphere affect many other services such
as air quality and biomass production. Changes in air quality are one of the carbon related

Biodiversity in Ecosystems - Linking Structure and Function2444



services underscores the fact that the importance of an ecosystem service to people is influ‐
enced not only by the ecosystem’s properties but also by societies need for that service and
how that need is perceived.

The Kiamichi River watershed, in southeastern Oklahoma (USA), provides many direct and
indirect ecosystem services to stakeholders that live in or visit the area. This watershed and
the area surrounding it is a national biodiversity hotspot, meaning it is biologically rich, yet
threatened. This area is also at the center of a highly politicized debate between different
stakeholders’ plans for the use of the watershed’s ecosystem services and activities that may
affect those services [7]. The Kiamichi watershed not only provides many important freshwater
services (e.g., drinking water, water filtration or recreation), but it provides numerous
terrestrial ecosystem services as well such as habitat for species and food production. The land
is relatively undeveloped with few urban areas and extensive tracts of second growth, forested
landscapes [8] that provide carbon storage and sequestration. Carbon sequestration is
considered an optimal descriptor of ecosystem functioning [9, 10, 11]. It is a current focus in
climate change studies and is classified as an intermediate service [12] or as supporting the
delivery of other regulating services [13]. Most people are unaware that carbon sequestration
provides direct benefits such as erosion control and soil fertility and indirect benefits such as
air quality and habitat for species.

Here, we used the Kiamichi River watershed as a case study to examine the social perception
and biophysical supply of carbon related services. We first assessed the social perception of
the general public regarding a variety of ecosystem services provided by the Kiamichi
watershed in southeastern Oklahoma, including direct and indirect benefits related to the
carbon cycle. We used a carbon sequestration model to quantify the spatial distribution of
carbon storage and sequestration across the watershed. We used these results along with the
social perception of services and the watershed capacity for carbon sequestration to analyze
the supply-demand framework of ecosystem services [14]. Finally, we discuss the implications
for linking the structure and functioning of biodiversity within the watershed.

2. Problem statement

Changes in land use-land cover are recognized as one of the most important direct drivers in
ecosystem services delivery [15]. Landscapes across the U.S. are changing with human
population growth and increased development. These land use changes alter the natural sinks
and pools of carbon in the environment, but are often not included in land management or
planning. Different land use types and dominant vegetation differ in their storage capacity
and sequestration rate [15]. To better understand the impacts of land cover-use changes in
relatively undeveloped areas such as the Kiamichi watershed, research is needed on different
land uses and land changes and their impacts on carbon storage and sequestration.

Carbon sequestration can be viewed as an optimal descriptor of ecosystem functioning [10,11],
and human-derived carbon fluctuations [16] in the atmosphere affect many other services such
as air quality and biomass production. Changes in air quality are one of the carbon related

Biodiversity in Ecosystems - Linking Structure and Function2444

ecosystem services that is most easily recognized by the public. Thus, understanding how the
public perceives the status and importance of air quality can help inform resource manage‐
ment. Our study compares perceptions of Kiamichi watershed stakeholders with the actual
state of carbon sequestration services and land use practices in the watershed.

3. Application area

The Kiamichi River watershed in southeastern Oklahoma, with a drainage area of 4,650 km2,
is a major tributary of the Red River, which flows into the Mississippi River and Gulf of Mexico
(Figure 1). The watershed is 64% forest, 18% pasture, 11% grassland/shrubland, 3% urban, 3%
open water, and 1% wetlands according to the 2006 National Land Cover Dataset. While most
of the watershed is temperate deciduous forest (primarily oak-hickory), there are several
conifer plantation forests across the watershed. Its steep and rugged terrain has limited major
row crop agriculture, there are no nearby major cities or interstates, and human population
density is low [5.6 people / km2] [17]. This lack of development in the watershed has left the
Kiamichi River with relatively pristine water and high aquatic biodiversity, containing 86 fish
species and 31 mussel species, three of which are federally endangered [18,19,17, 20].
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Figure 1. Kiamichi River watershed study area and sampling sites.
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4. Method used

4.1. Social sampling and analysis of perceptions of ecosystem services

We conducted social sampling regarding public perceptions of a suite of ecosystem services
provided by the Kiamichi watershed. In summer 2013, we conducted 304 random, individual,
face-to-face surveys across the watershed. Interviewees included stakeholders residing in the
watershed, tourists, and people working within the watershed. Sampling was conducted at 30
sites in the watershed (Figure 1). Social preferences regarding the variety of ecosystem services
provided by the Kiamichi River were explored through ranking [21]. Our study included eight
categories of carbon-and water-related ecosystem services in three classes: provisioning
(freshwater provision), regulating (water regulation, water quality, air quality, and habitat for
species), and cultural services (recreation, cultural heritage, and local identity). We asked
interviewees if they felt that the Kiamichi River provided benefits that contribute to human
well being (very much, much, not very much, and nothing), and asked them to provide
examples of potential benefits. All respondents were asked to indicate the relative importance
and perceived trend of each service over the last 10 years. To do this, they were asked to select
the four services most important to them and to rank them from 1 to 4 (important to essential
services). From this information, we created an ordinal measure of the importance of each
service to each respondent [22].

4.2. Mapping the distribution of carbon storage and sequestration

To model carbon storage we used InVEST (Integrated Valuation of Environmental Services
and Tradeoffs). InVEST is a family of GIS tools designed by the Natural Capital Project to
inform decisions about natural resource management and provides an effective tool for
evaluating trade-offs among ecosystem services under different scenarios [23]. InVEST models
are spatially explicit and return results in either biophysical (e.g., tons of carbon stored) or
economic terms (e.g., net present value of that sequestered carbon). We used the InVEST carbon
sequestration model to quantify and map the current (i.e., 2006) spatial distribution of carbon
sequestration across the Kiamichi watershed. Here, the carbon model estimates for each pixel
(30-meter resolution) a value that represents the change in storage between two time periods.
Negative values represent a loss in carbon sequestering capacity, and positive values represent
areas that have gained more capacity to sequester carbon.

We used InVEST Terrestrial Toolboxes (version 2.5.6) in ArcMap (10.2) to generate a map
of the balance of carbon sequestration in the Kiamichi watershed. The model needs several
inputs to successfully estimate carbon sequestration including land use-land cover (LULC)
maps for the two years of comparison and data on each LULC’s capacity to stock carbon
in four fundamental carbon pools: above ground biomass, below ground biomass, soil, and
dead matter. These data can be collected from real time monitoring of carbon levels or from
the literature. We obtained carbon pool values from the 2006 IPPC Guidelines for Nation‐
al Greenhouse Gas Inventories report by the Intergovernmental Panel on Climate Change
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[24]. According to this source, southeastern Oklahoma is considered a subtropical steppe
climate.  Estimated carbon values  for  LULC types  for  a  subtropical  steppe climate  were
derived from various  IPCC tables  in  Volume 4  of  the  report.  For  the  five  LULC types
selected we calculated the mean value when multiple values were available. Not all four
of the required carbon pools were listed for each LULC category in the IPCC report;  so
additional literature searches were conducted [25,26]. Finally, all carbon pool values were
converted into metric tons (or Mega grams) per hectare (Mg ha-1) and formatted in a table,
as per InVEST model requirements.

4.3. Land use-Land Cover (LULC) maps

We compared changes in LULC between 1898 and 2006. The LULC map for 1898 is the earliest
complete data set for the Kiamichi watershed and served as the reference year for the carbon
model. LULC in 1898 largely represents the potential natural vegetation and pre-European
landscape of southeastern Oklahoma [27]. We created the 1898 LULC map using data from
[28], which was derived from Public Land Survey System records made available by the Bureau
of Land Management’s General Land Office. Our 1898 map included four LULC categories:
cropland, forest, grassland, and wetland. The 2006 LULC map was derived from the National
Land Cover Database [29], which contained over twenty LULC categories. To make the two
datasets compatible with each other and InVEST, we grouped LULC as follows: Urban-Barren,
Water-Wetland, Forest, Shrub-Grassland-Pasture, and Cropland. The 1898 dataset was
converted to a 30-meter raster to match the 2006 NLCD.

5. Status and results

5.1. Social perception of watershed services

Of the 304 respondents, 300 (99%) answered that the Kiamichi River is “providing benefits that
are contributing to human wellbeing,” with 86% answering that it provides substantial benefits
(i.e., very much, Figure 2a). Only one respondent said that no benefits were provided by the
Kiamichi, and three respondents did not answer the question. When asked to give an example
of a benefit provided by the Kiamichi, virtually all of those who responded gave an example
related to water resources (i.e., drinking water, fishing, recreation). Air quality was not
mentioned by any of the respondents as a watershed benefit.

The ecosystem service with the highest average importance among all respondents was habitat
for species, followed by recreation and water quality (Figure 2b). Ecosystem services consid‐
ered less important were local identity, followed by cultural heritage and air quality. Most
respondents thought that many of the services they considered most important to human
wellbeing (habitat for species and water quality) had declined, while those services that were
not considered as important (cultural heritage and local identity) had remained stable or
increased (Figure 3). Air quality was considered to be the most stable ecosystem service.
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5.2. Land use-Land Cover (LULC) change between 1898 and 2006

Changes in LULC between 1898 and 2006 are important to understanding the carbon seques‐
tration balance in the Kiamichi watershed. To run the sequestration model, LULC datasets for
1898 and 2006 were reclassified into five categories: urban-barren, cropland, forest, shrub-
grassland-pasture, and water-wetland (Figure 4). In 1898, 93.9%of the Kiamichi watershed was
covered in forest, and 5.4% was covered in shrubland, grassland, and pasture. Only a fraction
of a percent of the land was covered by cropland (0.6%) or water-wetland (0.1%). In 2006, the
Kiamichi watershed represented a rural landscape, with many of the forests replaced with
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pastures. The 30.3% decline in forest was largely accounted for by the 23.6% increase in shrub-
grassland-pasture. Urban development (via 4 small towns) and water reservoir creation (via
two large dams) accounted for the rest of the lost forests. Between 1898 and 2006, cropland
decreased from 0.6% to 0.1%.

Figure 4. Land cover-use maps for the Kiamichi River watershed in southeastern Oklahoma for 1898 (A) and 2006 (B).
Oklahoma county boundaries are included for reference.

5.3. Carbon storage and sequestration in the Kiamichi watershed

Based on carbon stocks data collected for each LULC type (Table 1), we observed a significant
decrease between 1898 and 2006 in the capacity of the watershed to store carbon (Figure 5a-
b). Because of this, there are areas, mostly in the upper and lower basin, where the conversion
of forests to shrub-grassland-pastures produced a decrease of total carbon storage (Figure
5B). This involved a reduction in the aboveground and soil stocks, producing a difference of
over 30 Mg ha-1 of carbon per hectare in both the aboveground and soil carbon stocks.

Land use-land cover
Above ground

biomass
Below ground biomass Soil Dead matter

Cropland 1.67 4.52 17.80 0.00

Forest 37.60 7.52 48.50 3.45

Shrub-Grassland-Pasture 1.27 5.08 24.05 0.13

Water-Wetland 0.00 0.00 68.25 0.15

Urban-Barren 0.00 0.00 0.00 0.00

Table 1. Carbon stock related to the four carbon pools required for the InVEST carbon model. Data are converted into
metric tons of carbon per hectare (Mg ha-1)
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The results from the carbon model output clearly show an overall trend of decreasing and null
carbon sequestration in most of the Kiamichi watershed (Figure 5c). Considering the positive
and negative carbon sequestration estimations, the carbon model obtains a watershed total of
9.197.087 metric tons of carbon. This result shows that the watershed stored 9.1 million less
metric tons of carbon in 2006 than it did in 1898. There are small patches of positive carbon
sequestration (green area in Figure 5c) due to recent reforestations around Sardis and Hugo
reservoirs. The areas experiencing the most negative carbon sequestration (red area in Figure
5c) are those areas converted from forest and grasslands into urban-barren land. The lower
watershed area has experienced the most loss of carbon sequestration capacity. One explana‐
tion for this pattern of agricultural land conversion is that the lower watershed is flatter and
more suitable for pasture while the steeper slopes of the upper watershed limit pasture
development. However, there is still a loss in sequestration as the forested mountain slopes
are being thinned for timber production.

A B 

C 

Figure 5. Maps of carbon storage in 1898 (A) and 2006 (B), and net change in carbon storage during this period (C) for
the Kiamichi River watershed. Positive values indicate a net-gain in carbon sequestration (e.g., cropland to forest),
whereas negative values indicate lost carbon sequestration (e.g., forest to pasture). The values are in Mg/km2.

6. Conclusions

Conserving ecological processes is necessary to maintain human wellbeing. The ecosystems
services approach allows for quantification of the importance of ecological processes to
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humans. Such quantification should include multiple dimensions including biophysical, socio-
cultural and economic valuations. Our study provides a multidimensional valuation of carbon-
and water-related ecosystem services in a large rural watershed. Carbon sequestration is an
optimal ecosystem service because it ensures the supply of other ecosystem services such as
food production, green areas for recreation and better air quality [13,11]. Our results show that
people living in the watershed think the area provides ecosystem services, but that air quality
is not as important as services such as habitat for species, water quality, and recreation.
Ecosystem services associated with water resources are highly visible (i.e. water availability,
recreation on lakes) and these are the most highly valued by our survey respondents. Unlike
water related services, air quality is less tangible and difficult for people to visualize in areas
without heavy air pollution. However, changes in carbon storage (the watershed lost the
capacity to store and sequester 9.1 million metric tons of carbon since 1898) reflect conversion
of natural forests into agricultural lands or timber production stands. Stakeholders in the
watershed need to understand that in the long term, continuing this land conversion trend
will decrease carbon sequestration and potentially air quality. We think our novel, multidi‐
mensional approach combining both biophysical supply and social perception of carbon
related ecosystem services will help stakeholders and managers make more informed land use
decisions in the future.

For future research, as climate change and human development continue to interact and affect
the delivery of ecosystem services, other valuation practices including mapping the biophys‐
ical supply of other ecosystem services such as biodiversity conservation or water regulation
will provide practical results for landscape management and planning. Currently, other
mapping tools such as the Artificial Intelligence for Ecosystem Services (ARIES) [30] or
POLYSCAPE [31] are applied to landscapes of all sizes and are expected to work well with
each unique scenario [2]. Many researchers in the field of biology, ecology, and environmental
studies are calling for a focus on multidimensional approaches that include both a natural
valuation component along with a social one [28].

7. Study limitations, assumptions, and future work

There were limitations to this study and assumptions made for the InVEST model. Regrouping
and simplifying LULC classes obviously generalized carbon storage losses/gains. When
reclassifying the 2006 LULC map, some reclassifications were obvious by the descriptions, but
some others required assumptions. For example, those LULC types classified as Central Oak-
Hardwood and Pine Forest by the National Vegetation Classification were reclassified into
simply Forest. Reclassification of other National Vegetation Classification LULCs, such as
Recently Disturbed or Modified were assumed, and requires further investigations.

Carbon pool data collection also presented some challenges. Because the available IPCC carbon
data values were based on broadly generalized values for each climate division, many
assumptions were made as to vegetation types in the area. In this sense, further research for
carbon pools for each dominant vegetation species per LULC is needed to obtain a value that
is more indicative of the watershed itself, not just the climate region.
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Further, this study only looked at two years to derive carbon storage estimates. Southeastern
Oklahoma is a dynamic landscape that can change at monthly and annual timescales due to
timber harvesting, fire, drought, and insect infestations [32]. Some studies have characterized
this region as having one of the highest annual rates of land cover change in the U.S. [33] and
as being one of the most sensitive to climate change [34]. If we want to capture these land cover
changes at higher spatio-temporal resolutions, new techniques will be needed [e.g., 32, 35].
These frequent and intense changes to forest cover have many implications for carbon storage
dynamics, which was also beyond the scope of our study.

Acknowledgements

We thank all of the people in the Kiamichi watershed that kindly responded to the question‐
naire. We thank Melanie Lawson and Joseph Sardasti for assisting in fieldwork, and Bruce
Hoagland and Todd Fagin for assisting in land use-land cover maps. This research is based on
work partially funded by The University of Oklahoma through the Oklahoma Biological
Survey and the South Central Climate Science Center.

Author details

Antonio J. Castro1*, Caryn C. Vaughn1, Jason P. Julian2, Marina García Llorente3 and
Kelsey N. Bowman4

*Address all correspondence to: acastro@ou.edu

1 Oklahoma Biological Survey, Department of Biology and Ecology and Evolutionary Biology
Graduate Program, University of Oklahoma, Norman, OK, USA

2 Department of Geography, Texas State University, San Marcos, TX, USA

3 Sociology of Climate Change and Sustainable Development research group, Department
of Social Analysis, University Carlos III, Madrid, Spain

4 Department of Geography and Environmental Sustainability, University of Oklahoma,
USA

References

[1] Daily G, Alexander S, Ehrlich, P, Goulder L, Lubchenco J, Matson P, Woodwell G.
Ecosystem Services: Benefits Supplied to Human Societies by Natural Ecosystems. Is‐
sues in Ecology; 1997.

Biodiversity in Ecosystems - Linking Structure and Function10452



Further, this study only looked at two years to derive carbon storage estimates. Southeastern
Oklahoma is a dynamic landscape that can change at monthly and annual timescales due to
timber harvesting, fire, drought, and insect infestations [32]. Some studies have characterized
this region as having one of the highest annual rates of land cover change in the U.S. [33] and
as being one of the most sensitive to climate change [34]. If we want to capture these land cover
changes at higher spatio-temporal resolutions, new techniques will be needed [e.g., 32, 35].
These frequent and intense changes to forest cover have many implications for carbon storage
dynamics, which was also beyond the scope of our study.

Acknowledgements

We thank all of the people in the Kiamichi watershed that kindly responded to the question‐
naire. We thank Melanie Lawson and Joseph Sardasti for assisting in fieldwork, and Bruce
Hoagland and Todd Fagin for assisting in land use-land cover maps. This research is based on
work partially funded by The University of Oklahoma through the Oklahoma Biological
Survey and the South Central Climate Science Center.

Author details

Antonio J. Castro1*, Caryn C. Vaughn1, Jason P. Julian2, Marina García Llorente3 and
Kelsey N. Bowman4

*Address all correspondence to: acastro@ou.edu

1 Oklahoma Biological Survey, Department of Biology and Ecology and Evolutionary Biology
Graduate Program, University of Oklahoma, Norman, OK, USA

2 Department of Geography, Texas State University, San Marcos, TX, USA

3 Sociology of Climate Change and Sustainable Development research group, Department
of Social Analysis, University Carlos III, Madrid, Spain

4 Department of Geography and Environmental Sustainability, University of Oklahoma,
USA

References

[1] Daily G, Alexander S, Ehrlich, P, Goulder L, Lubchenco J, Matson P, Woodwell G.
Ecosystem Services: Benefits Supplied to Human Societies by Natural Ecosystems. Is‐
sues in Ecology; 1997.

Biodiversity in Ecosystems - Linking Structure and Function10452

[2] Castro A, Garcia-Llorente M, Martin-Lopez B, Palomo I, Iniesta-Arandia I. Multidi‐
mensional approaches in ecosystem services assessment. In: Earth Observation of
Ecosystem Services, 2013a. 441-468.

[3] Perrings C, Naeem S, Ahrestani, FS, Bunker E, Burkill P, Canziani G, Elmqvist T,
Fuhrman JA, Jaksic FM, Kawabata Z, Kinzig A, Mace GM, Mooney HM, Prieur-Ri‐
chard AH, Tschirhart J, Weisser A.. Ecosystem services, targets, and indicators for
the conservation and sustainable use of biodiversity. Frontiers in Ecology and the En‐
vironment 2011;9:512-520

[4] Wainger L, Mazzotta M. Realizing the potential of ecosystem services: A framework
for relating ecological changes to economic benefits Environmental Management
2011;48:710-733.

[5] Harrison PA. Ecosystem services and biodiversity conservation: an introduction to
the RUBICODE project. Biodiversity Conservation 2010;19:2767-2772

[6] Castro AJ, Martín-López B, García-Llorente M, Aguilera PA, López E, Cabello J. So‐
cial preferences regarding the delivery of ecosystem services in a semiarid Mediterra‐
nean región. Journal of Arid Environment 2011;75:1201–1208

[7] Oklahoma Water Resources Board vs. Choctaw and Chickasaw Nations of Oklaho‐
ma. Oklahoma Supreme Court, case 110375. 2012.

[8] Mast M, Turk J. Environmental characteristics and water quality of Hydrologic
Benchmark Network stations in the West-Central United States, 1963-95. U.S. Geo‐
logical Survey Circular. 1999.

[9] Castro AJ, Paruelo JM, Alcaraz-Segura D, Cabello J, Oyarzabal M, López-Carrique E.
Missing gaps in the estimation of the carbon gains service from Light Use Efficiency
models In: Alcaraz-Segura, Di Bella, C., D. (Eds). Earth Observation of Ecosystem
Services, 2013b.105-124

[10] Paruelo JM, Piñeiro G, Baldi G, Baeza S, Lezama F, Altesor AI, Oesterheld M. Carbon
Stocks and Fluxes in Rangelands of the Río de la Plata Basin. Rangeland Ecosystem
Management 2009;63.94-108.

[11] Cabello J, Fernández N, Alcaraz-Segura D, Oyonarte C, Piñeiro G, Altesor A, Delibes
M, Paruelo JM. The Ecosystem Functioning Dimension in Conservation: insights
from remote sensing. Biodiversity and Conservation 2012;21:3287-3305.

[12] Fisher B, Turner RK, Morling P. Defining and classifying ecosystem services for deci‐
sion making. Ecological Economics, 2008;643-653.

[13] (MA) Millennium Ecosystem Assessment. Washington, DC: Island Press 2005.

[14] Martín-López BE, Gómez-Baggethun M, García-Llorente M, Montes C. Trade-offs
across value-domains in ecosystem services assessment. Ecological Indicators
2014;37:220–228

Social Perception and Supply of Ecosystem Services — A Watershed Approach for Carbon Related Ecosystem Services 11
http://dx.doi.org/ 10.5772/59280

453



[15] Vitousek PM, Mooney HA, Lubchenco J, Melillo JM. Human domination of Earth's
ecosystems. Science 1997;277(5325), 494

[16] Alcaraz-Segura D, Paruelo JM, Epstein HE, Cabello J. Environmental and Human
Controls of Ecosystem Functional Diversity in Temperate South America. Remote
Sensing 2013;5(1):127-154

[17] Matthews WJ, Vaughn CC, Gido, KB, Marsh-Matthews E. Southern plains rivers, In:
Rivers of North America, eds A. Benke, C.E. Cushing. Academic Press 2005.

[18] Vaughn CC, and M. Pyron Population ecology of the endangered Ouachita Rock
Pocketbook mussel, Arkansia wheeleri (Bivalvia: Unionidae), in the Kiamichi River,
Oklahoma. American Malacological Bulletin 1995;11:145-151.

[19] Vaughn CC, 2000. Changes in the mussel fauna of the Red River drainage: 1910 –
present. In: Proceedings of the First Freshwater Mussel Symposium, edited by R. A.
Tankersley, D. I. Warmolts, G. T. Watters, B. J. Armitage, P. D. Johnson, and R. S.
Butler, Ohio Biological Survey, pp. 225-232 Columbus, Ohio.

[20] Galbraith HS, Spooner DE, Vaughn CC. Status of rare and endangered freshwater
mussels in southeastern Oklahoma rivers. Southwestern Naturalist 2008;53: 45-50.

[21] Agbenyega O, Burgess PJ, Cook M, Morris J. Application of an ecosystem function
framework to perceptions of community woodlands. Land Use Policy
2009;26:551-557

[22] Winkler R. Valuation of ecosystem goods and services, An integrated dynamic ap‐
proach. Ecological Economics 2006;59:82-93

[23] Nelson E, Sander H, Hawthorne P, Conte M, Ennaanay D. Projecting Global Land-
Use Change and Its Effect on Ecosystem Service Provision and Biodiversity with
Simple Models. PLoS ONE 2010;5(12): e14327. doi:10.1371/journal.pone.0014327

[24] Eggleston S, Buendia L, Miwa, K, Ngara T, Tanabe K. IPCC Guidelines for National
Greenhouse Gas Inventories, Volumen 4. Japan: Institute for Global Environmental
Strategies. 2006.

[25] Potter KN, Derner JD. Soil carbon pools in central Texas: Prairies, restored grass‐
lands, and croplands. Soil Water Conservation 2006;124-128.

[26] Smith J, Heath L, Skog K, Birdsey R. Methods for calculating forest ecosystem and
harvested carbon with standard estimates for forest types of the United States. New‐
town Square, PA: US Department of Agriculture 2006.

[27] Goins CR, and Goble D. Historical Atlas of Oklahoma, fourth ed., 286 pp., University
of Oklahoma Press, Norman. 2006

[28] Watkins BW. Reconstructing the Choctaw Nation of Oklahoma, 1894-1898: Land‐
scape and Settlement on the Eve of Allotment, 202 pp, Oklahoma State University,
Stillwater, 2007

Biodiversity in Ecosystems - Linking Structure and Function12454



[15] Vitousek PM, Mooney HA, Lubchenco J, Melillo JM. Human domination of Earth's
ecosystems. Science 1997;277(5325), 494

[16] Alcaraz-Segura D, Paruelo JM, Epstein HE, Cabello J. Environmental and Human
Controls of Ecosystem Functional Diversity in Temperate South America. Remote
Sensing 2013;5(1):127-154

[17] Matthews WJ, Vaughn CC, Gido, KB, Marsh-Matthews E. Southern plains rivers, In:
Rivers of North America, eds A. Benke, C.E. Cushing. Academic Press 2005.

[18] Vaughn CC, and M. Pyron Population ecology of the endangered Ouachita Rock
Pocketbook mussel, Arkansia wheeleri (Bivalvia: Unionidae), in the Kiamichi River,
Oklahoma. American Malacological Bulletin 1995;11:145-151.

[19] Vaughn CC, 2000. Changes in the mussel fauna of the Red River drainage: 1910 –
present. In: Proceedings of the First Freshwater Mussel Symposium, edited by R. A.
Tankersley, D. I. Warmolts, G. T. Watters, B. J. Armitage, P. D. Johnson, and R. S.
Butler, Ohio Biological Survey, pp. 225-232 Columbus, Ohio.

[20] Galbraith HS, Spooner DE, Vaughn CC. Status of rare and endangered freshwater
mussels in southeastern Oklahoma rivers. Southwestern Naturalist 2008;53: 45-50.

[21] Agbenyega O, Burgess PJ, Cook M, Morris J. Application of an ecosystem function
framework to perceptions of community woodlands. Land Use Policy
2009;26:551-557

[22] Winkler R. Valuation of ecosystem goods and services, An integrated dynamic ap‐
proach. Ecological Economics 2006;59:82-93

[23] Nelson E, Sander H, Hawthorne P, Conte M, Ennaanay D. Projecting Global Land-
Use Change and Its Effect on Ecosystem Service Provision and Biodiversity with
Simple Models. PLoS ONE 2010;5(12): e14327. doi:10.1371/journal.pone.0014327

[24] Eggleston S, Buendia L, Miwa, K, Ngara T, Tanabe K. IPCC Guidelines for National
Greenhouse Gas Inventories, Volumen 4. Japan: Institute for Global Environmental
Strategies. 2006.

[25] Potter KN, Derner JD. Soil carbon pools in central Texas: Prairies, restored grass‐
lands, and croplands. Soil Water Conservation 2006;124-128.

[26] Smith J, Heath L, Skog K, Birdsey R. Methods for calculating forest ecosystem and
harvested carbon with standard estimates for forest types of the United States. New‐
town Square, PA: US Department of Agriculture 2006.

[27] Goins CR, and Goble D. Historical Atlas of Oklahoma, fourth ed., 286 pp., University
of Oklahoma Press, Norman. 2006

[28] Watkins BW. Reconstructing the Choctaw Nation of Oklahoma, 1894-1898: Land‐
scape and Settlement on the Eve of Allotment, 202 pp, Oklahoma State University,
Stillwater, 2007

Biodiversity in Ecosystems - Linking Structure and Function12454

[29] Fry JG, Xian S, Jin J, Dewitz C, Homer L, Yang C, Barnes N, and J. Wickham. Com‐
pletion of the 2006 National Land Cover Database for the Conterminous United
States. PE&RS 2011;858-864.

[30] Villa F, Bagstad KJ, Voigt B, Johnson GW, Portela R, Honzak M, Batker D. A method‐
ology for adaptable and robust ecosystem services assessment. PLoS ONE
2014;9(3):e91001.

[31] Jackson B, Timothy P, Sinclair F. Polyscape: A GIS mapping framework providing
eficient and spatially explicit landscape-scale valuation of multiple ecosystem serv‐
ices. Landscape and Urban Planning 2013;112:74–88

[32] Tran TV. Measuring land cover change at high spatio-temporal scales, 95 pp, Univer‐
sity of Oklahoma; 2013.

[33] Sleeter BM, Sohl TL, Loveland TR, Auch RF, Acevedo W, Drummond MA, Sayler
KL, and Stehman SV. Land-cover change in the conterminous United States from
1973 to 2000, Global Environmental Change, 2013;23(4), 733-748

[34] Reker RR, Sayler, KL, Friesz AM, Sohl TL, Bouchard MA, Sleeter BM, Sleeter RR,
Wilson TS, Griffith GE, and Knuppe ML. Mapping and modeling of land use and
land cover in the eastern United States from 1992 through 2050, in Baseline and pro‐
jected future carbon storage and greenhouse gas fluxes in ecosystems of the eastern
United States: U.S. Geological Survey Professional Paper 1804, edited by Z. Zhu and
B. C. Reed, 2014;pp. 27-54.

[35] Jawarneh RN, and Julian JP. Development of an accurate fine-resolution land cover
timeline: Little Rock, Arkansas, USA (1857–2006). Applied Geography 2012;35(1–
2)104-113.

Social Perception and Supply of Ecosystem Services — A Watershed Approach for Carbon Related Ecosystem Services 13
http://dx.doi.org/ 10.5772/59280

455





© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.

http://dx.doi.org/10.5772/59074
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The Importance of Large Trees
in Shrine Forests for the Conservation
of Epiphytic Bryophytes in Urban Areas

Yoshitaka Oishi and Keizo Tabata

Additional information is available at the end of the chapter

1. Introduction

1.1. Shrine forests

Shrines in Japan are often surrounded by forests known as chinju-no-mori (shrine forests; Figure
1). Previous studies have shown that shrine forests contribute to the conservation of biodiver‐
sity, particularly in urban areas where green area is severely limited, although these forests
are often fragmented by the city matrix. For example, shrine forests promote the diversity of
birds [1, 2], trees [3], grasses [4], and ferns [5]. These forests can thus be regarded as important
for biodiversity in urban areas.

1.2. Bryophytes in shrine forests

Shrine forests are also important habitats for bryophytes in urban areas [6-10]. Oishi [8] found
approximately 30–60 epiphytic bryophyte species, including endangered species, on tree bark
in several shrine forests.

Bryophytes are unique among plants in that they lack vascular bundles and cuticle layers on
their leaves (Figure 2); they absorb water and nutrients through their leaf surfaces instead of
through roots [11]. This character allows bryophytes to grow on tree bark where soils are scarce;
some bryophytes strongly prefer to grow on tree bark [10]. Thus, tree bark is an important
habitat for bryophytes.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.
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Figure 1. Shrine forests 

Left: Nakaragi shrine and its shrine forest, Kyoto prefecture Figure 1. Shrine forests: Left: Nakaragi shrine and its shrine forest, Kyoto prefecture; Right: Enlarged view of the
shrine forest

Right: Enlarged view of the shrine forest 

Figure 2. Plagiomnium actum (left) and a leaf section (right) 

As the leaf section shows, the body structure of bryophytes is very simple and lacks vascular bundles. 

Environmental factors for bryophytes in shrine forests

Several studies have examined epiphytic bryophytes in fragmented forests, including shrine forests. Oishi [8] showed that 

species richness in fragmented forests is strongly affected by patch size and maintenance. In fragmented forests, the forest 

edge dries more quickly because of its greater exposure to strong wind and light intensity (edge effects); therefore, patch 

size is closely connected with drought stress [12-13], which impacts bryophyte diversity [8]. This drought stress causes 

severe damage to species vulnerable to desiccation, such as bryophytes on tree bases [8-9]. In another study, Hylander et 

al. [14] found that bryophytes on convex forms (e.g., logs, tree bases, and mesic ground) are more vulnerable to 

desiccation than those on concave forms. 

Conversely, some bryophytes prefer to grow at sunny sites. For these species, maintenance such as tree cutting or 

trimming is necessary to increase light intensity in the forest interior [8]. Previous studies [6-10] have partly revealed the 

effects of environmental conditions on bryophytes; however, the effects of forest structure on these species have not been 

sufficiently addressed. 

To understand the relationship between forest structure and bryophyte diversity, we focused on the diameter at breast 

height (DBH) of trees in shrine forests for the following reasons. First, large trees in shrine forests are often regarded as 

sacred and are preferentially preserved. Second, DBH is deeply related to bryophyte diversity because the nature of tree 

bark changes with DBH, thereby impacting bryophyte diversity [15-18]. Therefore, revealing the relationship between DBH 

and epiphytic bryophyte diversity is useful for understanding the effects of shrine forests on these species. 

Objective

In this study, we examined the role of shrine forests in the conservation of epiphytic bryophytes. Based on our results, we 

discuss the effective conservation methods for epiphytic bryophytes in fragmented forests. 

Methods

Study site

The study was conducted at a shrine forest of the Shimogamo Shrine, Kyoto, Japan (Figure 3). This shrine may have been 

founded before 8th century [19] and is designated a World Heritage Site. The shrine forest is known as the 

“Tadasu-no-mori” and covers approximately 12.4 ha. One of the dominant trees is Aphananthe aspera (Thunb.) Planch, of 

which the forest contains more than 300 individuals. However, the numbers of Celtis sinensis Pers. and Cinnamomum 

Figure 2. Plagiomnium actum (left) and a leaf section (right). As the leaf section shows, the body structure of bryophytes
is very simple and lacks vascular bundles.

1.3. Environmental factors for bryophytes in shrine forests

Several studies have examined epiphytic bryophytes in fragmented forests, including shrine
forests. Oishi [8] showed that species richness in fragmented forests is strongly affected by
patch size and maintenance. In fragmented forests, the forest edge dries more quickly because
of its greater exposure to strong wind and light intensity (edge effects); therefore, patch size
is closely connected with drought stress [12-13], which impacts bryophyte diversity [8]. This
drought stress causes severe damage to species vulnerable to desiccation, such as bryophytes
on tree bases [8-9]. In another study, Hylander et al. [14] found that bryophytes on convex
forms (e.g., logs, tree bases, and mesic ground) are more vulnerable to desiccation than those
on concave forms.

Conversely, some bryophytes prefer to grow at sunny sites. For these species, maintenance
such as tree cutting or trimming is necessary to increase light intensity in the forest interior [8].
Previous studies [6-10] have partly revealed the effects of environmental conditions on
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1.3. Environmental factors for bryophytes in shrine forests

Several studies have examined epiphytic bryophytes in fragmented forests, including shrine
forests. Oishi [8] showed that species richness in fragmented forests is strongly affected by
patch size and maintenance. In fragmented forests, the forest edge dries more quickly because
of its greater exposure to strong wind and light intensity (edge effects); therefore, patch size
is closely connected with drought stress [12-13], which impacts bryophyte diversity [8]. This
drought stress causes severe damage to species vulnerable to desiccation, such as bryophytes
on tree bases [8-9]. In another study, Hylander et al. [14] found that bryophytes on convex
forms (e.g., logs, tree bases, and mesic ground) are more vulnerable to desiccation than those
on concave forms.

Conversely, some bryophytes prefer to grow at sunny sites. For these species, maintenance
such as tree cutting or trimming is necessary to increase light intensity in the forest interior [8].
Previous studies [6-10] have partly revealed the effects of environmental conditions on

Biodiversity in Ecosystems - Linking Structure and Function2458

bryophytes; however, the effects of forest structure on these species have not been sufficiently
addressed.

To understand the relationship between forest structure and bryophyte diversity, we focused
on the diameter at breast height (DBH) of trees in shrine forests for the following reasons. First,
large trees in shrine forests are often regarded as sacred and are preferentially preserved.
Second, DBH is deeply related to bryophyte diversity because the nature of tree bark changes
with DBH, thereby impacting bryophyte diversity [15-18]. Therefore, revealing the relation‐
ship between DBH and epiphytic bryophyte diversity is useful for understanding the effects
of shrine forests on these species.

2. Objective

In this study, we examined the role of shrine forests in the conservation of epiphytic bryo‐
phytes. Based on our results, we discuss the effective conservation methods for epiphytic
bryophytes in fragmented forests.

3. Methods

3.1. Study site

The study was conducted at a shrine forest of the Shimogamo Shrine, Kyoto, Japan (Figure
3). This shrine may have been founded before 8th century [19] and is designated a World
Heritage Site. The shrine forest is known as the “Tadasu-no-mori” and covers approximately
12.4 ha. One of the dominant trees is Aphananthe aspera (Thunb.) Planch, of which the forest
contains more than 300 individuals. However, the numbers of Celtis sinensis Pers. and
Cinnamomum camphora (L.) J. Presl have recently increased [20]. The dynamics of the trees in
this forest have been reported by Tabada et al. [20-23].

3.2. Bryophyte survey

In 2006, we surveyed the epiphytic bryophyte flora at the study site. We recorded the occur‐
rence of species and their cover on each A. aspera individual. The DBH of A. aspera was
measured in 2002 by one of the authors. The average DBH was 161.5 ± 82.4 cm (mean ± standard
deviation), the maximum was 420.0 cm, and the smallest was 27.0 cm. To understand the
relationship between bryophyte diversity and DBH, we analyzed the changes in bryophyte
life forms and reproductive strategies in addition to those of species richness and cover.

3.3. Bryophyte life form

Bryophytes change their forms according to light intensity and humidity [24]. For example, in
sunny and dry environments, bryophytes maintain water content in their bodies by forming
contact mats similar to cushions [24]. Conversely, in dark and humid environments, bryo‐
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phytes increase photosynthetic efficiency by forming flat mats similar to fans [24]. Therefore,
bryophyte life forms are useful for evaluating habitat environmental conditions, and several
studies have used them for this purpose [8-10, 25-26].

3.4. Reproductive strategy

Bryophytes have two main reproductive strategies: sexual reproduction by spores and asexual
reproduction by gemmae, fragile body parts, etc [27]. Sexual reproduction may be further
classified into monoicous and dioicous types. Monoicous bryophytes have both antheridia and
archegonia on the same shoot, while dioicous bryophytes have these organs on different
shoots. Therefore, monoicous bryophytes have more opportunities for fertilization than do
dioicous ones. Bryophytes with asexual reproduction can also reproduce more frequently than
dioicous species. We hypothesized that this difference in reproductive frequency would affect
the habitat preferences of bryophytes.

Figure 3. Study site (Tadasu-no-mori, Shimogamo Shrine). A. Location of the study site , revised from Fig. 1 in Oishi
[9]; B. Tadasu-no-mori forest; C. Bryophytes on tree trunks
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4. Analysis

4.1. DBH and bryophyte diversity

First, we compared the DBH values of trees with and without epiphytic bryophytes using the
t-test to reveal the characteristics of trees with bryophytes. We then examined the effects of
DBH on the diversity at both the community and species levels. The flow chart of this study
is presented as Figure 4.
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Figure 4. Flow chart of this study

4.2. Community level

The relationships between bryophyte diversity (total species richness and cover) and the DBH
of A. aspera were examined using Pearson's product-moment correlation coefficients. Addi‐
tionally, we examined the correlations of DBH with both the richness of the life forms and the
species richness of each life form. The life forms recorded at the study site were short turfs (t),
small cushions (cu), dendroids (D), rough mats (Rm), smooth mats (Sm), thalloid mats (Th),
thread-like forms (Tl), wefts (W), and fans (F). These forms were classified according to the
system of Bates [24]. Finally, we examined the correlation of DBH with the ratio of the species
richness of dioicous species (RDi). This ratio was calculated as follows:

RDi=species richness of dioicous bryophytes/total species richness

The value of RDi therefore increases with the dominance of dioicous species.

4.3. Species level

To understand the preferences of each species for DBH, we examined the changes in the
relative dominance of each species (RDo) as DBH increased. To clarify the relationship between
RDo and DBH, the A. aspera trees with epiphytic bryophytes were evenly divided into three
categories (small, medium, and large). The relative dominance was calculated as follows:
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RDo=cover of each species on trees of one category (small, medium, or large)/total cover of the
species

This analysis was conducted for species that occurred more than 10 times at the study site.

5. Results

5.1. Presence/absence of bryophytes

Bryophytes were found on 181 of the 313 A. aspera trees at the study site. We compared the
DBH of trees with and without bryophytes using the t-test. The DBH values of trees with
bryophytes were significantly higher than those without bryophytes (t=-5.4, d.f.=311, p < 0.01;
Figure 5). In the following analysis, we examined the relationships between tree DBH and
bryophyte diversity in trees with bryophytes.

Figure 5. Comparison of DBH between trees with/without epiphytic bryophytes

5.2. Bryophyte flora

We found 42 bryophyte species (28 mosses and 14 liverworts) on the A. aspera trees, including
two endangered species [Leskeella pusilla (Mitt.) Nog. and Hypnodontopsis apiculata Z. Iwats. &
Nog.]. Figure 6 displays several species found at the study site. The most frequently observed
species was Trocholejeunea sandvicensis (Gottsche) Mizut. (73 times), followed by Metzgeria
lindbergii Schiffn. (64 times), Rhynchostegium pallidifolium (Mitt.) A. Jaeger (62 times), Macvicaria
ulophylla (Steph.) S. Hatt. (58 times), and Frullania parvistipula Steph. (58 times). The species
with the largest total cover was T. sandvicens, followed by R. pallidifoliuml, M. lindbergii,
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Rhynchostegium inclinatum (Mitt.) A. Jaeger, and M. ulophylla. The complete species list is
presented in the Appendix.

Figure 5. Comparison of DBH between trees with/without epiphytic bryophytes  

 Hypnodontopsis apiculata.

 Hypnodontopsis apiculata  Venturiella sinensis

 Trachycystis microphylla  Neckera humilis

 Fabronia matsumurae  Haplohymenium triste

 Pylaisiadelpha tenuirostris  Trocholejeunea sandvicensis

Figure 6.  Several bryophyte species found at the study site 
Figure 6. Several bryophyte species found at the study site

5.3. Bryophyte diversity

The relationships between the species richness/cover and DBH were examined using Pearson's
product-moment correlation coefficients. Both species richness and bryophyte cover were
significantly and positively correlated with DBH (Table 1).
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Variables Pearson's product-moment correlation coefficients

Species richness 0.22**

Cover 0.28**

Life forms

Life form richness 0.19*

Short turfs -0.05

Small cushions 0.07

Dendroids 0.20**

Rough mats 0.17*

Smooth mats 0.14

Thalloid mats 0.18*

Thread–like forms 0.14

Wefts 0.14

Fans -0.05

Ratio of the species richness of Dioicous species 0.25**

**; p < 0.01, *; p < 0.05

Table 1. Relationships between bryophyte diversity and DBH

6. Life forms and reproductive strategy

The Pearson's product-moment correlation coefficients between DBH and life form diversity
are shown in Table 1. The richness of life forms also increased with increasing DBH. The species
richness of dendroids, rough mats, and thalloid mats were significantly and positively
correlated with DBH. RDi was also significantly and positively correlated with DBH.

7. Preference of each species for large trees

Bryophytes were observed on 181 A. aspera trees, which were divided into three categories
based on DBH (small, medium, and large) containing 60, 60, and 61 trees, respectively. The
changes in the relative dominance of each species are shown in Figure 7. As seen in the figure,
the bryophyte species could be classified into four types based on dominance pattern. Type 1
(three species) preferred to grow on trees with small DBH, type 2 (three species) on trees with
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middle DBH, and type 3 (nine species) on trees with large DBH. Type 4 (five species) grew
almost exclusively on trees with large DBH.pattern. Type 1 (three species) preferred to grow on trees with small DBH, type 2 (three species) on trees with middle DBH, 

and type 3 (nine species) on trees with large DBH. Type 4 (five species) grew almost exclusively on trees with large DBH. 

Figure 7. Relationships between the dominance of each species and DBH 

DBH class; 1 = small, 2 = medium, 3 = large 

The classification of species into types 1–4 is as follows. 

Type 1: prefer to grow on trees with small DBH, Type 2: prefer to grow on trees with medium DBH 
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Figure 7. Relationships between the dominance of each species and DBH. DBH class; 1=small, 2=medium, 3=large. The
classification of species into types 1–4 is as follows: Type 1: prefer to grow on trees with small DBH, Type 2: prefer to
grow on trees with medium DBH, Type 3: prefer to grow on trees with large DBH, Type 4: almost exclusively grow on
trees with large DBH
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8. Discussion

8.1. Bryophyte diversity

We found 42 species on the bark of A. aspera alone (313 trees), while Oishi [8-10] found 57
species on the bark of all trees at the site. Approximately, two-thirds of the epiphytic bryo‐
phytes at the study site (containing more than 3000 total trees) were found on A. aspera, which
indicates the high diversity of bryophytes on this species.

Notably, two endangered species (L. pusilla and H. apiculata) were found at the site. L. pusil‐
la, which is classified as an endangered species on the red list of Kyoto prefecture [28], grows
in large forests where desiccation stress is low [6]. Therefore, the large patch sizes of the study
site support the occurrence of this species. H. apiculata is endemic to Japan and has severely
limited habitat; therefore, this species is designated as “critically threatened” on the red list of
Japan [29]. Why does this rare species grow at the study site? This species may be threatened
by habitat losses caused by development [29]. As mentioned in the introduction, the study was
conducted in an area that has long been preserved as a shrine forest. The preservation history
of the study site likely contributed to the survival of this species.

8.2. Bryophyte diversity and DBH

Our results indicate that the diversity of both epiphytic bryophytes and life forms increased
with DBH. Additionally, the relative dominance of 14 species (Types 3 & 4) increased with
DBH; notably, five species (Type 4) occurred almost exclusively on large trees. These results
indicate that the presence of large trees can increase the diversity of epiphytic bryophytes and
are necessary for the conservation of these species. These relationships may be explained by
(1) changes in tree bark and (2) the longer lives of large trees.

8.2.1. Changes in tree bark

The features of tree bark change with tree size: the bark surface of large trees has a higher
moisture content and is rougher than that of small trees [30]. This higher moisture content can
be important for bryophytes that grow in forms vulnerable to desiccation, such as fans,
dendroids, and wefts [24], as reflected in the positive significant correlations of DBH with both
the richness values of these life forms and total life form richness.

Furthermore, the rough bark surface of large trees may be more suitable for capturing
bryophyte spores/gemmae than is the smooth surface of small trees. At our study site, the
dominance of bryophytes with low reproductive frequency (dioicous species) increased with
DBH. This result indicates that large trees are especially important for the establishment of
bryophytes with low reproductive frequency due to their higher capture ability.

McGee & Kimmerer [31] showed that the occurrence and abundance of epiphytic bryophytes
on large maple trees are likely regulated to a greater extent by factors such as dispersal or
protonemal establishment than by the habitat requirements of mature gametophytes. Al‐
though we cannot directly apply the results of McGee & Kimmerer [31] to our study because
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of differences in species and environmental conditions, their results suggest that changes in
bark features more strongly affect dispersal or protonemal establishment than mature
gametophytes.

8.2.2. Longer lives

Generally, larger trees live for longer periods than do small trees in similar environments,
which provide comparatively more opportunities for bryophyte spore/gemma establishment.
This effect may be partly reflected in the positive correlations between DBH and both the
species richness and dominance of bryophytes with low reproductive frequency.

8.3. The significance of shrine forests

McGee & Kimmerer [17] described the importance of large trees for the conservation of
epiphytic bryophytes in hardwood forests. This study shows that large trees can also contribute
to the conservation of epiphytic bryophytes in shrine forests through their preferential bark
features and longer lives. The effects of large trees are reflected in the changes of bryophyte
life forms diversity and reproductive strategy according to DBH. In shrine forests, large trees
are preferentially conserved because they are regarded as sacred. And, the management of
shrine forests is effective for the conservation of epiphytic bryophytes.

Contrary to these results, several authors have reported that tree DBH does not strongly impact
epiphytic bryophytes [32-33]. The possible explanations for the differences between this study
and previous studies are as follow.

1. This study analyzed the epiphytic bryophytes on A. aspera alone. Therefore, other tree
factors (e.g., bark pH) were relatively uniform, isolating the effects of DBH on epiphytic
bryophytes.

2. The large differences of DBH in this study (minimum=27.0 cm, maximum=420.0 cm)
clarified the effects of tree DBH on epiphytic bryophytes

8.4. History of shrine forests

This study also indicates that the long history of shrine forests contributes to the conservation
of epiphyte diversity. Although this study did not gather sufficient data to examine the
relationship between forest history and epiphytic bryophyte diversity, previous work has
shown the importance of history for these species [18]. This conservation effect has also been
reported in a fragmented forest in Kyoto city [34].

8.5. Epiphytic bryophytes and ecosystem

Epiphytic bryophytes play important roles in water storage [35, 36], nutrient cycling [37], and
the retention of inorganic nitrogen [38] in forest ecosystems. These functions of epiphytic
bryophytes have been examined not in urban forests but in tropical montane or old growth
Douglas fir and western hemlock forests, in which epiphyte biomass is relatively high. The
biomass of epiphytic bryophytes in urban forests is comparatively small; however, these
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organisms may also be important in urban ecosystems. In particular, the role of bryophytes in
water storage may contribute to the conservation of biodiversity, as the drought stress caused
by edge effects is severe in fragmented urban forests [13].

9. Conclusion

The results of this study indicate that large trees in shrine forests can provide suitable habitats
for epiphytic bryophytes and enhance their diversity in urban environments where green area
is limited. These trees are especially effective for the conservation of species that are vulnerable
to desiccation and/or have low reproductive frequency.

Epiphytic bryophytes are affected by environmental factors such as tree density [15, 33], past
landscape structure [18, 34], bark type [39], silvicultural disturbance [40], air pollution [41],
etc. By examining the influence of these factors on bryophytes in future studies, we can propose
more effective methods for the conservation of these species. Furthermore, we should also
examine the ecological roles of epiphytic bryophytes (e.g., water storage) in fragmented forests
to understand the importance of their conservation.

Appendix

Appendix: Species list

The bryophyte nomenclature follows that reported by Iwatsuki [27].

Moss Frequency Cover (cm2)

Anomodon giraldii Müll. Hal. 1 <100

Aulacopilum japonicum Broth.ex Card. 21 25000

Brachymenium nepalense Hook. 1 <100

Brachythecium buchananii (Hook.) A.Jaeger 1 <100

Brachythecium populeum (Hedw.) Schimp. 1 800

Bryum capillare Hedw. 4 <100

Entodon challengeri (Paris) Card. 30 30000

Entodon sullivantii (Müll. Hal.) Lindb. 1 400

Fabronia matsumurae Besch. 35 2600

Haplocladium angustifolium (Hampe & Müll.Hal.) Broth. 20 600
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Moss Frequency Cover (cm2)

Haplocladium microphyllum (Hedw.) Broth. 2 <100

Haplohymenium pseudo-triste (Müll. Hal.) Broth. 12 1700

Haplohymenium triste (Ces.) Kindb. 1 <100

Herpetineuron toccoae (Sull. & Lesq.) Card. 34 20700

Hypnodontopsis apiculata Z.Iwats.& Nog. 1 <100

Hypnum plumaeforme Wilson 1 <100

Leskeella pusilla (Mitt.) Nog. 2 <100

Neckera humilis Mitt. 1 <100

Okamuraea brachydictyon (Card.) Nog. 15 <100

Okamuraea hakoniensis (Mitt.) Broth. 12 800

Orthotricum consobrinum Card. 3 <100

Pylaisiadelpha tenuirostris (Bruch & Schimp.) W.R.Buck 34 5700

Rhynchostegium inclinatum (Mitt.) A.Jaeger 35 41400

Rhynchostegium pallidifolium (Mitt.) A.Jaeger 62 53600

Schwetschkea matsumurae Besch. 2 400

Sematophyllum subhumile (Müll. Hal.) M.Fleisch. 1 2000

Trachycystis microphylla (Dozy & Molk.) Lindb. 1 <100

Venturiella sinensis (Vent.) Müll. Hal. 14 200

Liverwort

Acrolejeunea pusilla (Steph.) Grolle & Gradst. 6 600

Chiloscyphus minor (Nees) J.J.Engel & R.M.Schust 37 4800

Cololejeunea japonica (Schiffn.) S.Hatt. ex Mizut. 18 800

Cololejeunea raduliloba Steph. 15 2600

Frullania diversitexta Steph. 1 <100

Frullania ericoides (Nees) Mont. 12 11500

Frullania muscicola Steph. 8 3210

Frullania parvistipula Steph. 58 35550

Lejeunea japonica Mitt. 2 2400

The Importance of Large Trees in Shrine Forests for the Conservation of Epiphytic Bryophytes in Urban Areas 13
http://dx.doi.org/ 10.5772/59074

469



Moss Frequency Cover (cm2)

Lejeunea ulicina (Tayl.) Gottsche, Lindenb.& Nees 1 <100

Macvicaria ulophylla (Steph.) S.Hatt. 58 38700

Metzgeria lindbergii Schiffn. 64 41500

Radula constricta Steph. 5 900

Trocholejeunea sandvicensis (Gottsche) Mizut. 73 59800

Acknowledgements

The author thanks Professor Yukihiro Morimoto for providing critical comments and sug‐
gesting improvements to this chapter, as well as Kaori Kuriyama for assistance with the
bryophyte survey. This research was supported by a Grant-in-Aid for Scientific Research (A)
(No. 18201008) from the Japan Society for the Promotion of Science.

Author details

Yoshitaka Oishi1* and Keizo Tabata2

*Address all correspondence to: oishiy@shinshu-u.ac.jp

1 Department of Forest Science, Faculty of Agriculture, Shinshu University, Japan

2 Faculty of Agriculture, Kinki University, Japan

References

[1] Hashimoto H, Murakami K, Morimoto Y. Relative species-area relationship and nest‐
edness pattern of woodland birds in urban area of Kyoto City. Landscape Ecology
and Management 2005; 10(1) 25-35.

[2] Hashimoto H, Sawa K, Tabata K, Morimoto Y, Nishino S. Characteristics of Legacy
Trees with Hollows in the Urban Area of Kyoto City, Japan. Journal of the Japanese
Institute of Landscape Architecture 2006; 69(5) 529-32.

[3] Murakami K, Morimoto Y. Landscape ecological study on the woody plant species
richness and its conservation in fragmented forest patches in the Kyoto city area.
Journal of the Japanese Society of Revegetation Technology 2000; 25(4) 345-50.

Biodiversity in Ecosystems - Linking Structure and Function14470



Moss Frequency Cover (cm2)

Lejeunea ulicina (Tayl.) Gottsche, Lindenb.& Nees 1 <100

Macvicaria ulophylla (Steph.) S.Hatt. 58 38700

Metzgeria lindbergii Schiffn. 64 41500

Radula constricta Steph. 5 900

Trocholejeunea sandvicensis (Gottsche) Mizut. 73 59800

Acknowledgements

The author thanks Professor Yukihiro Morimoto for providing critical comments and sug‐
gesting improvements to this chapter, as well as Kaori Kuriyama for assistance with the
bryophyte survey. This research was supported by a Grant-in-Aid for Scientific Research (A)
(No. 18201008) from the Japan Society for the Promotion of Science.

Author details

Yoshitaka Oishi1* and Keizo Tabata2

*Address all correspondence to: oishiy@shinshu-u.ac.jp

1 Department of Forest Science, Faculty of Agriculture, Shinshu University, Japan

2 Faculty of Agriculture, Kinki University, Japan

References

[1] Hashimoto H, Murakami K, Morimoto Y. Relative species-area relationship and nest‐
edness pattern of woodland birds in urban area of Kyoto City. Landscape Ecology
and Management 2005; 10(1) 25-35.

[2] Hashimoto H, Sawa K, Tabata K, Morimoto Y, Nishino S. Characteristics of Legacy
Trees with Hollows in the Urban Area of Kyoto City, Japan. Journal of the Japanese
Institute of Landscape Architecture 2006; 69(5) 529-32.

[3] Murakami K, Morimoto Y. Landscape ecological study on the woody plant species
richness and its conservation in fragmented forest patches in the Kyoto city area.
Journal of the Japanese Society of Revegetation Technology 2000; 25(4) 345-50.

Biodiversity in Ecosystems - Linking Structure and Function14470

[4] Imanishi A, Imanishi J, Murakami K, Morimoto Y, Satomura A. Herbaceous plant
species richness and species distribution pattern at the precincts of shrines as non-
forest greenery in Kyoto city. Journal of the Japanese Society of Revegetation Tech‐
nology 2005; 31(2) 278-83.

[5] Murakami K, Matsui R, Maenaka H, Morimoto Y. Relationship between species com‐
position of pteridophytes and micro-landform types in fragmented forest patches in
Kyoto city area. Journal of the Japanese Institute of Landscape Architecture 2003;
66(5); 513-6.

[6] Oishi Y, Murakami K, Tabata K, Hashimoto H, Morimoto Y. Environmental factors
for endangered epiphytic bryophyte distribution in fragmented forests in Kyoto city.
Journal of the Japanese Institute of Landscape Architecture 2007; 70(5) 483-6.

[7] Oishi Y, Murakami K, Morimoto Y. A distribution pattern of an exotic moss Tortula
pagorum (Milde) De Not. in Kyoto City. Journal of the Japanese Society of Revegeta‐
tion Technology 2008; 34(1) 81-4.

[8] Oishi Y, Morimoto Y. Fragmented forests effective for epiphytic bryophyte conserva‐
tion. Journal of the Japanese Institute of Landscape Architecture 2009; 72(5) 503-6.

[9] Oishi Y. A survey method for evaluating drought-sensitive bryophytes in fragment‐
ed forests: a bryophyte life-form based approach. Biological Conservation 2009;
142(12) 2854-61.

[10] Oishi Y. Identifying indicator species for bryophyte conservation in fragmented for‐
ests Landscape and Ecological Engineering 2014; in press.

[11] Proctor MCF. The physiological basis of bryophyte production. Botanical Journal of
the Linnean Society 1990; 104 (1-3) 61-77.

[12] Gignac LD, Dale MRT. Effects of fragment size and habitat heterogeneity on crypto‐
gam diversity in the low –boreal forest of western Canada. The Bryologist 2005;
108(1) 50-66.

[13] Murcia C. Edge effects in fragmented forests: implications for conservation. Trends
in Ecology and Evolution 1995; 10(2) 58-62.

[14] Hylander K, Nilsson C, Jonsson BG, Göthner T. Substrate form determines the fate of
bryophytes in riparian buffer strips. Ecological Applications 2005; 15(2) 674-88.

[15] Hazell P, Kellner O, Rydin H, Gustafsson L. Presence and abundance of four epi‐
phytic bryophytes in relation to density of aspen (Populus tremula) and other stand
characteristics. Forest Ecology and Management 1998; 107 (1-3) 147-158.

[16] Holz I, Gradstein R. Cryptogamic epiphytes in primary and recovering upper mon‐
tane oak forests of Costa Rica-species richness, community composition and ecology.
Plant Ecology 2005; 178(1) 89-109.

The Importance of Large Trees in Shrine Forests for the Conservation of Epiphytic Bryophytes in Urban Areas 15
http://dx.doi.org/ 10.5772/59074

471



[17] McGee GG, Kimmerer RW. Forest age and management effects on epiphytic bryo‐
phyte communities in Adirondack northern hardwood forests, New York, USA.
Canadian Journal of Forest Research 2002; 32(9) 1562-76.

[18] Snäll T, Hagström A, Rudolphi J, Rydin H. Distribution pattern of the epiphyte Neck‐
era pennata on three spatial scales-importance of past landscape structure, connectivi‐
ty and local conditions. Ecography 2004; 27(6) 757-66.

[19] Kawamoto H. A study of two KAMO-JINJA positions: Empirical research that relates
to relation of position of Shinto shrine part 13. Proceedings of AIJ Shikoku Chapter
architectural research meeting 2009; 9 89-90.

[20] Tabata K, Hashimoto H, Morimoto Y. Growth and dynamics of dominant tree spe‐
cies in Tadasu-No-Mori forest. Journal of the Japanese Institute of Landscape Archi‐
tecture 2004; 67(5) 499-502.

[21] Tabata K, Hashimoto H, Morimoto Y, Maenaka H. The effect of neighboring tree size
and distance on mortality of trees in Tadasu-No-Mori Forest. Journal of the Japanese
Society of Revegetation Technology 2004; 30(1) 27-32.

[22] Tabata K, Morimoto Y, Maenaka H. Simulation model of size frequencies of saplings
in restored natural habitat in urban area by using exponential distribution. Journal of
the Japanese Institute of Landscape Architecture 2005; 68(5) 679-82.

[23] Tabata K, Hashimoto H, Morimoto Y, Maenaka H. Dead forms of canopy trees and
regeneration process in Tadasu-No-Mori Forest. Journal of the Japanese Society of
Revegetation Technology 2007; 33(1) 53-8.

[24] Bates JW. Is “life-form” a useful concept in bryophyte ecology? Oikos 1998; 82(2)
223-37

[25] Pardow A, Gehrig-Downie C, Gradstein R, Lakatos M. Functional diversity of epi‐
phytes in two tropical lowland rainforests, French Guiana: using bryophyte life-
forms to detect areas of high biodiversity. Biodiversity and Conservation 2012; 21(14)
3637-55.

[26] Strazdiņa L, Brūmelis G, Rēriha I. Life-form adaptations and substrate availability ex‐
plain a 100-year post-grazing succession of bryophyte species in the Moricsala Strict
Nature Reserve, Latvia. Journal of Bryology 2013; 35(1) 33-46.

[27] Iwatsuki Z., editor. Mosses and liverworts of Japan. Tokyo: Heibonsha; 2001.

[28] Kyoto prefecture, editor. Red data book of Kyoto prefecture Vol.1. Kyoto prefecture:
Kyoto; 2002.

[29] Environment Agency of Japan. Threatened wildlife of Japan – Red Data Book 2nd ed‐
ition. Vol. 9, Bryophytes, algae, lichens, fungi. Tokyo: Japan Wildlife Research Cen‐
ter; 2000.

Biodiversity in Ecosystems - Linking Structure and Function16472



[17] McGee GG, Kimmerer RW. Forest age and management effects on epiphytic bryo‐
phyte communities in Adirondack northern hardwood forests, New York, USA.
Canadian Journal of Forest Research 2002; 32(9) 1562-76.

[18] Snäll T, Hagström A, Rudolphi J, Rydin H. Distribution pattern of the epiphyte Neck‐
era pennata on three spatial scales-importance of past landscape structure, connectivi‐
ty and local conditions. Ecography 2004; 27(6) 757-66.

[19] Kawamoto H. A study of two KAMO-JINJA positions: Empirical research that relates
to relation of position of Shinto shrine part 13. Proceedings of AIJ Shikoku Chapter
architectural research meeting 2009; 9 89-90.

[20] Tabata K, Hashimoto H, Morimoto Y. Growth and dynamics of dominant tree spe‐
cies in Tadasu-No-Mori forest. Journal of the Japanese Institute of Landscape Archi‐
tecture 2004; 67(5) 499-502.

[21] Tabata K, Hashimoto H, Morimoto Y, Maenaka H. The effect of neighboring tree size
and distance on mortality of trees in Tadasu-No-Mori Forest. Journal of the Japanese
Society of Revegetation Technology 2004; 30(1) 27-32.

[22] Tabata K, Morimoto Y, Maenaka H. Simulation model of size frequencies of saplings
in restored natural habitat in urban area by using exponential distribution. Journal of
the Japanese Institute of Landscape Architecture 2005; 68(5) 679-82.

[23] Tabata K, Hashimoto H, Morimoto Y, Maenaka H. Dead forms of canopy trees and
regeneration process in Tadasu-No-Mori Forest. Journal of the Japanese Society of
Revegetation Technology 2007; 33(1) 53-8.

[24] Bates JW. Is “life-form” a useful concept in bryophyte ecology? Oikos 1998; 82(2)
223-37

[25] Pardow A, Gehrig-Downie C, Gradstein R, Lakatos M. Functional diversity of epi‐
phytes in two tropical lowland rainforests, French Guiana: using bryophyte life-
forms to detect areas of high biodiversity. Biodiversity and Conservation 2012; 21(14)
3637-55.

[26] Strazdiņa L, Brūmelis G, Rēriha I. Life-form adaptations and substrate availability ex‐
plain a 100-year post-grazing succession of bryophyte species in the Moricsala Strict
Nature Reserve, Latvia. Journal of Bryology 2013; 35(1) 33-46.

[27] Iwatsuki Z., editor. Mosses and liverworts of Japan. Tokyo: Heibonsha; 2001.

[28] Kyoto prefecture, editor. Red data book of Kyoto prefecture Vol.1. Kyoto prefecture:
Kyoto; 2002.

[29] Environment Agency of Japan. Threatened wildlife of Japan – Red Data Book 2nd ed‐
ition. Vol. 9, Bryophytes, algae, lichens, fungi. Tokyo: Japan Wildlife Research Cen‐
ter; 2000.

Biodiversity in Ecosystems - Linking Structure and Function16472

[30] Studlar SM. Host specificity of epiphytic bryophytes near Mountain Lake, Virginia.
The Bryologist 1982; 85(1) 37-50.

[31] McGee GG, Kimmerer RW. Size of Acer saccharum Hosts Does Not Influence Growth
of Mature Bryophyte Gametophytes in Adirondack Northern Hardwood Forests.
The bryologist 2004;107(3) 302-11.

[32] Mezaka A, Zontina V. Epiphytic bryophytes in old growth forests of slopes, screes
and ravines in north-west Latvia. Acta Universitatis Latviensis 2006; 710 103-16.

[33] Ojala E, Mönkkönen M, Inkeröinen J. Epiphytic bryophytes on European aspen Popu‐
lus tremula in old-growth forests in northeastern Finland and in adjacent sites in Rus‐
sia. Canadian Journal of Botany 2000; 78(4) 529-36.

[34] Kuriyama K. Effect of forest types on the diversity of epiphytic bryophytes in Kyoto
prefectural botanical garden. MS thesis. Kyoto Prefectural University Kyoto; 2007.

[35] Pypker TG, Unsworth MH, Bond BJ. The role of epiphytes in rainfall interception by
forests in the Pacific Northwest. I. Laboratory measurements of water storage. Cana‐
dian Journal of Forest Research 2006; 36(4) 809–18.

[36] Pypker TG, Unsworth MH, Bond BJ. The role of epiphytes in rainfall interception by
forests in the Pacific Northwest II. Field measurements at the branch and canopy
scale. Canadian Journal of Forest Research 2006; 36(4) 819–32.

[37] Nadkarni NM. Epiphyte biomass and nutrient capital of a neotropical elfin forest. Bi‐
otropica 1984; 16(4) 249–256

[38] Clark KL, Nadkarni NM, Gholz HL. Retention of inorganic nitrogen by epiphytic
bryophytes in a tropical montane forest. Biotropica 2005; 37(3) 328-36.

[39] Kenkel NC, Bradfield GE. Ordination of epiphytic bryophyte communities in a wet-
temperate coniferous forest, South-Coastal British Columbia. Vegetatio 1981; 45(3)
147-54.

[40] Newmaster SG, Bell FW. The effects of silvicultural disturbances on cryptogam di‐
versity in the boreal mixedwood forest. Canadian Journal of Forest Research 2002;
32(1) 38-51.

[41] Giordano S, Sorbo S, Adamo P, Basile A, Spagnuolo V, Cobianchi RC. Biodiversity
and trace element content of epiphytic bryophytes in urban and extra-urban sites of
southern Italy. Plant Ecology 2004; 170(1) 1-14.

The Importance of Large Trees in Shrine Forests for the Conservation of Epiphytic Bryophytes in Urban Areas 17
http://dx.doi.org/ 10.5772/59074

473





© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.

http://dx.doi.org/10.5772/59288

Chapter 19Provisional chapter

Miombo Woodlands Research Towards the Sustainable
Use of Ecosystem Services in Southern Africa

Natasha Sofia Ribeiro, Stephen Syampungani,
Nalukui M. Matakala, David Nangoma and
Ana Isabel Ribeiro-Barros

Additional information is available at the end of the chapter

1. Introduction

The Miombo woodlands are the most extensive warm dry forest type in southern Africa [1],
covering ca. 2.7 million km2 across seven countries: Tanzania and the Democratic Republic of
Congo (DRC) in the north, Angola and Zambia in the east, and Malawi, Zimbabwe and
Mozambique in the south [2-4] (Figure 1). It is one of the most important ecosystems in the
world, playing an important role at the social, economic and environmental levels. Being an
important center of plant biodiversity Miombo is a key provider of goods and services,
supporting the livelihoods of more than 65 million of people in the region [4]. The woodlands
are also very important to the national economies as they provide timber for exportation. From
the environmental point of view Miombo is determinant to energy, carbon and water balance
[3,5].

The ecological dynamics of Miombo is strongly influenced by their woody component,
particularly by large trees, which play a key role in ecosystem function, primarily in nutrient
cycling, accounting for a great deal of the carbon pool. This component is in turn influenced
by a combination of climate, disturbances [e.g. drought, fire, grazing and herbivory primarily
by elephants (Loxodonta africana Blumenbach)] and human activities [6-7]. Growing population
in the region over the last 20-25 years has resulted in increased woodland degradation and
deforestation. Slash and burn agriculture and charcoal production are the major causes of
forest loss and degradation in the Miombo Ecoregion [8-10]. Additionally, the region is
experiencing several major investments in mining, commercial agriculture and infrastructures,
which have further increased the pressure on the woodlands. In Zambia for example, where
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there is large-scale mining for copper, the mining sector has greatly contributed to forest cover
and biomass losses. Often, huge tracts of land are cleared to provide space for mining infra‐
structures; at Kalumbila Concession, Solwezi alone, infrastructure development resulted in
the loss of more than 7,000 hectares of land [11]. This is often followed by an increased demand
for construction timber, creating further pressure on forests.

Changes in the global climatic pattern, e.g. 5-15% predicted reduction in precipitation for
southern Africa [12], constitute another major threat across the various global ecosystems. In
the Miombo Woodlands, they are mainly associated with more extreme wet and dry seasons,
i.e. drier interior regions, wetter coastal regions, as well as extreme temperatures, which may
change disturbances regimes (fire, shifting cultivation, amongst others) and thus the prevailing
biodiversity status. According to [13], the combined effect of climate change and disturbances
may cause the loss of ca. 40% of the woodlands by the middle of the century. There is an
increased concern that the loss of mature trees in landscapes may result in the transformation
of the woodlands into scrub or grasslands. This may impose changes in biodiversity and

Figure 1. Map of African vegetation, showing the Miombo woodlands in dark green (Source: White, 1983).
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biomass with associated modifications on the pattern of goods and services offered by this
ecosystem.

It is widely recognized that Miombo Woodlands have great potential to provide financial
resources through Carbon-based Payment for Ecosystem Services (PES) [14], but their function
as dynamic C-pools in biogeochemical cycles is largely unknown [15]. In this context, under‐
standing biodiversity and carbon variations under different land use scenarios as well as the
rates and the extent to which Miombo recover from disturbances has important implications
in the emerging C-based PES schemes [16], which are taking center-stage in the United Nations
Framework Convention on Climate Change (UNFCCC) through mechanisms such as Reduc‐
ing Emission from Deforestation and Forest Degradation (REDD+). On the other hand, such
assessments will be crucial for future land use decisions to ensure optimal land use benefits,
hence ensuring forest conservation and sustainable management [15].

Under the scenario described above, current research efforts in the region aim at understanding
the ecology of Miombo including its biodiversity, biomass production and carbon sequestra‐
tion, as well as the role of disturbances and its socio-economic relevance. In this chapter we
summarize the existing information on the dynamics of biodiversity and biomass /carbon), in
order to identify research gaps and needs. It is our intention to contribute towards a research
agenda for the Miombo Woodlands, which is being developed under the context of the
Miombo Network of Southern Africa, an alliance of scientists for informed research to decision
making in the region.

2. Biodiversity dynamics

Miombo has an estimated diversity of 8,500 plant species, of which ca. 54% are endemic.
Together with Mopane, it is amongst the five high biodiversity wilderness areas in the world
whose conservation should be prioritized because of their irreplaceability in terms of species
endemism [17-18]. The woodlands are characterized by the overwhelming dominance of
Brachystegia (Miombo in Swahili), Julbernardia and Isoberlinia tree species belonging to the
Fabaceae (legume) family [19-20], associated with a variety of other woody plants, such as
Pseudolachnostylis maprouneifolia Pax., Burkea africana Hook and Diplorhynchus condylocarpon
(Müll.Arg.) Pichon. In mature Miombo these species comprise an upper canopy layer made of
10-20 m high trees and a scattered layer of sub-canopy trees. The understorey is discontinuous
and composed of broadleaved shrubs of the genera Eriosema, Sphenostylis, Kotschya, Dolichos
and Indigofera, among others, and suppressed saplings of canopy trees. A sparse but continu‐
ous herbaceous layer of grasses, forbs and sedges composed of Hyparrhenia, Andropogon,
Loudetia, Digitaria and Eragrostis dominate the ground-layer [2,21]. Miombo is usually referred
as a homogenous ecosystem, but differences in species composition, diversity and structure
occur at a local scale [22]. The origin of these differences is unclear but, geomorphic evolution
of the landscape [23], soil moisture and nutrients [24], land uses changes and other anthropo‐
genic disturbances [25] have all been indicated. Figure 2 illustrates Miombo structure and
composition and fire occurrence.
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Figure 2. Illustrative exemple of the Miombo Woodlands. (A) Diversity of tree species; (B) Close up pf Brachystegia bo‐
hemii; (C) Regrowing area; (D) Recently burned area. Credits to Isabel Moura, Tropical Research Institute, Portugal (A,
B) and Ivete Maquia, Biotechnology Center, Eduardo Mondlane University (C, D)

Only a few Miombo biodiversity studies have been recently published and most of them were
focused either on a limited number of tree species and/or on specific geographical locations.
Hence, the information on the conservation status of Miombo plant species is scarce. For
example, based on the existing national surveys, the number of threatened plant species is
difficult, if not impossible, to estimate, but the Sudan-Zambezian zone, to which the Wood‐
lands belong, is reported to have the highest values of threatened species [18]. Since the
conservation status of a particular species is a good indicator of the impact of threats and its
capacity to provide goods and services [26], site-specific studies confined to one or to a small
group of species are of utmost importance to upgrade the existing information and thus help
future planning and management programs.

The establishment and management of fully protected areas such as National Parks are often
assumed to be the best strategy for conserving species diversity and maintain forest compo‐
sition and structure. To evaluate this assertion, Banda and co-authors [27] conducted a study
in western Tanzania in areas with four different levels of protection: a National Park (high
protection level), a Game Controlled Area (with tourist hunting of big game animals), a Forest
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Reserve (with selective harvest of trees), and an Open Area (unrestricted access to forest
resources). The authors observed that the forest structure was quite similar in the four sites
and that species richness was significantly higher in the Game Controlled Area and Forest
Reserve than in the other areas. More recently, Giliba and collaborators [22] assessed species
richness, diversity, dominance and exploitation in Bereku Forest Reserve, northern Tanzania,
concluding that the use of Miombo products and services by the surrounding communities
does not compromise the stability of the woodlands, which are fairly stocked with high tree
and shrub species diversity. These studies suggest that National Parks do not always host the
greatest diversity of trees or unique species. This may imply that a suite of different types of
protection strategies may be the key for conservation in African dry tropical forests [27].

The  effect  of  environmental  factors,  particularly  soil  and  disturbance  history,  on  tree
diversity and size structure was analysed by [19] in and around the Ihombwe village, Kilosa
District,Tanzania where shifting cultivation is practiced. The authors observed that there
was a considerably high capacity for tree species regeneration, partly due to the relative‐
ly isolated position of the village and also due to the fact that local communities recog‐
nize the importance of the sustainable ecosystem use. However, fires were pointed as the
main driver of species composition change as they tend to support the proliferation of fire
tolerant species, such as P. maprouneifolia, Pterocarpus angolensis DC and D. condylocarpon at
the  expense  of  dominant  Miombo  species.  Similarly,  [27]  observed  the  dominance  of
Terminalia sericea Burch. ex DC., Combretum adenogonium Steud. ex A.Rich., and C. colinum
Fresen. in dry Miombo of the Katavi-Rukwa ecosystem of western Tanzania due to frequent
burning.  Also  Williams  and  co-authors  [28],  working  on  the  effects  of  slash-and-burn
agriculture in the Nhambita community,  Sofala Province,  Mozambique, observed that in
abandoned  (regrowing)  sites,  defining  Miombo  species  were  replaced  by  secondary
dominant trees. However, the biodiversity of woody species (i.e. Shannon index and species
richness)  in  older  abandonments  (>10  years  old)  and intact  woodlands were  similar.  In
general tree biodiversity has not been degraded by the slash-and-burn disturbance, but the
time-scale of recovery of defining Miombo species was unclear. In Zambia [29-31] have also
suggested that though Miombo systems recover relatively fast in terms of species diversi‐
ty, species composition takes longer to recuperate. In another study in Mozambique, [32]
observed that  fire  and herbivory by elephants  are  the  main drivers  of  ecosystem struc‐
ture and composition. For example, places with high fire frequency and elephant density
were dominated by fire-resistant  species  such as  T.  stenostachya,  Combretum  spp.  and D.
condylocarpon.  Similar results were obtained by [33] in the Miombo Woodlands of north-
western Zimbabwe, where elephants and fires reduced the proportions of large trees, tree
heights,  stem basal  area  and densities  of  all  trees.  Besides  that,  tree  species  frequencies
dropped 28–89.6% and the most visible floristic alteration was the replacement of the typical
Brachystegia boehmii Taub. by P. maprouneifolia and Combretaceae species. The results are in
line with those from [19,27-28] and are corroborated by the prediction model developed by
[34]  regarding  the  impact  of  elephants  and fires  on  the  structure  of  semi-arid  Miombo
Woodlands of north-western Zimbabwe. The author hypothesized that elephants alone at
a density of 0.27 km-2 would convert the woodland into coppice in 120 years due to massive
declines of large trees; the same result would be achieved in 10 years if elephant density
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increased to 2 km-2;  the pattern would remain similar if simultaneous fire occurred once
every 4.7 years with elephants at 0.27 km-2. Thus, it was predicted that elephants alone can
degrade  and  maintain  semi-arid  Miombo Woodlands  into  coppice,  largely  due  to  their
damaging  impacts  on  mature  canopy  trees.  Fire  may  also  speed  up  the  process  by
suppression of an already low recruitment. However, this driver alone had less influence
on the woodland structure than elephants because of low fuel loads due to heavy graz‐
ing and low grass production as a result of low rainfall and inherently poor soils in the
area.

Another important aspect in understanding the biodiversity dynamics in the Miombo
Woodlands and in assisting conservation programs, is the application of molecular markers
(MM). MM are essential tools to analyse population structure and genetic diversity as well as
to identify particular traits (including genotypes and genes) associated with outstanding
performances and resilience to extreme environments (e.g. fire, drought, high temperatures)
[35-37]. The use of MM to understand the dynamics and potentialities of Miombo species is
still incipient and only two studies have been published. The first reported on the use of
Amplified Fragment Length Polymorphisms (AFLP) to assess the genetic diversity of natural
populations of Uapaca kirkiana Muel. Arg. from three geographical regions of Malawi, in
relation to deforestation, fragmentation and wildfires [38]. AFLP markers revealed moderate
differentiation among the studied populations, but very high variation among individuals
within populations. The second study was based on the use Inter Simple Sequence Repeat
(ISSR) markers to assess genetic diversity in B. boehmii and B. africana across a fire gradient in
the Niassa National Reserve (NNR) [39]. Although fire differentially affected the biodiversity
in each species, in general, the overall genetic diversity was high and their survival did not
seem to be compromised by the frequency of fires, agreeing with the fact that NNR is one of
the least disturbed areas of deciduous Miombo. The results point also to a link between fire-
tolerance and genetic diversity, as judged by the higher diversity levels observed in B.
africana (fire-tolerant) in comparison to B. boehmii (fire-sensitive). Furthermore, B. boehmii
presented an evolutionary response to fire, i.e. the levels of diversity were lower in frequent
fire prone areas than in areas of low fire frequency, a phenomena attributed to the pyrodiver‐
sity-like effect [40]. In both papers, the authors emphasize the need for more intensive genetic
studies spanning other populations of these and other important tree species to produce a
wider picture of the levels of distribution of genetic diversity across the Miombo Ecoregion
and its relation to major threats.

In conclusion, the available literature generally suggests that biodiversity in the miombo
woodlands is shaped by disturbances, including anthropogenic actions, and to some extent
may be compromised by the ongoing pressures. Despite the risks to which the woodlands are
exposed, the species diversity and the levels of genetic diversity are considerably high. This
seems to be particularly associated with the apparent resiliency of Miombo to various
disturbances. However, there are evidences that typical species not always recover and in some
cases may be replaced by secondary species. As a consequence, the range and type of goods
and services provided by the woodlands may be altered. This calls for the implementation of
management strategies that are appropriate for conserving biodiversity of Miombo.
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2.1. Biomass and carbon dynamics

Estimations of biomass and carbon stocks are an essential step in accounting for ecosystem
goods and services particularly when considering land use options and strategies to promote
carbon sequestration. This is relevant for implementing carbon credit market mechanisms such
as REDD+, which seeks to mitigate climate change through enhanced CO2 storage in terrestrial
ecosystems.

Biomass and carbon stocks have a pronounced variation across the Miombo Ecoregion. This
has been mainly associated to: i) soil fertility and plant nutrition; ii) fires and herbivory; and
iii) age and status of the woodland. Woody biomass was observed to range from 1.5 Mg ha-1

(3-6 years old coppice) to 144 Mg ha-1 (mature wet Miombo) [9,41-45]. Dry Miombo ranges
between 53-55 Mg ha-1 [45-48]. It is confirmed that wood and soil compartments are the most
important of these stocks [48-49], but grass, litter and root may contribute significantly to
carbon sequestration. Table 1 presents comparative results of carbon stock density in different
compartments across different sites.

Ecosystem compartment
Carbon Stock Density

(Mg C ha-1)
Localization Reference

Soil

57.90 Gorongosa, Mozambique [28]

34.72 ± 17.93 Niassa Reserve, Mozambique [48]

31.04 Dombe, Manica, Mozambique [47]

Trees

19.00 ± 8.00 Gorongosa, Mozambique [28]

13.17 - 32.10 Beira Corridor, Mozambique [50]

20.88 Niassa Reserve, Mozambique
Sitoe, Unpublished

data

26.48 Dombe, Manica, Mozambique [47]

29.88 ± 13.07 Niassa Reserve, Mozambique [48]

Grasses

1.2 Niassa Reserve, Mozambique
Sitoe, Unpublished

data

0.65 Dombe, Manica, Mozambique [47]

030 ± 0.89 Niassa Reserve, Mozambique [48]

Litter

0.80 Niassa Reserve, Mozambique
Sitoe, Unpublished

data

3.00 Dombe, Manica, Mozambique [47]

0.06 ± 0.03 Niassa Reserve, Mozambique [48]

Dead Trees 0.06 ± 0.19 Niassa Reserve, Mozambique [48]

Herbaceous
0.02 ± 0.01 Niassa Reserve, Mozambique [48]

0.55 ± 0.02 Eastern Arc Mountains, Tanzania [49]

Total carbon
10.13-79.69 Niassa Reserve, Mozambique [48]

13 - 30 Eastern Arc Mountains, Tanzania [48]

Table 1. Comparative results of Carbon Stock Density across the Miombo Ecoregion. Source: Adapted from [48].

Miombo Woodlands Research Towards the Sustainable Use of Ecosystem Services in Southern Africa 7
http://dx.doi.org/10.5772/59288

481



The dynamics of Miombo is in general influenced by its tree component given its dominance.
Wood vegetation is in turn affected by environmental and disturbance factors [1]. Fire is
particularly an important factor in Miombo as its behavior, timing, intensity and frequency
vary greatly across the ecosystem, thus affecting vegetation structure and biomass differently.
Frequent late dry season fires can transform woodland into open tall grass savanna with
isolated fire-tolerant canopy trees and scattered understorey trees and shrubs [52] thereby
reducing woody biomass. The impact of fires on biomass and carbon stocks has been addressed
in a few countries. [53] in Zimbabwe, [54] and [31] in Zambia, and [46] and [55] in Mozambique
have observed that fire protected sites had more woody biomass than frequently burned sites.
[55] also noted that annual fire suppressed woody biomass development (up to 38 Mgha-1 in
the studied area of central Mozambique) while low intensity fires at lower frequencies
promoted biomass accumulation. Many studies have reported that once trees reach a certain
height, they are less susceptible to fire [54 and references therein]. However, in his 22-year
period study in Zambia, [31] found that large and tall trees were just as susceptible to fire as
small trees, but their death was gradual and occurred over longer periods of time. In this area,
fire alone was responsible for more than 25% of the observed biomass losses. The author
concluded that avoided forest degradation at the study sites would have increased standing
woody biomass up to 4.0 t ha-1 year-1 over the 22-year period. Recently, [45] found that carbon
storage in the tree-dominated ecosystems of the Tanzanian Eastern Arc Mountains has
decreased at a mean rate of 1.47 Mg C ha-1 yr-1 (ca. 2% of the stocks of carbon per year) due to
74% forest area loss driven by 5-fold increase in cropland area.

The interactive effect of fire and herbivory by elephants is quite interesting in Miombo. In
general, elephants uproot, de-branch and/or debark large trees, increasing fuel-load in the
forest ground due to intensified light intensity. Higher fuel loads result in frequent and fierce
fires that influence the woodland. [42] and [56] have studied the effect of elephants in Sengwa
National Park, Zimbabwe. The study compared areas inside the National Park (high elephant
density and fire occurrence) and outside the National Park (low elephant density and fire
occurrence) and revealed a reduction in biomass up to 31.8 t ha-1 for the area inside the national
park due to elephant grazing. Fires inside the park leveraged elephant’s effect by killing young
sapling and debarked susceptible trees. [32] and [46] analised the combined effect of fires and
elephants in NNR, northern Mozambique, revealing denser woodlands and higher wood
biomass in places with low fire frequency and low animal densities. Recently, [48] studied the
dynamics of the biomass in the Miombo woodlands in NNR and observed that woody biomass
had a net increase of 3 Mg ha-1 in a 5-year period of study. However, when looking at the
species level, Diplorhynchus condylocarpon presented the highest growth (a net increase of 0.54
Mg ha-1). This species has been reported elsewhere in the region has fire indicator due to its
capacity to thrive in high fire frequency environments and to the fact that it is less preferred
by elephants. Julbernardia globiflora (Benth.), on the other hand, experienced a net decrease in
biomass of 0.09 Mg ha-1. The reason might be associated with fire susceptibility as well as high
preference by local population and elephants and. As referred above, not many studies have
addressed the specific responses to disturbances, though it should be considered fundamental
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to understand the ecosystem trends. In fact, species dynamics may disclose particular behav‐
iors that are not seen at the ecosystem level, but are important in defining conservation and
management strategies, which are not just ecosystem but also species oriented.

Charcoal production is one of the main drivers of Miombo degradation but has been poorly
accounted for in biomass and carbon studies. Only one study [57] was found in the literature.
This study was conducted in Zambia, by comparing a protected area with a highly disturbed
site. The results revealed considerably reduced biomass after logging for charcoal production
-150 t ha-1 within versus 24 t ha-1 outside the protected area. The authors discuss that better
inventory data is urgently required to improve knowledge about the current state of the
woodland usage and recovery after logging. They further argue that net greenhouse gas
emissions could be reduced substantially by improving the post-harvest management,
charcoal production technology and/or providing alternative energy supply.

Although soil is one of the main carbon pools in Miombo, studies that deal with this component
are limited [28,48,58-59]. [28] observed that woodland soils were capable of storing >100 t C
ha-1, whereas in re-growing areas soil carbon stocks did not exceed 74 t C ha-1. The study
concluded that there was a potential for C sequestration in soils on abandoned farmlands.
However, there was no discernible increase in soil C stocks within the period of re-growth,
suggesting that the rate of accumulation of organic matter in these soils was very slow. On the
other hand, [58] observed that agricultural soils in Malawi had 40% less carbon than mature
Miombo Woodlands. The authors stated that as the area of land converted to agriculture
increases in the region, land in this re-growth state will most likely become the dominant form
of Miombo. Therefore studies of the nutrient dynamics in this type of land cover will be
essential.

Understanding biomass and carbon recovery (along with biodiversity) rates is essential to
predict future scenarios of ecosystem stock densities and thus, its capacity to provide goods
and services. Short to medium term (16-50 years) studies in the region reveal a capacity for
stock regeneration between 1.0 and 1.8 M g ha-1 yr-1 [1,28,43,60]. In Zambia, [31] reported net
changes in aboveground biomass over a 22-year period of -113.4 Mg (-5.16 Mg ha-1 year-1) and
25.7 Mg (1.17 Mg ha-1 year-1) associated with old-growth and re-growth sites, respectively.
Biomass loss in old-growth sites was driven by agriculture and fire. The conclusion drawn
from these studies indicated that Miombo has capacity to recover after disturbances but at
slow rates. The latter can be exacerbated or reverted by recurrent disturbances, compromising
ecosystem resiliency. However, given the limited number of studies and the associated short
to medium time spans, there are still knowledge gaps such as: i) which species recover and at
which rate; ii) what are the thresholds of changes relation to disturbances; iii) what are the
rates of soil carbon recovery. Improving the knowledge on recovery rates and patterns is
important given the complexity of the ecosystem associated with the varied environmental
gradients across the region.
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3. Research gaps and management needs

It is evident that there have been a considerable amount of studies undertaken in the Miombo
Woodlands. In July 2013 the Miombo Network of Southern Africa met in Maputo, Mozambi‐
que to discuss the existing knowledge and gaps. In general, there is a consensus that much is
still to be investigated.

Miombo displays complex vegetation patterns in which dense vegetation alternates with
sparsely populated or bare soil in response to environmental and disturbance (deforestation/
degradation, fires and herbivory) factors. Low vegetation cover, in some places, and small-
scale variations in others, can produce unpredictable errors in the quantification of ecosystem
dynamics. Ignoring this spatial variation can produce inaccurate results, even in fairly
homogeneous environments [61-62].

Miombo complexity has introduced limitations in the past in terms of accurate estimations/
mapping of Land Cover and Land Cover Change (LCLCC), biomass/carbon and biodiversity.
In fact, there have been several attempts to estimate LCLCC and biomass at the local and
national scale, but at the regional level there is still a need to improve and update the existing
products. Land cover mapping is important to delineate LC types associated with degradation
levels and the role of the associated drivers. The latter is highly relevant in determining the
role of ecosystem in the carbon cycle as well as in defining appropriate rehabilitation and
conservation strategies. These are particularly important in the context of REDD+ as it would
be important to demarcate areas of interest to develop REDD+ projects.

Ecosystem rehabilitation requires a good understanding of its past and present status includ‐
ing the specific and interactive role of the drivers (fire, herbivory, slash and burn agriculture
and climate change) as well as of its recovery patterns across environmental gradients. It also
requires a better understating of its biodiversity beyond floristic surveys. In this context, the
following questions need to be answered:

• What are the impacts of the different ecosystem drivers on biodiversity?

• What is the capacity of biodiversity to supply and underpin goods and services (current and
future)?

• What are the patterns of genetic diversity of important species across environmental
gradients?

• How different land cover types affect the existing patterns of biodiversity?

• How these changes in biodiversity affect the availability and accessibility of resources to
rural and urban dwellers?

It is important to recognize that biomass and carbon estimations are very scattered in terms of
methods and sampling efforts recalling a need to perform harmonized estimations to better
position the region in the international context. Hence, finding benchmark sites is vital as it
allows determination of deviations under different land uses. This is particularly important
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given the fact that the diversity of soils, climate, hydrology and disturbances return highly
variable biomass and carbon densities making a comparison among sites not always possible
[28,49]. Biomass estimations are also relevant to understand the contribution of different pools
(soils, grasses, litter, etc) as well as the role of drivers in the ecosystem biomass/carbon
sequestration. Particularly in the case of soil carbon, efforts should focus on identifying and
protecting C-rich soils. It is also important to investigate whether fire control on recovering
woodlands can stimulate the accumulation of soil C and tree biomass, and hence restore
defining Miombo species.

Finally, the use of modern (e.g. remote sensing and molecular markers) and harmonized
sampling data collection and analysis techniques across the region would contribute to the
robustness of data and support improved ecosystem management and conservation strategies.

4. The role of the Miombo Network in promoting the Miombo Woodlands
sustainability

Founded in 1995 by a group of regional and international scientists, the Miombo Network is
under the auspices of the IGBP/IHDP Land Use and Cover Change (LUCC) Project and the
IHDP/IGBP/WCRP Global Changes System for Analysis, Research and Training (START). The
Network’s goal was to support the development of sustainable Miombo Woodlands manage‐
ment policies and practices through the collaborative data acquisition, from land‐based
research, monitoring, remote sensing and other geospatial information technologies. The
membership of the network is drawn from government, university and research institutions
of the Miombo Ecoregion countries namely: Malawi, Mozambique, Tanzania, Zambia and
Zimbabwe. However, there are also member institutions outside Africa due to their passion
for Miombo management.

Being a collaborative alliance, the Miombo Network aspires to conduct joint research that
contributes to forest policy definition and decision-making. The entry point for this is a strong
link with the SADC forestry program, which intends to develop harmonized policies for the
region. The Miombo Network has also potential to contribute for the establishment of the
REDD+ programme - a programme that has great potential to turn around the economic and
environmental value of the ecosystem across the region.

5. Final considerations

Despite being considered the most important ecosystem of southern Africa, the Miombo
Woodlands face some risks. Although policies may be supportive as far as Miombo manage‐
ment is concerned, the woodlands continue to be degraded and deforested. Partly, this is due
to the fact that institutions that are responsible for managing the forests have limited human
and financial capacity. Additionally, Community-Government partnerships for woodland
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management need to be enhanced in the region. It would therefore be important that national,
regional and international institutions put more effort to establish effective collaborations in
order to understand the interplay of issues that affect the management of Miombo Woodlands.
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1. Introduction

Forest ecosystems have rapidly been transformed into areas for the occupation of the human
population and for economic purposes [1]. Rainforests distributed around the planet have
been cleared because of a complex set of factors, which vary according to the characteris‐
tics of each region [2]. Among the factors are deforestation for alternative use of the soil
(pasture, commercial or subsistence farming, and biofuel generation), tree cutting for the
timber industry, wood extraction for energy biomass and poaching [3].  The reduction of
vegetation cover leads to a decrease of biodiversity and to an increase of carbon emissions,
changing the global climate [1].

The creation and establishment of conservation units is one of the main strategies to ensure
biodiversity [4], allowing governments to tackle climate changes and, in the process, ensure
biodiversity [5]. Conservation units are protected areas, established to maintain biological
diversity and genetic resources, to protect endangered species, to conserve and restore
diversity in natural ecosystems [4]. About 10% of the land surface of the planet is under some
form of protected area [6]. However, the challenges are huge, because many protected areas
are not yet fully implemented or adequately managed [6]. In Brazil, protected areas account
for 17% of the Earth’s surface [7].

The process of biodiversity preservation in protected areas is not always efficient, leading to
lack of connectivity between the different forest remnants. This lack of connectivity affects
the movement of organisms between the different environments, influencing the stability of
populations, communities and ecological processes. In addition, areas defined as priorities
for conservation may show significant environmental changes due to changes in land use [8].
Still, due to the great threat to biodiversity caused by the conversion of natural areas into
production systems, conservation units provide adequate guarantees to ensure protection to
the environment.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.



Thus, areas altered because of changes in land use can be restored to recover the ecological
interactions necessary for biodiversity maintenance. The use of restoration techniques to
recover altered ecosystems is considered a fundamental strategy for biodiversity conservation.
Ecological restoration has been widely used in Brazil as a measure to reverse the degradation
process and enhance biodiversity conservation, ensuring ecosystem services.

In this context, arboreal forest species play a fundamental role in the reconstruction of the
three-dimensional and functional structure of the forest (canopy, understory, strata, biomass,
carbon, etc.). These species define local patterns of both organic matter accumulation in the
soil [9] and nutrient cycling [10]. They help soils against the effects of erosion processes,
favoring water infiltration (less runoff) and the definition of the microclimate standards of the
habitat (shading, air and soil temperature, etc.) [11]. The tree species increase the abundance
and diversity of shelters and foods for the fauna, enhancing the capacity to attract seed
dispersers [12].

In this chapter, we will present the bases and methodological strategies of forest restoration
in altered areas of the Atlantic Forest, Brazil. We will also address the potential of biodiversity
conservation in protected areas. We will show results of restoration actions in altered areas in
a conservation unit, focusing on ecosystem biodiversity and its applicability in other biomes.

2. Fundaments and strategies of forest restoration in Brazil

Actions for forest restoration in Brazil were first introduced in areas affected by works of public
interest, especially in places altered by the construction of large hydroelectric plants. Restora‐
tion actions were based on the planting of forest species without considering the ecological
criteria, including the use of exotic species. These procedures led to the formation of mixed
forests with low diversity and potential for land occupation [12]. Later, the original structure
of a preserved forest fragment (diversity and successional groups) started to be considered
[13]. This analysis served as a basis for the adoption of the recovery method to be applied in
the altered environment. Currently, it is proposed that the succession process in restoration
areas may occur following multiple trajectories and not a predefined template. These trajec‐
tories exhibit a dynamic equilibrium, where each final community will have its phyto-
sociological and structural peculiarities according to the environment and the history of the
ecosystem usage [14].

Defining a strategy for environmental restoration in altered ecosystems requires accurate
indicators of the ecology in the biosystem. These indicators allow the use of specific method‐
ologies for each type of tree formation, ensuring a more effective restoration process, regardless
of the recovery speed of the ecosystem, which vary enormously among forest ecosystems [15].
One of the main attributes of ecosystems is their ability to change in time. All ecosystems,
terrestrial or aquatic, are subject to natural or human disturbances that inflict changes to a
greater or lesser degree in time [16].

An ecosystem can be considered stable when it reacts to a disturbance, keeping a state of
dynamic  equilibrium [17].  However,  a  degraded ecosystem has  undergone disturbances

Biodiversity in Ecosystems - Linking Structure and Function2494



Thus, areas altered because of changes in land use can be restored to recover the ecological
interactions necessary for biodiversity maintenance. The use of restoration techniques to
recover altered ecosystems is considered a fundamental strategy for biodiversity conservation.
Ecological restoration has been widely used in Brazil as a measure to reverse the degradation
process and enhance biodiversity conservation, ensuring ecosystem services.

In this context, arboreal forest species play a fundamental role in the reconstruction of the
three-dimensional and functional structure of the forest (canopy, understory, strata, biomass,
carbon, etc.). These species define local patterns of both organic matter accumulation in the
soil [9] and nutrient cycling [10]. They help soils against the effects of erosion processes,
favoring water infiltration (less runoff) and the definition of the microclimate standards of the
habitat (shading, air and soil temperature, etc.) [11]. The tree species increase the abundance
and diversity of shelters and foods for the fauna, enhancing the capacity to attract seed
dispersers [12].

In this chapter, we will present the bases and methodological strategies of forest restoration
in altered areas of the Atlantic Forest, Brazil. We will also address the potential of biodiversity
conservation in protected areas. We will show results of restoration actions in altered areas in
a conservation unit, focusing on ecosystem biodiversity and its applicability in other biomes.

2. Fundaments and strategies of forest restoration in Brazil

Actions for forest restoration in Brazil were first introduced in areas affected by works of public
interest, especially in places altered by the construction of large hydroelectric plants. Restora‐
tion actions were based on the planting of forest species without considering the ecological
criteria, including the use of exotic species. These procedures led to the formation of mixed
forests with low diversity and potential for land occupation [12]. Later, the original structure
of a preserved forest fragment (diversity and successional groups) started to be considered
[13]. This analysis served as a basis for the adoption of the recovery method to be applied in
the altered environment. Currently, it is proposed that the succession process in restoration
areas may occur following multiple trajectories and not a predefined template. These trajec‐
tories exhibit a dynamic equilibrium, where each final community will have its phyto-
sociological and structural peculiarities according to the environment and the history of the
ecosystem usage [14].

Defining a strategy for environmental restoration in altered ecosystems requires accurate
indicators of the ecology in the biosystem. These indicators allow the use of specific method‐
ologies for each type of tree formation, ensuring a more effective restoration process, regardless
of the recovery speed of the ecosystem, which vary enormously among forest ecosystems [15].
One of the main attributes of ecosystems is their ability to change in time. All ecosystems,
terrestrial or aquatic, are subject to natural or human disturbances that inflict changes to a
greater or lesser degree in time [16].

An ecosystem can be considered stable when it reacts to a disturbance, keeping a state of
dynamic  equilibrium [17].  However,  a  degraded ecosystem has  undergone disturbances

Biodiversity in Ecosystems - Linking Structure and Function2494

leading  to  the  decrease  of  its  resilience,  with  consequent  loss  of  important  species  and
interactions  [17].  Resilience  is  the  ability  of  a  system  to  restore  its  balance  after  being
disrupted by a condition,  that  is,  its  ability to recover [18].  When the ecosystem under‐
goes severe damage, such as extinction of key-species and intensification of degradation
(diseases, erosion, leaching and inbreeding), human intervention is required [19]. Accord‐
ing to the authors, this intervention must reverse the degradation processes leveraging local
characteristics of auto-restoration.

For the success of a restoration process, some factors must be taken into account, namely the
historical use of the area, the degradation intensity, the degree of forest fragmentation and the
preservation degree of the surrounding vegetation. Thus, altered environments that have little
or no vegetation preserved in their surroundings have less capacity to recover, once, mainly
in tropical areas, seed dispersal occurs predominantly by animals. The animals hardly ever
leave forested areas toward open agricultural areas [20]. Therefore, the presence of forest
remnants facilitates the movement of seed dispersers [21].

Another important factor is the length of time and the intensity of the area use. Areas with
consolidated agricultural and livestock activities recover more slowly than areas used for
itinerant agriculture for short periods of time. In general, more intensely degraded areas have
a seed bank with low diversity, limiting self-healing. Additionally, compacted soils and soils
with low natural fertility limit the emergence and growth of seedlings.

Thus, for the recovery of natural ecosystems, success lies in the restoration of ecological
processes responsible for the reconstruction and maintenance of a functional community [22].
The authors highlight that the effectiveness of this process depends on the use of high
biodiversity involving species of trees, shrubs, vines as well as lianas, in addition to the fauna
and the interactions between living beings that inhabit that environment. This diversity can
be obtained through direct restoration actions of altered environments and guaranteed over
time by the natural dynamics of the community restored [22].

The recovery of a degraded environment can be understood as reconstructions of its function
and its structure [23]. According to the author, several optional objectives guide the recovery
of a degraded ecosystem, namely: the reproduction of the exact original condition of the site
(structure and function); the reproduction of conditions similar the conditions before degra‐
dation, enabling the balance of environmental processes; the development of an alternative
activity suitable to human use and not simply the reconstitution of the original vegetation,
provided this process is carried out to prevent negative environmental impacts; and aban‐
donment, which can lead to a normal succession process or to future degradation if the
ecosystem is subject to erosion or other debilitating agent.

3. Biodiversity conservation in conservation units

The Atlantic Forest and the Amazon Rainforest, historically, have had periods of connection,
interspersed by periods of isolation. This alternation of isolation and connection with other
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biotas and the combination with striking geographic factors resulted in high biological
diversity and endemic occurrences in these biomes [24]. Although these biomes show immense
biological wealth, a significant part of biodiversity is still unknown. Between 1990 and 2006,
[25] indicated the discovery of over 1,190 plant species by the scientific community for the
Atlantic Forest.

The Atlantic Forest, first region colonized in Brazil, has undergone continuous deforestation
and, currently, it is estimated that only 11-16% of the original forest cover remains [26].
Deforestation has resulted in severe changes in ecosystems, especially high fragmentation and
degradation of native vegetation and loss of regional species of flora and fauna [27]. In the last
decade, the deforestation rate has reduced because of numerous ordinances created to protect
the biome, at different levels of government. Among the ordinances, we highlight the “Lei da
Mata Atlântica” Law number 11,428 of December 22, 2006, which addresses the use and
protection of native vegetation of the Atlantic Forest biome.

The definition of new protected areas represents an important strategy for biodiversity
preservation. At the end of the 1990’s, Brazil held more than 1,000 public and private conser‐
vation units, totaling approximately 76 million hectares [28]. In the Atlantic Forest biome,
protected areas also increased during that period. The main category created was of Environ‐
mental Protection Areas (EPA). This category represents 91% of the total area of sustainable
use in conservation units in the biome [29]. However, whole protection areas are not as
effective, as they accept human occupation. In the Atlantic Forest biome, it is estimated that
40% of the area of sustainable use in conservation units is already occupied by human
population and has no forest cover. Nevertheless, the whole protection areas account for 88%
of its total area covered by preserved natural vegetation.

According to recent data from the Ministry of the Environment [7], Brazil has more than 2,100
conservation units, totaling circa 150 million hectares, which account for 17% of the Brazilian
territory. The Amazon biome has approximately 73% of the total cover area in conservation
units in Brazil, while the Atlantic Forest contributes to 7% [7]. The Atlantic Forest has approx‐
imately 9.7% (107,242 km2) of its territory in protected areas, being only 2% in whole protection
conservation units [7].

A large number of rare and/or endangered species, reported on the so-called “red lists” [30,
31], are restricted only to protected areas. Thus, their existence is greatly linked to the future
of these conservation units. The Official List of Threatened Species of the Brazilian Flora [31]
contains 472 species, four-folds of the previous list of 1992. Of these, 276 species (more than
50%) belong to the Atlantic Forest. The list includes species that have been the most econom‐
ically exploited over time, such as pau-brasil (Caesalpinia echinata), palmito juçara (Euterpe
edulis), araucaria (Araucaria angustifolia), jequitibá (Cariniana ianeirensis), jaborandi (Pilocarpus
jaborandi), xaxim (Dicksonia sellowiana), jacarandá-da-bahia (Dalbergia nigra), canela-sassafrás
(Ocotea odorifera) and various orchids and bromeliads.

The Official List of Threatened Species of the Brazilian Fauna [30] contains 633 species,
including fish and aquatic invertebrates. Seven species have already been listed as extinct in
the wild. Of these endangered species of the Atlantic Forest, 185 are vertebrate species (69.8%
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of all threatened species in Brazil), represented by 118 species of birds, 16 amphibians, 38
mammals and 13 reptiles. In addition, there are 59 fish species facing extinction [30]. A
significant part of these endangered species is endemic, such as muriqui-do-sul (Brachyteles
arachnoides), muriqui-do-norte (Brachyteles hypoxanthus) and papagaio-da-cara-roxa (Amazona
brasiliensis).

4. Restoration of the Atlantic Forest

The Atlantic Forest is one of the so-called global hotspots of biodiversity. The biome comprises
34 regions with high richness of endemic species; however, it is seriously threatened by
significant loss of forest cover [32]. Originally distributed in more than 1.3 million km2, in the
eastern side of Brazil, the Atlantic Forest is home to at least 60% of the Brazilian population
and approximately 70% of the national GDP is concentrated in this region of the country.
Currently, there are degraded and isolated forest fragments with predominantly less than 50
ha [26]. Restoration of altered and fragmented areas is essential to ensure biodiversity
maintenance, because protected areas must be connected to suit the functionality of the
landscape ecosystem.

In this sense, we conducted a study on the Parque Estadual Quarta Colônia (Figure 1), a state
protected area that was created in 2005. Its creation is attributed to a compensatory measure
for the construction of a hydroelectric power plant. It is the largest established conservation
unit of the “Deciduous Seasonal Forest” in the central region of Rio Grande do Sul State (1,847
ha), part of the Atlantic Forest Biome. A park is a category that aims the conservation of the
ecosystem characteristic of a region and the practice of environmental education and recreation
[4]. The Parque Estadual Quarta Colônia houses a floral species, Dyckia agudensis Irgang &
Sobral (Figure 2), seriously threatened of extinction [33]. This species is lithophyte growing on
basaltic formations among xerophytic vegetation. D. agudensis is at risk of extinction due to
habitat fragmentation caused by agricultural activities in the surroundings.

Rugged-to-flat relief comprises the topography of the conservation unit. In some areas of the
unit, there used to be small rural properties that were expropriated during the construction of
the dam. There are several altered areas, decommissioned parts of the construction site and
functional facilities of the plant power. Even before the creation of the conservation unit, some
degraded areas of the park had been recovered with the planting of seedlings of native species
in the year 2001. Other altered areas that were once abandoned are currently in early regen‐
eration stages, influenced by the natural forest matrix in the surroundings.

The most preserved areas of the park feature a succession mosaic due to anthropogenic
interference in the area. The vegetation is classified as medium-to-advanced stage of secondary
succession. The early secondary species contribute to greater diversity and the late secondary
species appear less pronounced. Understory species possess the greatest number of individ‐
uals and have a characteristic occupation of greater range of luminosity. Thus, they suffer
greater influence of soil variables in the definition of ecological niches of plant species [34].
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However, for an ecosystem to be considered restored, it is necessary to analyze its biodiversity
and compare it with preserved environments. Based on the principles of the Society for
Ecological Restoration [35], a restored ecosystem should present diversity and structure similar
to a reference ecosystem. Diversity is commonly measured by determining the richness and
abundance of organisms. Similar to the specific composition of species, the vegetation structure
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However, for an ecosystem to be considered restored, it is necessary to analyze its biodiversity
and compare it with preserved environments. Based on the principles of the Society for
Ecological Restoration [35], a restored ecosystem should present diversity and structure similar
to a reference ecosystem. Diversity is commonly measured by determining the richness and
abundance of organisms. Similar to the specific composition of species, the vegetation structure
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is usually analyzed by its density, biomass, and canopy coverage or by structural aspects of
the vegetation, and these measurements are useful to predict the direction of plant succession
[36]. Additionally, ecological processes, such as nutrient cycling and soil enzymatic activity
[37], are related to stabilization and soil fertility [38]. In the same region of the conservation
unit, [10] found that with leaf deposition of the leguminous tree Parapiptadenia rigida, soil
nutrients returned to 32.4 kg ha-1 yr-1 of Ca, followed by N (26.1), K (3.2), Mg (2.1), S (1.3) and
P (1.0 kg ha-1 yr-1).

From 2010 onwards, some attributes were evaluated to verify the recovery of degraded
environments. We analyzed the vegetation structure, the diversity and ecological processes,
which served as a parameter to evaluate different areas under restoration in the conservation
unit. We initially characterized the vegetation in relation to environmental variables of the
reference ecosystem to evaluate and monitor the areas under the restoration process. The
reference area has been free of anthropic interventions for more than 20 years, and before that,
there used to be small farms in the less steep slopes. Currently, it forms a mosaic of different
successional stages [39].

Two groups of species composition characterize the forest. One group consists of understory
species, which, due to the smaller size, establish on sloping and stable terrain. In this group,
Trichilia clausseni is the indicator species that exerts a strong influence on forest succession and
on the community due to its high density and frequency in forest regeneration. The other group
of species is formed by Nectandra lanceolata and Nectandra megapotamica as dominant in the
forest structure. In addition, early secondary species such as Cupania vernalis, Ocotea puberula
and Casearia sylvestris indicate the dynamics of clearings in the area.

The monitoring of restoration was carried out in different altered areas of the Parque Estadual
Quarta Colônia. The areas monitored (A1 and A2), both with seven years of planting, feature
the following characteristics:

A1 – covers an area of 2.21 ha. It is a reminiscent of ancient successive crops of tobacco (Nicotiana
tabacum L.) with about 560 m of the reference area. In the planting, 12 species were used with
five pioneers (Schinnus terebinhtifolius Raddi, Inga vera Willd., Parapiptadenia rigida (Benth.)
Brenan, Ateleia glazioviana Baill., Psidium cattleyanum L.) and seven early secondary (Prunus
myrtifolia (L.) Urb., Vitex megapotamica (Spreng.) Moldenke, Cedrela fissilis Vell., Ficus lusch‐
nathiana (Miq.) Miq., Luehea divaricata Mart., Peltophorum dubium Sprengel. e Ocotea puberula
(Rich.)). The soil was prepared by means of subsoiling at an average depth of 35 cm. After‐
wards, trenches were opened along the lines of grooves, and seedlings were planted at spacing
of 2.5 m x 2.5 m. Cultural practices were performed for a period of 24 months.

A2 – covers an area of 2.27 ha. It is about 615 m of the reference area and 78 m far from a slope
area with secondary forest in the middle stage of succession. The soil was compacted with
presence of construction waste (75% of particle size > 200 mm) [40], originating from the
demolition of old facilities. In this region, 24 species were planted, being five pioneers
(Parapiptadenia rigida, Psidium cattleyanum, Schinus terebinthifolius, Enterolobium contortisiliq‐
uum (Vell.) Morong, Calliandra brevipes (Spreng.) J. F. Macbr), 15 early secondary species
(Allophylus edulis (A.St.-Hil., Cambess. & A. Juss.) Radlk., Strychnos brasiliensis (Spreng.) Mart.,
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Cordia americana (L.) Gottshling & J.E.Mill., Luehea divaricata, Peltophorum dubium, Cedrela
fissilis Vell., Schizolobium parahyba, Cabralea canjerana (Vell.) Mart, Handroanthus heptaphyllus,
Handroanthus chrysotrichus, Jacaranda micrantha, Eugenia uniflora, Campomanesia xanthocarpa O.
Berg, Vitex megapotamica, Cordia trichotoma (Vell.) Arráb. ex Stend.) and four late secondary
species (Ficus luschnathiana, Eugenia involucrata DC, Annona rugulosa (Schltdl.) H. Rainer,
Myrcianthes pungens (O. Berg.) D. Legrand). The spacing used was 4 m x 4 m with planting in
trenches without subsoiling and cultural practices.

The structure of the vegetation diversity and enzymatic activity of the soil are significantly
different between the areas under the restoration process and the reference area. It is observed,
for example, when comparing the high proportion of pioneering species and reduced basal
area growth in areas A1 and A2 (Table 1).

Arboreal Component Natural Regeneration

A1 A2 RA A1 A2 RA

Age (years) 7 7 ± 20 - - -

Planting space (m) 2 x 2 4 x 4 - - - -

Average height (m) 3.15 4.30 9.30 0.44 1.00 2.80

Basal area (m²/ha-1) 4.13 4.27 27.13 - - -

Density (plants.ha-1) 1,741 297 3,408 23,333 11,388 15,909

Canopy cover (%) 109.3 35.7 - - - -

Richness 19 29 49 21 16 42

Diversity (H') 2.31 2.86 3.00 2.23 2.29 2.60

Equability (J') 0.78 0.85 0.78 0.73 0.82 0.69

Zoochoric plants (%) 58.0 70.0 75.2 62.0 56.2 79.5

Anemochoric plants (%) 42.0 30.0 24.8 38.0 43.7 20.5

Sucessional group (% P:NP) 47:53 48:52 18:82 52:48 44:56 12:88

Exotic species (%) 26.3 17.2 0 28.5 31.2 0

Where: (% P:NP)=percentage of pioneer species (P) in relation to non-pioneer species (NP).

Table 1. Structure and diversity in Subtropical Seasonal forest natural area (RA) and areas under restoration process
(A1 and A2) in Parque Estadual Quarta Colônia.

Area A1 is in intermediate stage in relation to the other two areas. In area A2, the low density
of plants is related to three factors: larger planting spacing; presence of restrictive layers to root
growth; and lack of management after planting. The absence of weed control favored the
permanent presence of invasive grasses, competing with arboreal individuals and preventing
the development of some native species. The lower initial spacing in area A1 provided higher
density of plants in the area, which resulted in the rapid canopy coverage in relation to area A2.
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Area A1 has a higher possibility of achieving the objectives of restoration due to increased
canopy coverage. The greater shading of the canopy enabled grass reduction and, consequent‐
ly, the establishment of a greater number of regenerating individuals. The vegetation cover
controls the quantity, quality and distribution of light, influencing the growth and survival of
seedlings and determining vegetable composition [41]. The importance of richness of tree
species and regeneration in the areas undergoing restoration was lower than that observed in
the reference area (RA). Because the RA represents secondary forest, attract avifauna, which
favors forest development. However, there is a need to manage the areas through the eradi‐
cation of exotic species. The exotic species with most occurrence medium-to-advanced stage
of succession, may display predominance of some species, resembling the diversity index of
a deployed area.

In natural regeneration, the floristic richness of the RA was enough to enable the development
of various species, allowing a higher diversity index in relation to areas under restoration. This
was attributed to the increased shading and flow of diaspores of species in reproductive stage.
In the regeneration process of areas A1 and A2, zoochoric pioneering species predominated,
with great capacity to was Psidium guajava, pioneer species with zoochoric dispersal (Table 2).

Local Specie AD AF SG

RA

Allophylus edulis (A.St.-Hil., et al.) Hieron. Ex Niederl. 958.3 58.3 ES

Cupania vernalis Cambess. 2750.0 83.3 ES

Gymnanthes concolor (Spreng.) Müll. Arg. 6000.0 83.3 ES

Trichilia clausseni C.DC. 1166.7 58.3 ES

Trichilia elegans A. Juss. 1083.3 75.0 LS

A1

Hovenia dulcis Thunb.* 2916.7 16.7 P

Inga vera Willd. 1805.6 27.8 P

Ocotea puberula (A.Rich.) Ness 1527.8 33.3 P

Psidium guajava L.* 1944.4 38.9 P

Schinnus terebinthifolius Raddi 8750.0 61.1 P

A2

Caliandra brevipes (Spreng.) J. F. Macbr. 1805.6 33.3 P

Cordia trichotoma (Vell.) Arráb. ex Stend. 833.3 5.6 ES

Pinus elliottii Engelm.* 694.4 11.1 P

Psidium guajava L.* 3333.3 44.4 P

Syzygium cumini (L.) Skeels* 1388.9 11.1 P

AD: Absolute Density; AF: Absolute Frequency; SG: Succession Group; P: Pioneer; ES: Early Secondary; LS: Late
Secondary. *Exotic Species.

Table 2. Five species better ranked in the regeneration process in the natural reference area (RA) and in areas under
restoration process (A1 and A2).
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Soil enzymes (amidase, urease, acid phosphatase, and arysulfatase) in the RA, at 0-5 cm of
depth, presented higher values than those in restoration areas. Ground cover possibly
influenced the enzymatic activity, since the restoration areas feature the presence of invasive
grasses. However, in the RA, we can observe a dense layer of litterfall, which can reach 10.9
Mg ha-1 [42] in this type of forest formation. Still, the enzymatic activity is observed in all areas,
although with significant differences between the restoration areas and the RA.

In area A2, a significant regeneration was verified under the canopy of Inga vera. This indicates
that the Inga is a key species or a facilitator in the process of ecological restoration. In the
restoration process of degraded areas, facilitators are species that, at an early stage of succes‐
sion, alter the conditions of the community, allowing better establishment of other species [43].
A species capable of forming aggregates of other species is considered a facilitator. The
colonization processes that occur in the surroundings of this species are called nucleation [44],
which occurs mainly by zoochoric dispersal [23].

Among several facilitators, Inga vera stands out by offering features that promote an improve‐
ment in environmental conditions, namely large tree crowns, rapid growth [23] and biological
nitrogen fixation [45]. Its fruit is a hairy yellowish pod, measuring from 4-12 cm long with
white pulp, sweet and edible, which makes it attractive to frugivorous animals, allowing
zoochory [46]. The Inga is classified as a pioneer species in the ecological succession group. It
has wide geographical distribution and is found mainly in the Atlantic Forest biome in Brazil.

Therefore, we evaluated regeneration under the canopy of Inga vera (50 plants) 10 years after
the planting in area A2. We identified the presence of 756 individuals, belonging to 47 species
and distributed among 25 families. The families Fabaceae (five species; 183 individuals),
Myrtaceae (four species; 157 individuals) and Solanaceae (four species; five individuals) were
the most representative in natural regeneration. Table 3 shows the main species found in
natural regeneration.

Regarding the ecological groups, 26 species are pioneers (55.3%), 16 early secondary (34%) and
two late secondary (4.3%), two unidentified (4.3%) and a mix of ES/LS (2.1%). In terms of seed
dispersion, 29 species are zoochoric (61.7%), 13 are anemochoric (27.7%), two barochoric
(4.3%), two unidentified (4.3%) and one authochoric (2.1%).

The Shannon diversity index (H’) found was medium (2.68). For high diversity, the index must
be greater than 3.0; medium, between 3.0 and 2.0; low, between 2.0 and 1.0 and very low,
smaller than 1.0 [47]. The Pielou evenness index (J’) was 0.7. This value indicates that some
species have high densities, and others have few individuals [48]. The species Ligustrum
lucidum (21.7%), Inga vera (17.9%), Syzygium cumini (12.8%), Baccharis semiserrata (7.7%), Psidium
guajava (6.35%) and Allophylus edulis (5.3%) altogether represented 71.7% of the density of
natural regeneration (542 individuals), a fact that explains the low evenness. The analysis of
the index of importance value (IIV) shows that the species Ligustrum lucidum (30.2%), Inga
vera (27.4%), Syzygium cumini (19.2%), Baccharis semiserrata (18%), Psidium guajava (14.9%) and
Allophylus edulis (12.7%) have the highest values.

The species Inga vera and Allophylus edulis had fruits most attractive to frugivorous animals [46,
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nuclei of native and exotic species. This formation is mostly attributed to its great attraction to
frugivorous vertebrates, primarily birds and bats. Its main attractive features for the fauna are
the fleshy and sweet fruits. In addition, the Inga species is capable of forming a large crown,
serving as a natural perch for birds that end up defecating or regurgitating in the site.

The negative aspect observed in the study was the presence of exotic species, which account
for 19.1% of the total number of species in the regeneration areas, however with 43.6% of the
number of individuals. It is highlighted the presence of Ligustrum lucidum, Syzygium cumini
and Psidium guajava, invasive exotic species with high zoochoric seed dispersion and a high
number of individuals (309) and density (40.9%). Conservation units with total protection
should be representative of native species and ecosystems, therefore, the existence of invasive
exotic species is not desirable nor permitted [50]. The main management strategies involve the
eradication and/or control to contain the spread of exotic species, reducing their abundance
and their density and/or mitigating their impacts [51].

Additionally, it is possible to affirm that the two areas under restoration (A1 and A2) are
returning to natural succession, given that the diversity, structure and ecological processes
show a growing trend in relation to the RA. The enzymatic activity can be considered a good
indicator of ecological restoration, evidencing that the two areas under restoration resumed
the succession process. However, to allow a greater complexity of the ecosystem, the areas
should be managed to remove the exotic species.

Scientific name Ni Np D (cm) H (m) RD RF IIV EG Disp.

Ligustrum lucidum W. T. Aiton* 164 24 1,92 1,89 21,69 8,51 30,20 P Zoo

Inga vera Willd. 135 27 3,00 2,19 17,86 9,57 27,43 P Zoo

Syzygium cumini (L.) Skeels.* 97 18 1,40 1,08 12,83 6,38 19,21 P Zoo

Baccharis semiserrata DC. 58 29 2,22 2,16 7,67 10,28 17,96 P Anemo

Psidium guajava L.* 48 24 2,84 2,52 6,35 8,51 14,86 P Zoo

Allophylus edulis ( A.St.-Hil.) Radlk. 40 21 1,53 1,74 5,29 7,45 12,74 SI Zoo

Calliandra brevipes Benth. 39 9 2,00 1,76 5,16 3,19 8,35 P Anemo

Cupania vernalis Cambess. 24 15 1,31 1,10 3,17 5,32 8,49 SI Zoo

Nectandra megapotamica Mez 13 6 1,74 2,00 1,72 2,13 3,85 SI Zoo

Schinus terebinthifolius Raddi 13 12 2,20 2,04 1,72 4,26 5,97 P Zoo

Ni=number of individuals; Np=number of plots; D=diameter at 5 cm above the soil (cm); H=height (m); RD=relative
density; RF=relative frequency; IIV=index of importance value; EG=ecology group; Disp=dispersion; Zoo=zoochoric;
Anemo=anemochoric; Baro=barochoric; Auto=authochoric; *exotic species.

Table 3. Main species found in natural regeneration under the canopy of Inga vera, in the restoration area.
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5. Conclusion

The effectiveness of ecological restoration is largely attributed to the resilience capacity of an
ecosystem, to the restoration actions and to the monitoring of recovery indicators. In this sense,
the focus on ecological restoration should take into account that the areas are part of an
integrated system, requiring the knowledge of its structure and functions for its sustainability,
as well as the individual role of each species, especially those that play a fundamental role in
strong interactions and in the resumption of ecological succession.

Temporal analysis of ecosystem attributes comprises the basis for the evaluation of the
restoration process, also for the comparison of the speed and direction of its performance in
different environments and geographical regions. The use of smaller spacing enables faster
recovery of altered areas, because the plants shade the soil more quickly, reducing competition
for invasive exotic grasses.

It is essential to take into consideration the performance of key species and the arrangements
of functional species, because they keep the ecosystem balanced on several levels, both biotic
and abiotic. This fact prevents exotic species from becoming invasive by occupying an
ecological emptiness (absence of natural predators and competitors) and from settling in areas
under the restoration process.
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1. Introduction

Human will and interests have used landscapes without limits for different purposes, usually
for the economic benefit of a minority [1]. Nowadays, the Earth is threatened daily by the
degradation of its ecosystems due to fragmentation. One of the main consequences is biodi‐
versity loss. Despite the economic progress and conservation actions carried out in many
countries, the planet is losing genuine tropical forest, which is distributed mainly in the “low
and middle income countries”. The reasons are diverse: inappropriate use of extractive
practices in forestry related to wood and non-wood products, land use change when clearing
the forest for agriculture and cattle ranching, tourism development, and others. These reasons
have facilitated the introduction of new species that then behave as invasive species [2], which
usually produce strong competition with local species, reducing biomass and the forest’s
productivity.

Ecological restoration of disturbed areas is one of the most important and complex issues that
forestry faces, due to the lack of knowledge on the ecological functioning of populations,
communities, ecosystems, and natural landscapes. In addition, we must consider other
components such as social, political, and economic interests of the local communities [3]. In
ecological restoration, we need to keep in mind four elements as priorities: to develop the
conservation of biodiversity; to maintain human use; to empower the local communities in the
management of the area; and, at the same time, to improve the productivity of an ecosystem.
Thus, ecological restoration can be considered the main component for conservation and for
sustainable management programmes, particularly in tropical areas [4].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Ecosystems can restore themselves if there are no barriers (biotic or abiotic) that hamper the
natural process of passive restoration (natural succession). When ecosystems are too degraded
they will not overcome such a state over time, and consequently it will be necessary to
implement actions to move the ecosystem towards a succession pathway. This is denominated
active or assisted restoration [5]. To improve the design of such active restoration programmes,
the study of the vegetable communities contributes important data about the phenological and
demographical patterns of species, and species suitable for replacement. Such knowledge will
allow estimations of how easy it might be to recover and develop the affected ecosystems [6],
and how effective the assisted restoration actions might be.

In this chapter we present the results obtained during the restoration of three tropical forests
in Cuba: 1) the mesophyll semi-deciduous forest in the western sector of the Biosphere
Reserve“Sierra del Rosario” (BRSR); 2) the riverside forest of the Cuyaguateje River in western
Cuba; and 3) the exploited native rainforests of the sector Quibiján-Naranjal of the River Toa
in eastern Cuba. The BRSR presents a high variety of ecosystems. Several vegetable formations
can be distinguished in the reserve [7–8]: evergreen forest, semi-deciduous forest, and pine
forests. The largest formation is semi-deciduous forest, with 40–65% of deciduous trees,
shrubs, herbs, scarce epiphytes, and an abundance of climbers. The predominant variant is the
mesophyll semi-deciduous forest [9]. The 22 ha of the riverside forest of the Cuyaguateje River
belonging to the cooperative “Menelao Mora” is placed in the Pinar del Río province. The forest
is classified as a typical riverside forest with an arboreal stratum of 15–20 m of shrubs, herbs,
scarce epiphytes, and climbers [10]. The native rainforests of the sector Quibiján-Naranjal of
Toa are considered to be true rainforests in Cuba [11], where there are not deciduous elements
with an abundance of epiphytes with two main tree strata from 20–25 m and 8–15 m.

1.1. Problem statement

The BRSR is classified according to the International Union for the Conservation of the Nature
(UICN) as a Protected Area of Managed Resources: which means that this area type is accorded
a larger flexibility for management, conservation, and also some productive activities and
services, if done in a sustainable way [6]. This forest has been subjected to extensive exploita‐
tion since the sixteenth century, contributing to its degradation and the lack of valuable timber
trees and other important species [12]. The riverside forest of the Cuyaguateje was selected
because the landownership system (Cooperative farm) supports active agriculture activities.
It has the highest degradation grade among the Cuban riverside forests. It is also disturbed by
recurrent inundation episodes [13]. The native rainforest was chosen due to its previous
intensive exploitation, the current anthropogenic pressure imposed by the adjacent commun‐
ities [14], and its condition as a rainforest from the Sagua-Baracoa region [11].

At all these sites, disturbances can combine and produce many factors modifying the structure,
composition, and functioning of populations, communities, and ecosystems [15], thus chang‐
ing the availability of resources and habitats. The identification, characterization, and under‐
standing of the communities or types of forests are fundamental in order to manage and
conserve forest biodiversity [16]. However, although there are some studies to help us identify
and define types of forests in the Neotropic, the information is still limited and more research
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is needed in this area [17], especially in the Caribbean tropical forests. Therefore, conservation
and restoration programmes need to include diagnosis in their analysis, for the evaluation of
the structure of populations, communities, and ecosystems, and their correlation with present
and past disturbances. In this research, we introduce such studies for three different Caribbean
forest types.

2. Material and methods

2.1. Application area

The Biosphere Reserve “Sierra del Rosario” (BRSR) occupies an area of 25,000 ha at 600 metres
above sea level (m.a.s.l) in the Artemisa province (western Cuba) from 22°45´–23°00´N to 82°50
´–83°10´W. It is part of the National System of Protected Area in Cuba [8]. In the BRSR, the
semi-deciduous forest has special importance due to its large area. It constitutes the natural
vegetation of Cuba, as high as approximately 600 m.a.s.l. Trees reach a height of 20 to 30 m,
the canopy is constituted by two arboreal layers and a shrubby understory, with leaves of
approximately 13 to 26 cm of longitude, mostly compound. The herbaceous layer is usually
missing. The highest trees usually lose their leaves during the driest period, while those of the
second arboreal layer usually conserve their leaves for the entire year [10].

The riverside forest of the Cuyaguateje is located in the Guane municipality of Pinar del Rio
Province, from 22°11’–22°13´N to 84°03´–84°05´W, at 10 to 30 m.a.s.l. The native rainforests of
the sector Quibiján-Naranjal belong to the mountain formation of Nipe-Sagua-Baracoa, in Toa
´s river basin in the Guantánamo province (Figure 1). The research site is in the riverside forests
of the Cuyaguateje, in the river´s middle reaches. This forest’s limits to the west are marked
by the urban perimeter of Guane, to the north by plantations of the Forest Enterprise Macurije,
to the south by the Cooperative of Credits and Strengthened Services “Secundino Serrano”,
and to the east by the end of the Sierra Cerro of Guane.

Figure 1. Geographic location of the study cases. BRSR: Biosphere Reserve “Sierra del Rosario”.
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2.2. Field sampling

First, the study areas were selected as representative units of the described forest type. Later
on, sampling plots were chosen where floristic inventories were carried out. Environmental
and dasometric variables were also measured. A group of variables related to human interfer‐
ence and its impact on the structure and quality of the forests was assessed, along with the
environmental variables (soil, elevation, and distances from different human activities). Finally,
a proposal of an action plan for the conservation and restoration of these forests was designed.

A random stratified design was used for field sampling, setting down 0.1 hectares plots (50 m
x 20 m) following the “Methodology of Quick Inventory” [18–19]. In each plot the diameter and
height of all the examples of arboreal species (Height > 2 m and over 5 cm of D1.3, diameter at
breast  height)  were  identified  and measured.  Environmental  variables  considered  were:
nutrient content of soil (ppm) of Na, Mg, K, and Ca; pH; content of organic matter in soil (MO);
and distance from the centre of the plot to the areas of human activity (cultivated lands, housings,
and tourist facilities). Sampling data were validated using the curved area species method.

Diversity indexes were calculated using the floristic data from the inventory. Beta diversity (β)
was estimated using hierarchical cluster analysis, using Sorensen distance (Bray-Curtis). This
distance was estimated as the floristic similarity among the identified groups with the previous
analysis calculated with Jaccard’s index for qualitative data and the Morisita-Horn index for
quantitative data. To identify the indicator species of each one of the identified groups through
the cluster analysis, the Dufrene and Legendre method was used [20]. Diversity alpha (α) was
calculated with the reciprocal of Simpson index (C inv.) [21], and an unbiased estimator of
diversity was calculated using the jack-knife technique.

The horizontal structure was described with the relative values of abundance, dominance, and
frequency of each species. In addition, the tree diametric class distributions were described for
each plot. The ecological importance index value (IVIE), was calculated for each species as the
sum of the parameters in the horizontal structure [22]. To describe the relationships among
the variables, a principal components analysis (PCA) was performed, while to determine the
association among environmental variables with the distribution and abundance of species for
plots a canonical correspondence analysis (CCA) was done.

Key or vulnerable species for high-priority consideration in restoration programmes were
identified based on their abundance, dominance, commercial wood potential, and dasometric
variables. The design of the restoration proposal was based on the approaches of [5] who
suggest 13 steps for restoration strategies.

3. Results

3.1. Study of case No. 1: Mesophyll semi-deciduous forest of the Biosphere Reserve “Sierra
del Rosario” (BRSR)

We identified 36 families, 75 genera, and 91 species, with a total of 7,799 individuals registered
from 30 sampled plots. The endemism rate was 11.24%, a similar value reported for the
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complete BRSR (from 11 to 34% [7]). The cluster analysis showed the presence of three groups
among the plots, according to the flora composition. This result was tested by the MRPP test,
which revealed differences among groups (p< 0.001) and supported the classification into three
clusters. The analysis of species indicator [18] in each group is shown in Table 1.

Indicator species Groups IVI p Indicator species Groups IVI p

Bursera simaruba

1

72.3 0.01 Oxandra lanceolata

3

90,9 0.01

Guettarda sp. 68.4 0.01 Laurocerasus occidentalis 74,2 0.01

Matayba apetala 68.0 0.01 Zanthoxylum martinicense 65,7 0.01

Andira inermis 61.7 0.02 Pithecellobium arboreum 60,5 0.02

Nectandra coriacea 59.6 0.02 Caesalpinia bahamensis 60,0 0.01

Trophis racemosa

2

72.4 0.01 Swietenia mahagoni 60,0 0.01

Casearia mollis 67.9 0.01 Tabebuia shaferi 57,0 0.01

Cupania americana 62.9 0.01 Cedrela odorata 56,9 0.04

Guazuma ulmifolia 52.8 0.02 Didymopanax morototoni 50,8 0.02

Roystonea regia 52.6 0.04 Rauwolfia nitida 49,7 0.01

Trichilia hirta 50.1 0.04 Erythrina poeppigiana 48,7 0.03

Spondias mombin 47.1 0.02 Poeppigia procera 45,0 0.02

Eugenia maleolens 40,0 0.01

Table 1. Indicator species for the three groups, ordered by their IVI (p <0.05), obtained in the floristic inventory carried
out in the western sector of BRSR.

According to these results, species related to the secondary forest that could be associat‐
ed  with  a  disturbance  like  timber  extraction  predominate  in  groups  1  and  2.  Group  3
contained species from preserved sites, which correspond with plots in the Natural Reserve
El  Mulo.  The results  of  the CCA analysis  were globally  significant.  The first  three axes
offered a good solution to the ordination of the sampling units and of the species, because
due to the present total variability in the data of abundance of the species (inertia = 2.55)
it was possible to explain 23.7% by means of the group of this axes. The analyses reveal
that the effect of the soil is not significant in the distribution and presence of species and
therefore  in  the  classification of  the  samples.  The  variable  distance  to  human establish‐
ments has a bigger effect,  mainly related with the plots of group 1 that are the furthest
away  and  therefore  less  affected  by  the  anthropic  action.  Group  3  is  separated  by  the
composition of species in the parcels or plots of the El Mulo located in more conserved
area corresponding to the area nucleus of the reserve (Figure 2).
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Figure 2. Projection of environmental variables, sampling units, and species in the plane defined by the axes CCA1 and
CCA2. The continuous explanatory variables are shown as lines, the categorical explanatory variable is indicated by
the colour of sampling unit, and the species with the codes given to their names.

The diversity of species and the equitability (alpha diversity) did not show significant
differences (p>0.05) among localities. Therefore, in general, both variables can be considered
to have high values. Numerically the areas of El Mulo and Mogote have a higher value that
corroborates the characteristic vegetation for the complex of vegetation of Mogote [9]. In the
case of El Mulo, the category of “Natural Reserve” favours its conservation and therefore
displayed a higher diversity value (Table 2).

Sites Simpson (1/C) VPi Equitativity (E) VP

San Ramón 17.51 ± 3.09 .8510 ± 0.05

Mogote 18.52 ± 8.54 .8521 ± 0.03

Brazo Fuerte 16.73 ± 2.03 .8581 ± 0.03

Los Hondones 16.33 ± 1.05 .8518 ± 0.04

El Mulo 20.31 ± 2.13 .8231 ± 0.06

Average 17.88 ± 3.50 .8500 ± 0.04

Table 2. Average of dear diversity by means of the method of "Calculation Jump" (jack-knifing) for mesophyll semi-
deciduous forest in the western sector of the BRSR.
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3.1.1. Horizontal structure

The tree species with a higher ecological importance were those with a higher frequency (over
60%), so abundance and dominance are more important to the IVIE. Roystonea regia appears
in the first position as the typical species in this forest. Other species, such as Trophis racemo‐
sa and Matayba apetala, are important because of their abundances, and Ficus aurea for its
dominance (Table 3).

In the El Mogote, the species Guarea guidonia, Roystonea regia, Bursera simaruba, and Matayba
apetala were present in the lowest and the middle parts, showing how their distributions are
central to the altitudinal distribution of this formation [10]. The species Cecropia schreberiana
was located among the most important by its relative dominance. It has very few individuals
with small diameters that inhabit the most exposed places to light. This distribution favours
the establishment of early secondary communities. Such communities evolve to establish a
homeostasis in an approximately ten-year period. Then they stabilize the canopy in places that
have suffered natural or anthropogenic disturbances. This behaviour is typical of pioneer
species that will be later substituted in the successional process. Syzygium jambos is among the
most abundant species, and it shows a high migration capacity, confirming their invasive
condition. The abundance of these species demonstrates an increase in the populations of this
group of plants and they indicate an altered ecological integrity.

No Species AR FR DmR IVIE

1 Roystonea regia 2,9 93,3 6,23 102,48

2 Trophis racemosa 7,1 90,0 0,75 97,87

3 Matayba apetala 9,5 83,3 1,93 94,75

4 Pseudolmedia spuria 5,4 86,7 0,50 92,53

5 Bursera simaruba 4,1 83,3 2,53 89,94

6 Guarea guidonia 8,3 80,0 1,57 89,88

7 Ficus aurea 0,7 66,7 21,22 88,55

8 Calophyllum antillanun 4,8 80,0 1,03 85,83

9 Andira inermis 2,2 80,0 1,92 84,11

10 Cecropia schreberiana 1,5 80,0 2,18 83,70

11 Syzygium jambos 6,7 70,0 1,08 77,79

12 Cupania americana 2,4 70,0 0,29 72,70

13 Matayba domingensis 4,6 63,3 1,72 69,67

14 Cinnamomun elongatum 2,0 66,7 0,37 69,08

15 Guazuma ulmifolia 2,1 63,3 1,88 67,29

Table 3. First 15 arboreal species located by their Value of Ecological Importance in mesophyll semi-deciduous forest
in the western sector of the BRSR.
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Within the species with intermediate abundance, Calycophyllum candidissimun, Dendropanax
arboreus, and Samanea saman hold special interest for future conservation strategies. The species
Chione cubensis, Lagetta wrightiana, and Terminalia chicharronia (classified as endemic in “Sierra
del Rosario”) have a low abundance. However, those species were reported as being very
abundant in this formation [10]. In our inventories, their presence only in the areas of San
Ramón and Brazo Fuerte gave them the classification of being rare species. Among the most
dominant species, the high presence of Ficus aurea is the outcome of selective felling being
carried out in these forests, due to the scarce commercial value of Erythrina poeppigiana.
Roystonea regia, Mangifera indica, Laurocerasus occidentalis, Swietenia mahagoni, and Zanthoxylum
martinicense all reached 59% dominance.

The biggest values of basal area (m²/ha) for the mesophyll semi-deciduous forest were found
for the western sector of the reserve, in the areas of El Mulo and Brazo Fuerte. The species
Ficus aurea with 23.7 m²/ha and Erythrina poeppigiana with 18.9 m²/ha showed the biggest values
in this parameter.

3.1.2. Vertical structure

These forests presented a high height, with two strata whose emergent trees are Calophyllum
antillanun, Andira inermis, Roystonea regia, Pseudolmedia spuria, and Matayba apetala. All these
species can reach up to 35 m in the hollows of San Ramón de Aguas Claras, Los Hondones,
Brazo Fuerte, and in the low altitudes of the western part of “El Mogote de Soroa”. The canopy
was composed of individuals with heights from 20 to 30 m, with slight differences between
the areas of hillsides and the summits. In the nature reserve El Mulo, the forest has two arboreal
floors. The top stratum (more than 25 m in height) contained emergent Ficus aurea, Eritrina
poeppigiana, Cecropia schreberiana, Didymopanax morototoni, Trichospermun mexicanum, and
Roystonea regia, among other species. The trees in this layer reach up to 30–35 m in height. The
intermediate stratum of mesophyll semi-deciduous forest in the studied areas is occupied by
trees between 15 to 10 m tall. The lower stratum was integrated by evergreen species that
reached heights of 6 to 12 m. The lower stratum is composed of juvenile individuals of the
most abundant and frequent species, such as: Trophis racemosa, Guarea guidonia, Bursera
simaruba, Pseudolmedia spuria, Syzygium jambos, Calophyllum antillanun, and Dendropanax
cuneifolius. Trees in the lower stratum are usually younger individuals. Regeneration is
fundamentally of species typical of secondary forests, except in El Mulo where Matayba
apetala had regenerated. The similar abundance of sharing species among strata of the forest
(Table 4) was determined by the Morisita-Horn index giving analogous values (≥ 80 %).

D1,3 <5 cm height
<1,5 m

D1,3 <5 cm height
≥1,5 m

D1,3 ≥5 ≤ 10 cm height
≥1,5 m

D1,3 ≥10 cm height "/
>1,5 m

D1,3 <5 cm height <1,5 m 0,92 0,87 0,80

D1,3 <5 cm height ≥1,5 m 0,90 0,85

D1,3 ≥5 ≤ 10 cm height ≥1,5 m 0,80

D1,3 ≥10 cm height "/>1,5 m

Table 4. Morisita-Horn index of the components of the vertical structure of mesophyll semi-deciduous forest
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3.1.3. Disturbances and relationship with the forest status

Ecological disturbances were classified according to their intensity in a scale from 1 to 4, where
1 = without disturbance; 2 = light; 3 = moderate; and 4 = high disturbance. Selective felling,
alterations for the construction of roads, clearings, and the felling of trees due to winds,
firewood extraction, and for other non-timber forest products were evaluated according to this
scale. It was proven that the anthropogenic alterations prevailed: the most intense were related
with selective felling, one of the factors that alters the dynamics of the regeneration more than
others, changing the structure and composition of the forest.

Results of the principal components analysis were displayed on a correlation matrix between
variables describing disturbance and variables describing species structure (Table 5). This table
reveals that the first three orthogonal components explain 67% of the present variability. The
variables that contributed more to the segregation of the components were: maximum number
of individuals, selective felling, total number of individuals, and dominance. The first compo‐
nent reveals the inverse relationship between species number and basal area versus environmen‐
tal variables such as the distance of the sampling places from the populated areas and forest
clearings. The second and third components confirmed the direct relationship between the
quantity of individuals and variables such as the intensity of selective felling, extraction of non-
timber forest products, and road construction. The high density of individuals in the pertur‐
bed places is related to canopy opening and high regeneration of heliophill (sun tolerant) species,
which usually have small diameters and therefore low values of basal area.

Communality
Component

Variable 1 2 3

Specie richness ,725 -,773 ,306 -,183

Clearings and fall of trees ,617 ,766 -,157

Diversity (1/D) ,776 ,624 ,620

Distance ,609 ,607 -,489

Basal area ,414 -,601 -,231

Selective felling ,860 ,919

Firewood extraction and non-timber forest product (NTFP) ,638 ,236 ,753 ,121

Total of individual numbers ,777 -,295 ,635 ,535

Individual numbers of the most abundant species ,877 ,338 ,869

Total Roads impact ,408 -,158 -,355 ,507

Auto value 2,486 2,2111 2,003

% of variance 24,862 22,105 20,031

Σσ2 24,862 46,967 66,998

Table 5. Main components analysis based on the correlation matrix between the disturbance variables and structural
variables.
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The relationship among sites, species, and some environmental variables indicates that
Swietenia mahagoni, Oxandra lanceolata, Tabebuia shaferi, and Caesalpinia bahamensis, among
others, reached the biggest values of abundance in environments with low disturbance. This
fact indicates that these taxa are characteristic of places only slightly altered, like in the parcels
of El Mulo.

Figure 3 shows the results of classifying the sampling units (plots) according to their disturb‐
ance grade.

Figure 3. Projection of sampling units (squares) and species (asterisks) in the plane defined by the first two axes of the
ACP. The continuous explanatory variables are shown as lines and the categorical explanatory variable is shown ac‐
cording to the colour of the symbol of the sampling unit. Sampling places: (sr1-sr6) — plots of San Ramón; mg1-mg6 —
plots of El Mogote; bf1-bf6 — plots of Brazo Fuerte; lh1 a lh6 — plots of Los Hondones; eml1-eml6 — plots of El Mulo.
Variables: Dist — distances to populational establishments and other human activities; AB — Basal area; Cam —
roads; AL — height of sea level; 1/D — diversity; TS — selective felling; Esp — specie richness; Ind — individuals'
maximum number; PFNM — Non-timber forest products; Cla — Forest spacements. Species codes: (Eugeni — Eugenia
maleolens); (Caesal — Caesalpinia bahamensis); (Tabebu — Tabebuia shaferi); (Pithec — Pithecellobium arboreum); (Oxandr —
Oxandra lanceolata); (Poepi — Poeppigia procera); (Cedrel — Cedrela odorata); (Comocl — Comocladia dentata); (Lauroc —
Laurocerasus occidentalis); (Sweten — Swietenia mahagoni); (Matayd — Matayba domingensis); (Cupani — Cupania ameri‐
cana); (Trophi — Trophis racemosa); (Cecrop — Cecropia shreberiana); (Erythr — Erythroxyllum havanense); (Spondi — Spon‐
dias mombin); (Trichi — Trichilia havanensis); (Dendro — Dendropanax arboreus).

Secondary species characteristic of mesophyll semi-deciduous forest that generally have little
commercial value, such as Matayba apetala and Trophis racemosa, were more abundant in places
with moderate to high disturbance levels. These sites coincide with the plots in Brazo Fuerte,
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Los Hondones, and San Ramón, characterized by the presence of the biggest diversity alpha,
and the largest presence of species and abundance. According to these results the hypothesis
of intermediate disturbance is corroborated [23]. Such a hypothesis states that the opening of
forest gaps favours a much higher level of diversity (at local and regional scales) that would
be presented if they lacked those disturbances.

On the other hand, the species Swietenia mahagoni and Caesalpinia bahamensis have a perfect
correlation with sites with the lowest disturbance level, according to the test of Dufrene and
Legendre [20]. Such correlation was demonstrated in the field, as these species were located
very close to the plots of El Mulo. The opposite result was found for Cupania americana and
Cecropia schreberiana, which were mostly present in sites with a high degree of disturbance.
They were observed very near the most perturbed places of Brazo Fuerte, Los Hondones, El
Mogote, and San Ramón.

In accordance with the results, indicator species were not present under conditions of moderate
disturbance. Such species are fundamentally pioneer species of very wide distribution that
surpass different ecological conditions, related with the alteration of environment. Indicator
species with a significance level (p <0.05) are shown in Table 6. Swietenia mahagoni and
Caesalpinia bahamensis could be considered as perfect indicators of the lowest disturbance level.
On the other hand, Cupania americana and Cecropia schreberiana were the best indicators of a
high degree of disturbance.

Indicator species Disturbance IVI p* Indicator species Disturbance IVI p*

Caesalpinia bahamensis

Light

100,0 0,001 Cecropia schreberiana

High

71,0 0,001

Swietenia mahagoni 100,0 0,001 Cupania americana 69,9 0,001

Tabebuia shaferi 97,5 0,002 Trichilia havanensis 68,4 0,021

Oxandra lanceolata 91,2 0,002 Trophis racemosa 63,6 0,003

Poeppigia procera 81,3 0,002 Dendropanax cuneifolius 62,4 0,019

Pithecellobium arboreum 80,9 0,003 Matayba apetala 53,4 0,032

Comocladia dentata 68,6 0,013 Roystonea regia 53,3 0,047

Eugenia maleolens 66,7 0,013 Erythroxyllum havanense 50,0 0,042

Laurocerasus occidentalis 62,6 0,019 Spondias mombin 47,1 0,032

Cedrela odorata 61,3 0.020

Factor level: 2 — Light; 4 — High.

Table 6. Lists of the main indicator species ordered for IVI (p <0.05) according to the disturbance level.

3.1.4. Diameter structure of forest species in the reserve

The number of woody species of local and commercial interest was reduced, and their diameter
distributions presented few individuals in superior categories (Table 7). This can be the result
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of selective commercial logging, described as one of the main disturbances in the region. These
results corroborate those outlined in [24], for “Sierra del Rosario”. These authors concluded
that in that region, only a few individuals end up having diameters bigger than 20 cm, due to
topography and shallow soils. Although the diversity of trees is high, the abundance of forestry
species’ regeneration with commercial value is low in the mesophyll semi-deciduous forest of
the reserve.

Species
Number of trees for diameter class d(1,3) (cm)

Total 2,5–9 10–19 20–29 30–39 40–49 50–59 60–69 70–79 80–89 90–99 ≥100

Matayba apetala 502 333 128 40 1

Guarea guidonia 471 346 67 35 10 6 2 1 2 1 1

Bursera simaruba 420 188 172 44 9 3 2 2

Calophyllum antillanum 347 254 48 27 10 2 3 1 1 1

Trichospermun mexicanum 206 57 89 42 14 3 1

Andira inermis 189 111 51 22 5

Oxandra lanceolata 149 99 30 12 6 2

Laurocerasus occidentalis 141 91 32 12 4 1 1

Mangifera indica 130 56 3 7 4 7 31 8 2 7 5

Zanthoxylum martinicense 122 52 20 21 21 3 2 1 2

Talipariti elatum 116 62 19 12 7 11 2 3

Table 7. Structure of the diameter class of arboreal species with more than 100 individuals in the sampling places in
the western sector of the BRSR.

It seems that in the reserve there is a considerable quantity of species tolerant to disturbances,
such as Talipariti elatum, Bursera simaruba, Calophyllum antillanun, Laurocerasus occidentalis, and
Guarea guidonia. They regulate the diametric structure that favours their presence in the forest.
This phenomenon could indicate their possible use in reforestation programmes. On the other
hand, species of high commercial value like Swietenia mahagoni and Cedrela odorata are only
represented by 28 and 45 individuals, respectively. The stand diametric structure reveals very
few individuals in the regeneration category, and also a very minor presence in other diametric
classes. This situation puts the future existence of these species at risk.

3.1.5. Indicator species

The regular form in the diametric distribution observed in Matayba apetala, Guarea guidonia,
Bursera simaruba, and Calophyllum antillanun, with an abundance of juvenile individuals in the
inferior categories, suggests tolerance to the competition caused by disturbances in the forest.
Therefore, some of these species could be incorporated into a monitoring programme for these
ecosystems. Due to their quick growth, they could also be considered for inclusion in a
restoration programme in the region. In this context, among the arboreal species suggested as
key species are: Guarea guidonia, Matayba apetala, Pseudolmedia spuria, Calophyllum antillanun,
Laurocerasus occidentalis, Mangifera indica, Cecropia schreberiana, and Bursera simaruba. These
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species possess additional attributes that allow them to provide stability to the ecosystem
before the disturbances [21]. The approaches that endorse this selection are related in the
following.

Large trees of Mangifera indica found in San Ramón de Aguas Claras, El Mogote, Brazo Fuerte,
and Los Hondones support a high epiphytic diversity, with flowers like orchids, bromeliads,
and others. In addition, such epiphytes are also an important element for wildlife food sources
(mainly birds and small mammals), whose populations could be at risk in this reserve. Many
fruits are also collected by the residents of the local communities for their own consumption.
In “Sierra del Rosario”, the presence of Cecropia schreberiana allows the establishment of early
secondary communities. Such communities develop a homeostasis in around a 10-year cycle,
stabilizing the canopy in places that have suffered natural or anthropogenic disturbances.
Other species like Trophis racemosa and Syzygium jambos could be suggested as indicator species
of highly disturbed forests in this region. Trophis racemosa is located mainly in the medium to
high altitudes, while Syzygium jambos is distributed in the medium to low areas near rivers or
streams.

3.1.6. Vulnerable species

In an alarming way, individuals of some commercially important species such as Lagetta
wrightiana and Terminalia chicharronia, which were previously plentiful in these forests (as local
residents remember), were present only in the inventories of San Ramón de Aguas Claras and
Brazo Fuerte, respectively. For the last species, individuals were not observed in natural
regeneration inside the sampled plots. This result supports its consideration of species under
threat, according to the species Red List of Cuba [9].

3.1.7. Restoration proposal

The  purpose  of  the  proposal  is  to  suggest  a  group of  actions  to  guide  restoration  and
conservation  of  forests  in  the  western  sector  of  the  BRSR  and  adjacent  areas.  In  the
elaboration of this proposal,  the approaches by [5]  have been considered. These authors
suggest 13 steps or main elements to consider in the elaboration of the plan. These are:

1. To define the ecosystem or reference community;

2. To evaluate the current state of the ecosystem or community;

3. To define the scales or levels of organization of the ecosystem;

4. To establish the scales and disturbance hierarchies;

5. To achieve the local human community’s participation;

6. To evaluate the potential of regeneration of the ecosystem;

7. To establish the restoration barriers at different scales;

8. To select the appropriate species for restoration;

9. To spread and to manage the selected species;
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10. To select the intervention sites;

11. To design strategies to overcome the barriers to the restoration;

12. Monitoring the restoration processes;

13. To consolidate the restoration process.

According to the previous steps, the actions for the restoration have been based on the
following aspects: 1) it has been kept in mind the previous main scientific research studies
carried out in the area that today occupies the Biosphere Reserve of “Sierra del Rosario”.
Among these, the book Ecology of Rainforests of Sierra del Rosario [7] constitutes a summary of
the main research carried out in this ecosystem. Other important studies considered aspects
of the geology in relation with the presence of hydrocarbons in the eastern part of the reserve
[26], agrobiodiversity that the farmers manage in homemade orchards and properties in
protected areas [27], and restoration of arboreal diversity of rainforests in the reserve [6]. Also,
analysis of research needs in the protected area [30], and the floristic characterization of
mesophyll semi-deciduous forest in the western sector of the BRSR, as well as a group of
indicator environmental variables of disturbances.

When proposing the restoration plan, we also kept in mind the results of floristic inventories
carried out in the Biosphere Reserve of “Sierra del Rosario”, as well as the impacts of the
traditional extraction of products of forest and other land uses. We also tried to incorporate
the perceptions and identification of the environmental services of forest by the local residents
of the reserve, according to the approaches of [28]. Opinions of the technical staff of the
Ecological Station (the state entity responsible for the protection of the BRSR), and recommen‐
dations of experts on the basic approaches for the conservation and the sustainable forest
administration [27, 6] were also taken into account. In addition, guidelines by International
Organization of Tropical Wood for restoration, ordination, and rehabilitation of secondary and
degraded tropical forests [29], as well as recommendations on the Methodology for the
Elaboration of Management Plans for Protected Areas of Cuba [30], were incorporated. Finally,
the Management Plan of the Biosphere Reserve of “Sierra del Rosario” for the period 2011–
2015 and the operative Plan of the Reserve were consulted [8].

After this review, it was determined that the main barriers to the restoration are:

• Natural barriers: dominance of species with little commercial value, invasion of exotic
species, irregularities in the diameter classes in distribution of species of high commercial
value, and gaps in the forest as a result of the wind and the falling of trees.

• Social barriers: selective logging, firewood extraction, non-timber forest products harvest‐
ing, and road construction.

Recommended actions for forest restoration:

• Adoption of modern silviculture techniques, such as favouring passive reforestation
(natural regeneration), enrichment of the natural forest, reforestation with native species,
and implementation of agroforestry or silvopastoral systems.
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• To reach higher percentages of natural regeneration in places affected by windthrow,
selective logging, road construction, or agricultural cultivation, the following species are
recommended for restoration: Matayba apetala, Guarea guidonia, Bursera simaruba, and
Calophyllum antillanun. The species with commercial use are: Andira inermis, Swietenia
mahagoni, Laurocerasus occidentalis, Terminalia chicharronia, and Gerascanthus gerascanthoides.

• A high-priority is given to the recovery of native forest species whose populations are in
critical state, such as Lagetta wrightiana and Terminalia chicharronia. Similarly, reintroduction
of trees with beautiful wood that have been extinguished locally, such as Cedrela odorata and
Swietenia mahagoni, is also a high-priority.

3.2. Study of case No. 2: Riparian forest of the River Cuyaguateje

3.2.1. Biodiversity

For alpha diversity, floristic inventories in both borders of the studied area were done every
323 m and natural regeneration was estimated. The specie richness was 38 species, including
21 families and 36 genera. Table 8 shows the 860 individuals of the species (> 2 m of height).
Similar results were reported in previous studies [31–32] and also referred to by local farmers
since the 1970s. The most representative species found were Bambusa vulgaris, Guazuma
ulmifolia, Samanea saman, Sapindus saponaria, Lonchocarpus domingensis, Spondias mombin,
Roystonea regia, Trichilia hirta, and Bursera simaruba. Natural regeneration in passive restoration
allows abundant recruitment of autochthonous species such as G. ulmifolia, S. saponaria, L.
domingensis, T. citrifolia, S. mahagoni, T. hirta, T. elatum, and S. mombin. These species can create
more suitable habitats for other typical species, reducing the impacts of human activities [33]
and increasing ecological resilience.

Species Individuals Dr Species Individuals Dr

Bambusa vulgaris Schrader ex
Wendland

191 22,2 Psidium guajava L. 15 1,74

Guazuma ulmifolia Lam. 87 10,1 Cephalanthus occidentalis L. 14 1,63

Samanea saman (Jacq.) 79 9,19 Roystonea regia HBK O. F. Cook. 13 1,51

Sapindus saponaria L. 46 5,35 Mangifera indica L. 12 1,40

Lonchocarpus domingensis (Pers). DC. 42 4,88 Swietenia macrophyla King. 10 1,16

Tabernaemontana citrifolia L. 42 4,88 Gliricidia sepium Jacq. Urb. 7 0,81

Swietenia mahagoni L 37 4,30 Tabebuia angustata Britt. 7 0,81

Trichilia hirta L. 35 4,07 Bursera simaruba (L). Sargent. 6 0,70
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Species Individuals Dr Species Individuals Dr

Gmelina arborea Roxb 34 3,95 Terminalia catappa L 6 0,70

Talipariti elatum Frixell (Sw.) 32 3,72
Andira inermis (W. Wright) Kunth
ex DC.

4 0,47

Spondias mombin L 26 3,02 Casearia hirsuta Sw 3 0,35

Guarea guidonia L. Sleumer 21 2,44 Melicoccus bijugatus Jacq 3 0,35

Cordia collococca L 17 1,98 Annona reticulata L 2 0,23

Cedrela odorata L 16 1,86 Comocladia dentata Jacq 2 0,23

Gerascanthus gerascanthoides L. 16 1,86 Cupania americana L. 2 0,23

Dichrostachys cinerea (L) Wigth et
Arm

16 1,86 Cocos nucifera L 1 0,12

Acacia mangium Willd. 15 1,74 Khaya senegalensis Desr (A. Juss.) 1 0,12

Total 860 100

Table 8. Arboreal and shrub species identified in the area in the riversides of the River Cuyaguateje (> 2 m height).

During the first year (2000) the area could be recognized by the presence of scarce trees of eight
species along the riverside. Figure 4 illustrates how specie richness increased during the
rehabilitation process, simultaneously with the reduction of the human cultivation practices,
extensive shepherding, and sand extraction from the riverbed.

Figure 4. Specie richness trends during the period (2000–2010) according to [13].
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Table 9 represents biodiversity expressed by Simpson’s index and its reciprocal in each
research plot. The highest values of diversity corresponded to plots 3, 5, and 8 in the border 1,
and plots 18, 24, 25, and 30 in the border 2. These plots correspond to locations where local
farmers had implemented forest rehabilitation measures by themselves. Generally speaking,
biodiversity values per plot varied from 1.29 to 12.61 in border 1, and from 0.62 to 14.25 in
border 2. Such a trend clearly shows the differences among sites with and without human
activity in both borders, since the topography and soils are similar in the whole studied area.

Border 1 Border 2

Plots Dominance (D) Diversity (I/D) Plots Dominance (D) Diversity (I/D)

1 0.22 4.50 18 0.08* 12.20*

2 0.21 4.75 19 0.14 7.35

3 0.12* 8.61* 20 0.09 10.60

4 0.22 4.61 21 0.27 3.72

5 0.11* 9.23* 22 0.22 4.62

6 0.40 2.80 23 0.24 4.11

7 0.20 6.51 24 0.07* 14.25*

8 0.08* 12.61* 25 0.08* 12.05*

9 0.50 2.20 26 0.61 0.62

10 0.27 3.67 27 0.19 5.60

11 0.39 2.60 28 0.12 8.56

12 0.57 1.74 29 0.16 6.18

13 0.51 1.97 30 0.19* 11.27*

14 0.78 1.29 31 0.15 6.30

15 0.40 2.50 32 0.09 10.50

16 0.39 3.05 33 0.16 8.11

17 0.35 2.30 34 0.15 6.66

Table 9. Dominance index and their reciprocal one, of the individuals with d1.3≥ 2.5 cm for plots in each border

The plots with the highest diversity values (8, 18, 24, 25, and 30) could be used as examples of
the expected restoration targets for riparian forests in terms of floristic composition. However,
they show some signs of past anthropogenic intervention. Ecologically speaking, these plots
form a complex mosaic as a result of the processes that favour ecological resilience, thus
increasing biodiversity values.

As for beta-diversity and Jaccard´s index of similarity, they are very important for assessing
the degree of similarity among communities and the degree of exclusion between two species
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within the same community, especially when the species become dominant [34–35]. Jaccard’s
index indicates similarity between rehabilitated borders (0.78) that have 29 species in common
(Table 10). Indeed, the high value in flora similarity between borders (0.78) is probably due to
the response to similar climatic factors (temperature, humidity, and precipitation), soil type,
and latitudinal position, while the differences could be related to structural elements of
common species.

Number Species Number Species

1 Acacia mangium Willd 16 Melicoccus bijugatus Jacq.

2 Andira inermis (W. Wright) Kunth ex DC. 17 Psidium guajava L.

3 Anonna reticulata L 18 Roystonea regia HBK O. F. Cook.

4 Bambusa vulgaris Schrader ex Wendland 19 Samanea saman Jacq.

5 Bursera simaruba (L) Sargent. 20 Sapindus saponaria L.

6 Casearia hirsuta Sw 21 Simaruba glauca D.C.

7 Cordia collococca L 22 Spondias mombin L

8 Cupania americana L. 23 Swietenia mahagoni L

9 Dichrostachys cinerea (L) Wigth et Arm. 24 Swietenia macrophyla King.

10 Gerascanthus gerascanthoides L. 25 Tabernaemontana citrifolia L.

11 Gmelina arborea Roxb. 26 Talipariti elatum Frixell (Sw)

12 Guarea guidonia L. Sleumer 27 Terminalia catappa L

13 Guazuma ulmifolia Lam. 28 Trichilia havanensis Jacq.

14 Lonchocarpus domingensis (Pers). DC. 29 Trichilia hirta L.

15 Mangifera indica L.

Table 10. Species in common in both borders that been rehabilitated.

In addition, another element that should be considered in support of this analogy is the
occurrence of floods that favour seed dispersion and natural regeneration of pioneer species,
while reducing anthropogenic pressure and the presence of typical vegetation such as G.
ulmifolia, L. domingensis, T. citrifolia, T. hirta, S. mombin, and S. saponaria. Among both com‐
munities (rehabilitated and control sites) an index of similarity of 0.28 with 14 common species
was reported (Table 11). The small similarity between the control and rehabilitated sites could
be caused by the short time of the rehabilitation process, the differences include the environ‐
mental conditions, and the human cultivation activities that enhance the presence of species,
many of which exhibit invasive behaviour.

If agriculture, extensive shepherding, and sand extraction activities were controlled, while
local actors managed the natural regeneration by increasing species numbers (even with exotic
species), better ecological conditions will develop in the long term for the transition towards
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a rehabilitated site, improving the ecosystem’s functionality. In addition, such favourable
conditions (fertility, humidity, and deposition of seeds) for natural regeneration and the
plantation of species like T. elatum and S. mahagoni would improve the ecosystem’s produc‐
tivity. In this sense, in some cases ecosystems degraded anthropogenically can be restored
when the external stresses are reduced, with the reintroduction of native species, the removal
of the exotic species, and the beginning of the passive restoration processes [36].

Species (natural area) Species (rehabilitated area) Common in both areas

Alibertia edulis (L. C. Richt.) Acacia mangium Willd Bursera simaruba L. Sargent.

Calycophyllum candidissimun (Vahl) DC. Andira inermis (W. Wright) Kunth Casearia hirsuta Sw.

Cinnamomun elongatum (Nees) Kostermans Anonna reticulata L. Comocladia dentata Jacq

Cochlospermun vitifolium (Willd.)
Bambusa vulgaris Schrader ex
Wendland

Cupania americana L.

Chrysophyllum cainito L.
Calophyllum antillanum (Britt.)
Standl.

Guarea guidonia L. Sleumer

Erythroxylum havanense Jacq. Cedrela odorata L. Guazuma ulmifolia Lam.

Gossypiospermum praecox (Gris.) P. Wilson Cephalanthus occidentalis L. Lonchocarpus domingensis (Pers). DC.

Luehea speciosa Willd. Cocos nucifera L. Roystonea regia HBK O. F. Cook.

Matayba apetala Macf. RDKL. Cordia collococca L. Sapindus saponaria L.

Oxandra lanceolata Sw. Baill.
Dichrostachys cinerea (L.) Wigth et
Arm.

Spondias mombin L

Protium cubense (Rose) Gerascanthus gerascanthoides L. Syzygium jambos L. Alston in Trimen

Zanthoxylum elephantiasis Macfd. Gliricidia sepium Jacq. Urb. Tabernaemontana citrifolia L.

Gmelina arborea Roxb. Trichilia hirta L.

Khaya senegalensis Juss Trichilia havanensis Jacq.

Mangifera indica L.

Melicoccus bijugatus Jacq.

Psidium guajava L.

Samanea saman (Jacq.)

Simaruba glauca D.C.

Swietenia mahagoni L.

Swietenia macrophyla King.

Tabebuia angustata Britt.

Talipariti elatum Frixell (Sw.)

Terminalia catappa L.

Table 11. Species identified in the study area (rehabilitated and control)
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Figures 5 and 6 show a diagram of range/abundance of the species in the borders. At both sites,
the highest abundance value corresponds to S. jambos, which in Cuba is an invasive species
linked to human activities. This species is a fruit-bearing shrub introduced in Cuba. It later
colonized some mountainous areas along riversides and constitutes a serious obstacle for
reforestation.

Figure 5. Diagram of the range/abundance of identified species in riversides (1 and 2) of the Cuyaguateje’s riversides
according to [13].

Figure 6. Diagram of the range/abundance for the 15 more representative species of the area that is rehabilitated in
borders (1 and 2) of the Cuyaguateje’s riversides according to [13]
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3.2.2. Forest structure

Table 12 shows the results of horizontal structural parameters of rehabilitated areas under local
communities’ participation (dominance (D), abundance (A), and frequency (F)), and the
ecological importance value index (IVIE) of the species in each border. The species with low
IVIE are those typical of the riparian forest, such as: B. simaruba, A. inermis, C. dentata, C.
americana, S. mahagoni, and R. regia. According to their relative abundance, the species most
sensitive to environmental or anthropogenic disturbances were identified: A. inermis, C.
dentata, S. macrophyla, S. mahagoni, A. reticulata, and R. regia. This parameter can be used as an
indicator of the degrading process [34, 37]. Similarly, in border 2 the species with low IVIE had
more commercial importance, such as G. arborea, S. saman, G. ulmifolia, L. domingensis, S.
mahagoni, T. elatum, S. saponaria, and R. regia (Table 12). In the case of G. arborea, the value of
the IVIE was due to its dominance. This species is not recommended for planting along
riversides because it is considered as potentially invasive [38]. It is also not recommended for
planting in sites prone to floods due its low survival rate under such conditions.

Border 1 Border 2

Species Dr Fr Ar IVIE Species Dr Fr Ar IVIE

Bambusa vulgaris 6,93 9,01 31,70 47,63 Bambusa vulgaris 11,53 5,52 13,69 30,73

Samanea saman 20,78 11,71 10,81 43,30 Gmelina arborea 19,63 4,83 5,74 30,20

Guazuma ulmifolia 17,47 9,01 11,30 37,78 Samanea saman 13,39 8,28 7,73 29,39

Lonchocarpus domingensis 3,99 7,21 4,18 15,37 Guazuma ulmifolia 9,99 6,21 9,05 25,25

Sapindus saponaria 2,87 7,21 3,69 13,76 Lonchocarpus domingensis 5,00 7,59 5,52 18,10

Acacia mangium 8,75 1,80 2,95 13,50 Swietenia mahagoni 4,14 5,52 7,95 17,61

Trichilia hirta 3,42 4,50 5,16 13,08 Talipariti elatum 8,25 4,83 4,19 17,27

Spondias mombin 7,89 3,60 1,47 12,97 Sapindus saponaria 3,49 6,21 6,84 16,54

Gmelina arborea 5,65 3,60 1,97 11,22 Roystonea regia 8,82 4,14 2,65 15,61

Mangifera indica 2,70 5,41 2,70 10,81 Spondias Bombin 3,63 6,21 4,42 14,25

Tabernaemontana citrifolia 1,18 5,41 3,69 10,27 Tabernaemontana citrifolia 0,52 6,21 5,96 12,69

Talipariti elatum Frixell 3,97 2,70 3,19 9,87 Trichilia hirta 0,29 4,83 3,09 8,21

Gerascanthus gerascanthoides 2,64 4,50 2,70 9,85 Cedrela odorata 1,83 2,07 3,53 7,44

Psidium guajava 1,47 3,60 2,46 7,53 Cordia collococca 0,81 3,45 2,43 6,69

Cordia collococca 3,15 2,70 1,47 7,33 Swietenia macrophyla 1,81 2,76 1,99 6,56

Tabebuia angustata 1,36 2,70 1,72 5,78 Guarea guidonia 0,30 2,76 3,31 6,37

Guarea guidonia 0,97 2,70 1,47 5,15 Cephalanthus occidentalis 0,18 2,07 3,09 5,33

Bursera simaruba 1,21 1,80 1,23 4,24 Dichrostachys cinerea 0,90 2,07 1,99 4,95

Terminalia catappa 0,89 1,80 1,23 3,92 Gliricidia sepium 1,25 1,38 1,55 4,17
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Border 1 Border 2

Species Dr Fr Ar IVIE Species Dr Fr Ar IVIE

Andira inermis 0,58 1,80 0,49 2,87 Acacia mangium 0,95 2,07 0,66 3,68

Dichrostachys cinerea 0,08 0,90 1,72 2,70 Psidium guajava 0,33 2,07 1,10 3,50

Comocladia dentata 1,15 0,90 0,49 2,54 Andira inermis 1,43 1,38 0,44 3,25

Casearia hirsuta 0,03 0,90 0,74 1,67 Gerascanthus gerascanthoides 0,52 1,38 1,10 3.00

Cupania americana 0,15 0,90 0,49 1,54 Melicoccus bijugatus 0,03 2,07 0,66 2,76

Swietenia macrophyla 0,31 0,90 0,25 1,46 Cocos nucifera 0,37 0,69 0,22 1,28

Swietenia mahagoni 0,22 0,90 0,25 1,36 Khaya senegalensis 0,37 0,69 0,22 1,28

Annona reticulata 0,14 0,90 0,25 1,29 Bursera simaruba 0,21 0,69 0,22 1,12

Roystonea regia. 0,05 0,90 0,25 1,20 Annona reticulata 0,03 0,69 0,22 0,94

Totals 100 100 100 300 Mangifera indica 0,01 0,69 0,22 0,92

Terminalia catappa 0,01 0,69 0,22 0,92

Totals 100 100 100 300

Table 12. Phytosociological Parameters of the riparian forest of the River Cuyaguateje, border (1 and 2). Dr = Relative
Dominance; Fr = Relative Frequency; Ar = Relative Abundance; IVIE = Ecological Importance Value Index

Fruit tree species were present with very low values in frequency, dominance, and abundance.
Only P. guajava, M. indica, A. reticulata, and M. bijugatus were observed. Local farmers did not
accept M. bijugatus because this species is a potentially invasive species [38]. The scarcity in
fruits could also be related to the low germination and development rates of Pouteria cam‐
pechiana (canistel) and Calocarpum sapota (Red Mammee) and the low presence of this species
in natural areas. Incorporating fruit trees to reforestation plans could be used as an incentive
for local farmers to protect riversides.

Natural regeneration reflects ecosystem fitness. Our results show a good condition with 3,952
in border 1 and 4,564 seedlings in border 2. Nonetheless, it is important to compare the species
in the upper canopy stratum with those that are regenerating because their relative frequencies
are directly associated to successional processes [36]. Our results indicate that favourable
conditions exist for the regeneration and the recruitment of arboreal and shrub species that
can increase or diminish in the measure that restrictive factors changes. Logically, it is also
related to the approval of local farmers of rehabilitation processes [13].

At both borders, regenerated individuals in the herbaceous stratum were found for G. ulmifolia,
S. saman, L. domingensis, S. saponaria, G. guidonia, R. regia, T. citrifolia, S. mombin, S. saponaria, T.
elatum, C. collococca, L. domingensis, and B. simaruba, which are typical species of this forest type.
The relative natural regeneration (RNRi) index, which combines abundance and frequency,
showed the higher values for T. citrifolia, S. saman, G. ulmifolia, S. mombin, L. domingensis, and
S. saponaria. Of the nine species that were used at the beginning of the reforestation [39] only
four were presented in this stratum: G. arborea, T. elatum, M. indica, and P. guajava. However,
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Swietenia macrophyla 0,31 0,90 0,25 1,46 Cocos nucifera 0,37 0,69 0,22 1,28

Swietenia mahagoni 0,22 0,90 0,25 1,36 Khaya senegalensis 0,37 0,69 0,22 1,28

Annona reticulata 0,14 0,90 0,25 1,29 Bursera simaruba 0,21 0,69 0,22 1,12

Roystonea regia. 0,05 0,90 0,25 1,20 Annona reticulata 0,03 0,69 0,22 0,94

Totals 100 100 100 300 Mangifera indica 0,01 0,69 0,22 0,92

Terminalia catappa 0,01 0,69 0,22 0,92

Totals 100 100 100 300

Table 12. Phytosociological Parameters of the riparian forest of the River Cuyaguateje, border (1 and 2). Dr = Relative
Dominance; Fr = Relative Frequency; Ar = Relative Abundance; IVIE = Ecological Importance Value Index

Fruit tree species were present with very low values in frequency, dominance, and abundance.
Only P. guajava, M. indica, A. reticulata, and M. bijugatus were observed. Local farmers did not
accept M. bijugatus because this species is a potentially invasive species [38]. The scarcity in
fruits could also be related to the low germination and development rates of Pouteria cam‐
pechiana (canistel) and Calocarpum sapota (Red Mammee) and the low presence of this species
in natural areas. Incorporating fruit trees to reforestation plans could be used as an incentive
for local farmers to protect riversides.

Natural regeneration reflects ecosystem fitness. Our results show a good condition with 3,952
in border 1 and 4,564 seedlings in border 2. Nonetheless, it is important to compare the species
in the upper canopy stratum with those that are regenerating because their relative frequencies
are directly associated to successional processes [36]. Our results indicate that favourable
conditions exist for the regeneration and the recruitment of arboreal and shrub species that
can increase or diminish in the measure that restrictive factors changes. Logically, it is also
related to the approval of local farmers of rehabilitation processes [13].

At both borders, regenerated individuals in the herbaceous stratum were found for G. ulmifolia,
S. saman, L. domingensis, S. saponaria, G. guidonia, R. regia, T. citrifolia, S. mombin, S. saponaria, T.
elatum, C. collococca, L. domingensis, and B. simaruba, which are typical species of this forest type.
The relative natural regeneration (RNRi) index, which combines abundance and frequency,
showed the higher values for T. citrifolia, S. saman, G. ulmifolia, S. mombin, L. domingensis, and
S. saponaria. Of the nine species that were used at the beginning of the reforestation [39] only
four were presented in this stratum: G. arborea, T. elatum, M. indica, and P. guajava. However,
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very good germination rates of G. arborea were observed, a typical feature of invasive species.
Its successful establishment will depend on flooding events and silvicultural management.

Table 13 shows the values of the Modified Ecological Importance Value Index (IVIEA) for both
borders. The IVIEA is the most important indicator in evaluating forest dynamics [40]. It
integrates horizontal and vertical structures in the mature mass, as in the natural regeneration.
S. saman, B. vulgaris, G. ulmifolia, G. arborea, and S. saponaria were the most important species.
Likewise, there are correspondences among plants that are identified in the arboreal stratum
and natural regeneration processes in both borders. The appearance of new species in the
inferior stratum, not identified in the mature state, indicates the existence of seeds and
environmental factors that favour the ultimate rehabilitation of the forest. Source [29] considers
that the readiness of different regeneration mechanisms is a crucial factor in the speed and
course of secondary succession. Nevertheless, reproduction by seeds is the main mechanism
of regeneration of the widely dispersed pioneer species, especially after repeated cultivation-
fallow cycles over long periods.

Border 1 Border 2

Species Ar Fr Dr IVIr RNRi
IVIE

A
Species Ar Fr Dr IVIr RNRi

IVIE
A

Samanea saman 20,8 11,7 10,8 43,3 8,7 52,0 Gmelina arborea 19,6 4,8 5,7 30,2 13,1 43,3

Bambusa vulgaris 6,9 9,0 31,7 47,6 2,3 49,9 Samanea saman 13,4 8,3 7,7 29,4 5,5 34,9

Guazuma ulmifolia 17,5 9,0 11,3 37,8 6,1 43,9 Bambusa vulgaris 11,5 5,5 13,7 30,7 30,7

Tabernaemontana
citrifolia

1,2 5,4 3,7 10,3 11,4 21,7 Guazuma ulmifolia 10,0 6,2 9,1 25,2 3,6 28,9

Sapindus saponaria 2,9 7,2 3,7 13,8 6,5 20,2 Sapindus saponaria 3,5 6,2 6,8 16,5 9,5 26,0

Lonchocarpus
domingensis

4,0 7,2 4,2 15,4 4,2 19,6 Talipariti elatum 8,2 4,8 4,2 17,3 5,1 22,4

Trichilia hirta 3,4 4,5 5,2 13,1 6,5 19,5
Lonchocarpus
domingensis

5,0 7,6 5,5 18,1 3,3 21,4

Spondias mombin 7,9 3,6 1,5 13,0 6,1 19,0 Roystonea regia 8,8 4,1 2,6 15,6 4,7 20,4

Gmelina arborea 5,6 3,6 2,0 11,2 5,7 16,9
Tabernaemontana
citrifolia

0,5 6,2 6,0 12,7 7,3 20,0

Acacia mangium 8,7 1,8 2,9 13,5 13,5 Swietenia mahagoni 4,1 5,5 7,9 17,6 17,6

Talipariti elatum 4,0 2,7 3,2 9,9 3,4 13,3 Spondias Bombin 3,6 6,2 4,4 14,3 2,9 17,2

Gerascanthus
gerascanthoides

2,6 4,5 2,7 9,9 3,0 12,9 Trichilia hirta 0,3 4,8 3,1 8,2 6,9 15,1

Mangifera indica 2,7 5,4 2,7 10,8 0,8 11,6 Guarea guidonia 0,3 2,8 3,3 6,4 7,3 13,7
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Border 1 Border 2

Species Ar Fr Dr IVIr RNRi
IVIE

A
Species Ar Fr Dr IVIr RNRi

IVIE
A

Psidium guajava 1,5 3,6 2,5 7,5 3,0 10,6 Cordia collococca 0,8 3,4 2,4 6,7 1,8 8,5

Cordia collococca 3,2 2,7 1,5 7,3 2,7 10,0
Cephalanthus
occidentalis

0,2 2,1 3,1 5,3 2,9 8,3

Cupania americana 0,1 0,9 0,5 1,5 8,4 9,9 Cedrela odorata 1,8 2,1 3,5 7,4 7,4

Tabebuia angustata 1,4 2,7 1,7 5,8 3,0 8,8 Swietenia macrophyla 1,8 2,8 2,0 6,6 6,6

Guarea guidonia 1,0 2,7 1,5 5,2 2,3 7,4 Dichrostachys cinerea 0,9 2,1 2,0 5,0 1,1 6,0

Terminalia catappa 0,9 1,8 1,2 3,9 2,7 6,6 Cupania americana 5,5 5,5

Bursera simaruba 1,2 1,8 1,2 4,2 1,5 5,8 Terminalia catappa 0,0 0,7 0,2 0,9 4,0 4,9

Comocladia dentata 1,1 0,9 0,5 2,5 3,0 5,6 Gliricidia sepium 1,2 1,4 1,5 4,2 0,7 4,9

Andira inermis 0,6 1,8 0,5 2,9 1,1 4,0 Psidium guajava 0,3 2,1 1,1 3,5 1,1 4,6

Roystonea regia 0,1 0,9 0,2 1,2 2,3 3,5
Gerascanthus
gerascanthoides

0,5 1,4 1,1 3,0 1,5 4,5

Dichrostachys cinerea 0,1 0,9 1,7 2,7 0,8 3,5 Andira inermis 1,4 1,4 0,4 3,3 1,1 4,3

Trichilia havanensis 2,3 2,3 Melicoccus bijugatus 0,0 2,1 0,7 2,8 1,1 3,9

Melicoccus bijugatus 2,3 2,3 Acacia mangium 0,9 2,1 0,7 3,7 3,7

Casearia hirsuta 0,0 0,9 0,7 1,7 1,7 Bursera simaruba 0,2 0,7 0,2 1,1 1,8 2,9

Swietenia macrophyla 0,3 0,9 0,2 1,5 1,5 Mangifera indica 0,0 0,7 0,2 0,9 1,8 2,7

Swietenia mahagoni 0,2 0,9 0,2 1,4 1,4 Casearia hirsuta 2,2 2,2

Anonna reticulata 0,1 0,9 0,2 1,3 1,3 Trichilia havanensis 1,5 1,5

Total 100 100 100 300 100 400 Cocos nucifera 0,4 0,7 0,2 1,3 1,3

Khaya senegalensis 0,4 0,7 0,2 1,3 1,3

Simaruba glauca 1,1 1,1

Anonna reticulata 0,0 0,7 0,2 0,9 0,9

Syzygium jambos 0,7 0,7

Calophyllum antillanun 0,7 0,7

Total 100 100 100 300 100 400

Table 13. Phytosociological parameters of riparian forest of the River Cuyaguateje area that becomes rehabilitated
border (1 and 2), including (IVIEA). Ar = Relative Abundance; Fr = Relative Frequency; Dr = Relative Dominance IVIE
= Relative Importance Value Index; RNRi = Relative Natural Regeneration, IVIEA = Enlarged Ecological Importance
Value Index
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Table 13. Phytosociological parameters of riparian forest of the River Cuyaguateje area that becomes rehabilitated
border (1 and 2), including (IVIEA). Ar = Relative Abundance; Fr = Relative Frequency; Dr = Relative Dominance IVIE
= Relative Importance Value Index; RNRi = Relative Natural Regeneration, IVIEA = Enlarged Ecological Importance
Value Index
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Figure 7 represents the horizontal structure of this forest, expressed by their distribution in
three diameter classes. It shows irregularity in their distribution, characteristic of forests that
recover from disturbances mostly by natural regeneration. The biggest frequency values were
registered in the diameter classes from 2 to 10 cm and the smallest frequencies were found for
diameter classes of 20 cm and bigger. This is the typical histogram in an inverted "J". Such a
result agrees with [41], who states that forests age irregularly, and that species have the biggest
frequency of individuals in small diameter classes. In general, it seems that the ecosystem is
formed by heterogeneous populations with irregular diameter classes. This has been previ‐
ously reported for most forests with a complex structure [42–43]. This result also indicates that
previous reforestation efforts by state institutions using forest plantations were not suitable,
as they did not mimic natural diameter distributions but provided the opportunity for natural
regeneration to begin.
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Figure 7. Distribution of all individuals in three diameter classes (Borders 1 and 2 of the area that is rehabilitated) in
the Cuyaguateje’s riversides.

As for the vertical structure, we found different strata (Figure 8). Although tree ages did not
exceed 10 years, disparity in height was observed. Lower in the canopy were those species that
present less resilience under disturbances (natural and artificial), because environmental
conditions favour pioneer species. Tree height in border 2 is higher, mainly due to the presence
of G. arborea and B. vulgaris. In general, frequency distribution in the form of an inverted "J” is
certain, fundamentally for low seedling survival rates in plantations during the first years. The
largest quantity of individuals have settled down through the natural regeneration in the last
few years, although there is the presence of some individuals in the superior strata (up to 20
m in height) as a result of the plantations carried out during the early years.

At both borders, the biggest abundance of individuals was found for the smallest height classes
(2 to 5 m), at 56%. As tree height increased, the number of individuals proportionally de‐
creased, reaching less than 8% in the class for 10 m or more of height. At the two borders, 69%
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of the individuals were present in the smallest heights. Only 5% were found reaching heights
above 20 m. In this case, they were individuals of R. regia, S. saman, or S. mombin. These species
coincided with those that farmers reported as existing in the riverside before 1970. This fact
confirms the date when the water dam "The Cuyaguateje" was built and intensive sand
extraction with heavy equipment began along the whole riverside [44].
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Figure 8. Vertical structure distributed in three classes of height (Borders 1 and 2 of the area that is rehabilitated) in the
riverside of the Cuyaguateje.

Therefore, the biggest heights and diameters were represented by the smallest quantity in
individuals. Such results coincide with reports by [32], who found low percentages of ach‐
ievements and survivals in the plantations carried out by States Enterprise, as a consequence
of the social insubordination of the residents, the inadequate selection of species and plantation
methods during the reforestation, together with only partial participation of the local farmers
in the reforestation plans. The biggest values of abundance found in the inferior stratum (a
result of natural regeneration), indicate that the area has the potential to recover naturally. As
[45] states, a high number of juvenile and young adults can be indicative of a stable or even
an expansive population.

3.2.3. Conservation degree of the rehabilitated area

The conservation grade that is presented to an ecosystem is conditioned by the different
indicators evaluated. Consideration of the behaviour of these indicators allowed for the
inclusion of various elements in planning the complete forest rehabilitation. Identifying the
causes of deterioration constitutes a fundamental link in their later management. Starting from
the results obtained in the indicators evaluated according to [13], it was proven that the
ecosystem is at the beginning of the rehabilitation stage: forest cover reached 72% of the surface,
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Therefore, the biggest heights and diameters were represented by the smallest quantity in
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of the social insubordination of the residents, the inadequate selection of species and plantation
methods during the reforestation, together with only partial participation of the local farmers
in the reforestation plans. The biggest values of abundance found in the inferior stratum (a
result of natural regeneration), indicate that the area has the potential to recover naturally. As
[45] states, a high number of juvenile and young adults can be indicative of a stable or even
an expansive population.

3.2.3. Conservation degree of the rehabilitated area

The conservation grade that is presented to an ecosystem is conditioned by the different
indicators evaluated. Consideration of the behaviour of these indicators allowed for the
inclusion of various elements in planning the complete forest rehabilitation. Identifying the
causes of deterioration constitutes a fundamental link in their later management. Starting from
the results obtained in the indicators evaluated according to [13], it was proven that the
ecosystem is at the beginning of the rehabilitation stage: forest cover reached 72% of the surface,
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the modification degree was in the stocking category, the forest has recovered 26% of the
original species, impacting on the recovery of the secondary forest. The summary of the
evaluated aspects is shown in Table 14. If the different conservation categories suggested by
[46] are used, and the sum of the values is assigned to each one of the evaluated parameters,
the conservation degree of the vegetation cover was in the range of 10, indicating that it was
fairly conserved (Table 15).

Indicators
Riparian forest of “River Cuyaguateje”

Index Evaluation

Original species grade High — Media 2

Stratification grade Low Media 1

Cover grade Very high 3

Modification grade Media 2

Synanthropic index 0,19 1

Invader species grade Media — low 1

Total of accumulated points 10

Table 14. Summary of indicators evaluated to determine the conservation degree of the riparian forest alongside in the
River Cuyaguateje according to [13 and 46]

Sum of total values Rehabilitation grade Category of conservation

10 Beginning of rehabilitation Fairly conserved

Table 15. Rehabilitation grade of riparian forest in its middle reaches.

The arguments mentioned previously present the result of the rehabilitation of the riversides
of the Cuyaguateje, achieved through the participation of the executer actors (farmers and
families). Study [5] shares similar approaches, indicating that rehabilitation does not imply
that the site achieves an original, pre-disturbance ecological state. As the author explains, it is
possible that a forest can recover its ecosystem function without recovering its structure
completely. In many cases, the plantation of native trees or dominant pioneer species of
ecological importance can help to start the rehabilitation process. Source [47] considers that
ecological rehabilitation is an intermediate level between a degraded system and a restored
ecosystem, with a composition and structure that can be similar or dissimilar to that of pre-
disturbance. The restored system can be self-sustaining and used to provide ecological
services, as in wooden production, medicinal products, and food, among others.
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3.2.4. Participative strategy for the rehabilitation of the Cuyaguateje’s riversides

Local actors' perception about the riparian forest of the River Cuyaguateje is very important
for successful biodiversity restoration. As outlined by [47]: "In Cuba the care and the conser‐
vation of the biodiversity has advanced, and the existence of legal, logistical and infrastructural
means that guarantee the operation of a good part of the environmental system, but this is still
not enough". Participative methods applied in the present research contributed towards
positive positions about the economic, environmental, and social perception of the local actors
that live and work adjacently to the riparian forest. This study promoted environmental
education as a result of the training that was implemented in this area. Local residents also
have a particular perception of the legislation for the protection of the riverside forest. Figure
9 shows that the biggest incidence of infractions made by the local actors in the riversides of
the River Cuyaguateje was during the period 2001–2004. A gradual decrease was observed,
starting from 2004, when the participative work took place. A change in local residents’
perspective was probably a consequence of acquired knowledge and environmental con‐
sciousness.

Figure 9. Trends of the infractions made by the local actors in the Cuyaguateje´s riversides in the period 2001–2010.

Frequency analysis on the perception of local actors about regulations showed that 83% (24/29)
of the interviewed actors could be classified as having the positions of advanced perception
(Figure 10). It is very promising to realize that 78% (18/23) of the local residents are in advanced
positions, or in other words, they know the regulations applicable in the riverside (minimum
forest width, compulsory reforestation, and silvicultural management to be carried out, etc.).
Local actors that only recognize the authority of the Forest State Service (FSS) and the fact that
it has more than enough forest patrimony 22% (5/23) are classified as having intermediate
positions. The lack of local residents classified in last group indicates a change in the perception
and knowledge of legislation from the date of the initial surveys. This demonstrates the
influence of the training actions and the high motivation showed by locals at the participative
workshops and visits to the field.
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Figure 10. Distribution of frequencies obtained according to the perception of local actors on legislation governing the
Cuyaguateje’s riversides.

Our results contrasted with other studies without previous participative work from the local
communities, such as the one carried out for [48] on the riversides of the River Caona. In that
case, frequencies of high awareness positions were considerably low, about 30% (4/13).
Therefore, it seems likely that the inclusion of a Participative Action Investigation (PAI)
allowed the local actors to acquire knowledge on regulations for the protection of the riverside
forests. Our results were also validated by the positions of the farmers and officials of the Forest
State Service (FSS) during interviews and fieldwork. A good example is the change perceived
in the farmer Noel Pérez. He became the informal leader of the community. A qualitative jump
was perceived in his knowledge of the Forest Law, because he made several infractions until
the year 2002, due to ignorance of the established regulations. After the training carried out in
the participative workshops, the sense of ownership and commitment toward the riverside
forest increased. This was evidenced in the results obtained in reforestation and establishment
of the plantations, with the area belonging to Mr Pérez becoming the forest laboratory of the
University Campus of Guane municipality and the Pinar del Río University.

Another example that confirms the necessity of introducing participative methods in the
recovery of riparian forests is the study carried out by [49], in the basin of the River Sesesmiles
(Honduras). These authors declared that 90% (18/20) of the local farmers did not know the
legislation about the width of riverside fringes, although 75% (15/20) of the residents recog‐
nized the necessity of receiving training on the topic, and that is the state that watches over
the execution of the established protection laws.

The approach in our research is that tree populations are the main agent to be managed when
transforming the ecosystem. With an active participation of local residents it was possible to
use their experience and to discuss with the scientists which tree species were more important
for ecosystem rehabilitation. Most of the local residents showed a high degree of awareness
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(Figure 11). About 78% (18/23) of the interviewed farmers showed knowledge on the species
that should be planted: they recognized the species typical of the ecosystem, and they identified
the characteristics of such species with regard to their function in the riverside forests.
Participative workshops together with the application of PAI created learning environments
that allowed forest scientists to explain the reality better, and at the same time to find solutions
to the problems identified by the local actors. In other words, PAI was used as a mean of social
mobilization. The importance of traditional, experience-based knowledge by farmers was
demonstrated by the selection of species and management regimes. Preference was observed
towards tree species and autochthonous shrubs that can establish and grow by passive
reforestation. The knowledge of the present species in the ecosystem is necessary. According
to [33], the presence of multiple species provides the security that ecosystem health will be
maintained during disturbances or other environmental changes.

Figure 11. Distribution of frequencies of awareness of local residents on the appropriateness of forest species for river‐
sides’ restoration.

Local residents also showed knowledge on plantation times needed to obtain the best survival
rates. Such times were related to previous results in riparian forests [10, 43–44, 50]. It is also
important to recognize ownership status. Up to 92% (11/12) of the landowners behaved in
terms of positions of advanced knowledge. They outlined as the main difficulties of achieving
reforestation: the inadequate selection of species, the time for plantation, and especially the
extensive impact of equine livestock. This livestock belongs to people that come from urban
areas but who are not landowners.

Native farmers’ knowledge of ecological communities and populations was of key importance.
Their experiences contributed valid approaches about the species, reforestation methods, and
the management of the restoration process. For example, the local Antonio Santoyo served as
a guide to identify the species during the surveys of the riversides. He also indicated in
workshops and interviews the most suitable species and the best methods for planting them.

Local empirical knowledge should be combined with the techniques of modern science to
search for management regimes most suitable for the local ecological conditions. Farmers have
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accumulated knowledge that can be analysed by forest scientists, who in turn have scientific
theories that can be put into practice. This is why it is important to implement participative
methodologies. Social-participative ecosystem rehabilitation, with appropriate foundations,
can be realizable and constitute an answer to some of the issues Cuba is facing at the moment.
The decentralization of the environmental administration reinforces the grade of responsibility
and the local residents’ rights to forests. The knowledge that people have about their region,
traditional uses of natural resources, location of the species, and in some cases the form of
propagation of the plants, are important questions to consider in forest management plans.
Indeed, to guarantee the success of reforestation it is important to combine academics´ and
farmers´ knowledge on forest restoration practices. Unfortunately, this view has been usually
dismissed in current research process not only for restoration but also in general silviculture.

Local residents were also aware of the socio-economic functions that riparian forests offer.
Figure 12 shows that only 20% (6/29) of the local residents viewed the forest as useful only for
timber. However, 72% (21/29) of local residents attributed to forests other functions of
economic and social importance. This denotes that a transformation has been achieved as to
the economic perception of the forest by locals. This result contrasted with those obtained by
[48], where 77% of the interviewees assumed the forest to be exclusively a source of timber. In
the same way, [49] diagnosed that only 45% of the farmers of the riverside of the River
Sesesmiles (Honduras) perceived the riparian forests as having both economic and social
value, because they offered products like fruits, firewood, and wood for the consumption of
the family. According to [37], one of the goals of forest restoration could be the sustainable
supply of goods and specific natural services for the social benefit of local residents.

Figure 12. Distribution of frequencies obtained according to the perception of local actors about the socio-economic
importance of riparian forest

As for the perception of the environmental function of the riparian forest, 52% (12/23) of local
residents interviewed had an environmental knowledge of the protection of the soil (an
intermediate position). This understanding seems to be transmitted from ancestors, but it could
be changed by the participatory research methods. Nowadays, 48% (11/23) of the farmers
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(owners and tenants) that are adjacent to the riversides of the River Cuyaguateje are in
positions of advanced awareness, identifying the forest function on controlling soil erosion.
They relate this ecosystem service to water quality and biological diversity. Local residents
also recognize the impact that forests have beyond their boundaries (Figure 13).

Figure 13. Distribution of frequencies obtained according to the perception of local actors about the environmental
function of riparian forest.

In general, all the local actors recognized the forest’s environmental functions. A group of them
perceived the forest as an important element in the control of the current soil erosion in their
farms. This aspect can be linked to the economic importance of forests, because farmers do not
only see the forest as a source of timber, but rather they appreciate it as a tool for soil recovery
that favours their crops and, therefore, their economy. No interviewed farmers were in late
positions of awareness. The biggest proportion of advanced awareness was found for farmers
that have lived all their lives in areas adjacent to the riverside, showing a sense of ownership
toward this ecosystem. Therefore, the ownership status also influences the change of the
perception in this variable. It highlights the polarization of the answers of the studied variable.
Such a phenomenon especially affected the positions of advanced awareness, in which the
interviewees identified the function of the forest in controlling the erosion of soil, and they
related the forest with water quality and fauna migration. They also recognized the impact of
the forest on the recovery of soil nutrients and food. As a consequence, there is an increment
cultivation practices in bordering areas the forest. The testimonies aired in the workshops
showed that farmers have appropriated the knowledge because they already attributed
importance to the necessity of riverside protection. Therefore, they have not removed the soils
of riverbanks; nor has the riverbed been altered by the formation of gullies in the areas lacking
vegetation.

Local farmers were also asked “in their opinion, what are the causes of the present deterioration
in the Cuyaguateje´s riversides: direct or indirect human activity for long periods?” It was
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observed that all the local actors knew the causes of deterioration; these were identified as
external and internal causes. In Figure 14, the positions of advanced knowledge are 69%
(20/29), with an important representation of those who have always lived in this community.
The four tenants represented in the figure, are also from this location: they gave up their lands
in a moment of their life and after Cuban´s “special period” they got them back as tenants.

Figure 14. Distribution of frequencies obtained according to the perception of local actors on the deterioration causes
of the Cuyaguateje’s riversides.

As for the native farmers, cited deterioration causes were: dike construction, tree logging, sand
extraction, and agricultural activities for tobacco production and other crops. Interestingly,
they identified these causes as external, even the use of the soils for agricultural cultivation is
for them a problem caused by their predecessors. Such a position shows low self-awareness
of their impact on the environment, because they only identified responsibility in other actors
different from themselves. Similar results were obtained by [48], who reported that 46% of the
interviewees considered that the causes of forest deterioration are multiple, but never included
the rural owners of these lands. Most of the farmers perceive the borders of the river as being
their own property, or at least they think that they are entitled to use them and to manage
them, in spite of the fact that the land is state property. Such aspect coincided with the results
of [48–49].

Using available historical data and taking into account the riversides’ situation in the year 2000
(the presence of scarce isolated trees), it can be assumed that the riversides were subjected to
anthropogenic pressures, larger even than the natural causes mentioned above. Besides
deforestation of the riversides, the riverbed has also been distorted, conditioned fundamen‐
tally by the expansion of agriculture, the lack of appropriate conservation techniques, and dike
construction. In a general way, it is evident that the deterioration of native forests conditioned
irreversible changes in the riverbed, both in the width of the river and in the formation of bends
in the waterways [31–32].
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Farmers that inhabit and work in the Cuyaguateje’s riversides have always witnessed a
deforested landscape. According to their recollections, the first reforestation actions began in
the year 2000, with an audit procedure in which the Forest State Service, and businesses (Forest
Enterprise Macurije, Tobacco Enterprise, and Enterprise of Several Cultivations) participated.
It was coordinated by the Municipal Government's Direction. In that year, 22 hectares were
planted for the first time. The biggest incidences of social indiscipline also happened. Starting
from the year 2006, a gradual recovery of the riverside forest was observed, with the estab‐
lishment of some trees that were planted and others that have colonized the site in a natural
way as a consequence of the decrease of anthropogenic pressure (resulting from the knowledge
acquired in the training workshops that began in the year 2004).

When local farmers were asked who is most interested in reforesting the riversides of the River
Cuyaguateje, 96% of the interviewees (28/29) were considered in one way or another to have
an interest in the reforestation, locating them in positions of intermediate and advanced
awareness (Figure 15).

The behaviour of the local residents during the different participatory activities indicates a
high disposition for auto-transformation. They proposed collective actions for their own
community. They recognized the importance of their approaches in the rehabilitation process
and that they can be part of decision-making about the tasks that impact the solutions of the
outlined problems. In the same way, they recognized the necessity of collective action and
participation: the systemic integration of everybody is necessary to implement actions. The
previous position indicates the need to focus on the relationships among the local actors from
a sociological perspective, where the cooperation of everybody prevails. Previous results on
top-down approaches were not positive; it is necessary to integrate local residents´ opinions
and decide with them what is conceived for their environment.

Figure 15. Distribution of frequencies obtained according to the perception of local actors on the most interested in
reforestation in the Cuyaguateje’s riversides.
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It is important in the rehabilitation process to focus on science, technology, and society. This
requires that rehabilitation plans should have a range of political and strategies designed to
incorporate feedback from local actors’ experiences. To achieve the effective contribution of
the executive managers, they have to be motivated and prepared by education. Therefore, one
of the first actions to implement should be training stakeholders and decision-makers on the
principles of sustainability. The decision-making actors should not adopt a technocratic and
authoritarian position; they should frame their administration in the socio-cultural and natural
context in which the problem is found. Coinciding with [48], we think this is one of the reasons
why the traditional approaches to stop the problems associated with riverside management
have, in most cases, failed. Therefore, to get sustainable forest administration of the riverside
forests, the institutions, especially the Forest State Service, have to get adopt the paradigm
‘Science, Technology, and Society’.

As for the local residents´ perceptions about the actions of changes toward the reforestation,
it was observed that 78% of the executive actors (18/23) have carried out positive actions to the
benefit of the riversides, including the decrease of cultivation and cattle ranching activities
(Figure 16). A participative forest administration has become a primordial element in the
strategies of forest administration: a structured collaboration between the government and the
local actors (farmers) to manage forest resources in order to obtain common and sustainable
objectives. Previous works have been executed, although not all of them have been favourable
in outcomes. The failures have been mainly caused by the lack of participation of the local
residents, such as the case of disproportionate plantation of exotic species (G. arborea and A.
mangium) which have disordered the natural landscape. Such inadequate species selection
produced low survival rates of G. arborea in the areas where floods last the longest. It is therefore
necessary to increase the local knowledge and perception of riverside forests, since the points
of view of the community actors are fundamental for achieving sustainable management. In
this aspect, it is important to highlight the case of the rural community leader Noel Pérez for
the good results obtained in that group’s property. The Forest State Service has already
certified four hectares of forest established on their property.

Figure 16. Distribution of frequencies obtained according to the perception of local actors on their tendency to the
change in the Cuyaguateje’s riversides.
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The final variable tested was the local perception of the most suitable method for reforestation.
Figure 17 shows the results of perception analysis, with most of the actors leaning towards
natural regeneration (74%, 17/23). The main condition of achieving successful implementation
is to eliminate the barriers that prevent natural regeneration. Regarding this issue, [51] outlined
that when the stressing factors are eliminated in a degraded ecosystem, there is a trend that
restoration follows. These authors asserted that success of the restoration does not only depend
on the costs, funding sources, or the political will of the interested institutions. The main issue
is the participation of the local communities with the power of decision over restoration plans.

As for the selected species, all the ones established during the regeneration or the plantations
are valid. The improvement of a degraded system can also begin by means of the plantation
of native trees, of dominant pioneer species and those of more ecological weight: all those that
protect the riversides of the river. In this approach, local residents outlined the necessity of
reforestation with native species, in addition to just leaving the land without agricultural
management. Among the species that were identified as suitable for natural regeneration are:
L. domingensis, G. ulmifolia, S. saman, T. catappa, T. hirta, S. saponaria, T. angustata, B. simaruba,
C. collococca, T. citrifolia, R. regia, C. dentata, A. reticulata, C. hirsuta, A. inermis, and S. mombin. It
was also identified G. sepium, to be regenerated through direct seeding or by planting stakes.

Figure 17. Distribution of frequencies obtained according to the perception of local actors on the most suitable refores‐
tation method in the Cuyaguateje’s riversides.

3.2.5. Correlation between studied variables

Table 16 presents the correlation analysis of the variables studied, applying the correlation
coefficient Spearman´s Rho. Significant relationships among several variables were found:
local actors, perception of the environmental function, and the tendency to change. The
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variable “interest for the reforestation” was highly correlated with the perception of the
environment, and less significantly with the perception of the suitable species. Correlation was
also observed among the following variables: local actors, reforestation methods, ownership
status, and origins of those interviewed.

AL ET PE PSLF PSFA PSEI PSCD PSIE IR TC MR

AL 1,000 -,754(**) -,637(**) -,233 -,429(*) -,051 ,127 -,312 -,260 ,393(*) -,658(**)

ET -,754(**) 1,000 ,302 ,393(*) ,454(*) ,240 ,132 ,601(**) ,346 -,340 ,464(*)

PE -,637(**) ,302 1,000 ,077 ,362 ,125 -,313 -,100 ,314 -,253 ,408(*)

PSLF -,233 ,393(*) ,077 1,000 ,173 -,008 ,019 ,286 ,201 -,306 ,167

PSFA -,429(*) ,454(*) ,362 ,173 1,000 ,262 ,209 ,150 ,606(**) ,193 ,428(*)

PSEI -,051 ,240 ,125 -,008 ,262 1,000 ,302 ,267 ,390(*) ,393(*) -,087

PSCD ,127 ,132 -,313 ,019 ,209 ,302 1,000 ,152 ,145 ,244 -,145

PSIE -,312 ,601(**) -,100 ,286 ,150 ,267 ,152 1,000 ,343 -,057 ,295

IR -,260 ,346 ,314 ,201 ,606(**) ,390(*) ,145 ,343 1,000 ,051 ,298

TC ,393(*) -,340 -,253 -,306 ,193 ,393(*) ,244 -,057 ,051 1,000 -,167

MR -,658(**) ,464(*) ,408(*) ,167 ,428(*) -,087 -,145 ,295 ,298 -,167 1,000

Legend
P S L. Perception about legislation

PSIE. Perception about economic
importance

AL. Local actors PSFA. Perception of environmental function IR. Interest in the reforestation

ET. Ownership status PSEI. Perception of suitable species TC. Tendency to change

PE. Origin of those interviewed PSCD. Perception of deterioration causes MR. Reforestation method

* The correlation is significant at the level 0.05 (bilateral).

** The correlation is significant at the level 0.01 (bilateral).

Table 16. Correlation analysis among the studied variables. Correlation coefficient Spearman´s Rho.

In other words, the local actors that are interested in reforestation also attribute importance to
protection of the environment and at the same time they are those that have the best knowledge
on the most suitable species for reforestation. Obviously, there was a change of attitude in the
local actors related with the assimilation of knowledge. This behaviour is achieved when there
is an empowerment of local actors regarding the problem to be solved, and they are motivated
to promote the commitment and the responsibility of each one of them towards the local forest.
In such a sense, [47] stated: "among social actors, psychological and social elements mediate.
This does not mean that a concern for the environmental questions necessarily implies pro-
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environment behaviour. To achieve this point, a committed participation of the involved actors
is needed". Those individuals that manifest sensitivity towards the environment are the most
interested in reforesting the area and at the same time they plead for the insertion of the
participative silviculture for the rehabilitation. This indicates a change of attitude and sense
of ownership toward the riverside.

3.2.6. Participative strategy and work lines for the rehabilitation of the riparian forest of the River
Cuyaguateje

The information needed to elaborate the participative strategy was:

• Characterization of  the  structure  and composition of  the  rehabilitated forest  with  the
participation of local actors.

• The results of encounters, interviews, workshops, visits, participative observations, and
consultation of the different local actors, decision-makers, and executives.

• Meetings with technicians and specialists at municipal, provincial, and national levels.

• The results of the work carried out during a ten-year period in a case study of rehabilitation
and "Participative Action Investigation", which served as a basis for the feedback of the
strategy.

The objective of the strategy was to rehabilitate the riparian forest of the River Cuyaguateje in
their middle reaches through participative silviculture and the method Participative Action
Investigation, strengthening the capacities of the local actors, guiding them towards sustain‐
able forest management, and to be based on the perceptions of the local actors, institutions,
and technologies. The specific objectives were:

• To achieve the success of the strategies, methodologies, and programmes proposed by the
state for the recovery of the riparian forest of the River Cuyaguateje in its middle reaches.

• To improve the ecological state of the riversides and the River Cuyaguateje, reforesting it
with the participation of the local actors, with preferably autochthonous fruit-bearing and
wood species, although exotic ones can be used if their adaptation has been proved,
whenever the established technical and juridical norms are followed.

• To encourage the integration of local actors in the rehabilitation of this fluvial ecosystem,
and their use of politics and management with sustainability approaches.

• To contribute with information and experiences to improve the performances that are
carried out in the rehabilitation of the riparian forest of the River Cuyaguateje and other
rivers in the country.

To achieve this participative rehabilitation, several strategic lines were proposed:

1. Analysis and real organization of the context. This line is focused on two basic objectives: one
to locate the area and the other to organize the context. Having broad information on the
topic is needed, which should include theoretical foundations and existing regulations,
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as well as the practical experience on previous programmes and strategies related to the
topic.

2. Training and education. Both are the roads to obtaining knowledge, abilities, and skills.
Also, to propitiate the change of attitudes towards favourable values for the rehabilitation,
sustainable management, administrative capacity, and local organization on the riverside
forest. Several processes were carried out at the same time: encounters with farmers,
families, decision-makers, and researchers. The experiences of the local actors were
exposed in the gully rectification, selection of species, and plantation methods. In the same
way, decision-makers presented to the farmers scientific results on species and methods
used for the rehabilitation of the riverside forests.

3. The committed participation of local actors. To achieve this three key elements are needed:
local actors admit to being part of the problem, are allowed to participate which helps the
acquisition of knowledge, and to play a part in deciding what bears on values formation.
It is therefore necessary to link the ecological rehabilitation with the biocultural rehabili‐
tation, such that the historical, cultural, social, aesthetic, and moral dimensions of the
involved actors are included.

4. Silvicultural management under the modality of community participation. Social or participative
silviculture is achieved with the inclusion of executor actors in the rehabilitation process,
from the farmer and the community managing the forest to actions by the state and the
community. The individual forest management for the farmer´s family benefit should be
established.

5. Self-management by the farmers of the riparian forest. This leads to better planning of the
natural resources, transforming each farmer into the administrator of his/her riverside
tract. They also become the main decision-maker in the selection of species and suitable
methods for the reforestation, as well as the different silvicultural practices after forest
establishment.

6. Protection activities and surveillance. Regulations concerning the protection of the riparian
forests are indispensable tasks to obtain better results. Good technical results cannot be
applied to contexts if agreements and regulation mechanisms are not in place.

7. Participative evaluation. Evaluation constitutes a basic requirement to measure the advan‐
ces or limitations of the execution of the carried-out activities. It is a necessary feedback
mechanism to identify obstacles and to look for alternative solutions in a timely fashion.
It also allows reaching the goals agreed by all the parts (executers and decision-makers).
The main purpose is to stimulate those who intervene in the rehabilitation to stop and
meditate on what has happened in the past, with the purpose of making better decisions
in the future. When carrying out the evaluation, the actors find out what has worked well
or not, and why. By means of this process, there is the greater chance people will take
better corrective measures, given that the actors are those that discover and understand
these measures.
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3.3. Study of case No. 3: The native rainforests of the Toa´s sector Quibiján-Naranjal

3.3.1. Diversity of species in native forests exploited in the basin of the River Toa (sector Quibiján-
Naranjal)

A total of 36 plots were sampled that represented the overall ecosystem. The cluster analysis
based on Sorensen’s similarity showed four clusters (Table 17).

The first conglomerate accounted for plots containing species of high economic and ecological
value, such as B. buceras, C. antillanum, H. elatus, and Purdiaea velutina. These plots, although
distant from each other, presented very similar flora. The second conglomerate was also
notorious for the presence of species with high commercial value and ecological importance,
such as: Castilla elastica, G. guara, Spondias mombin, Cedrela odorata, and Carapa guianensis. An
important proportion of the present species in the study, are heliophytes species (which grow
best under direct sunlight), many of them commercially important and reported in Neotropical
forests such as C. antillanum, C. utile, and B. capitata. Conglomerates III and IV presented a mix
of species (C. antillanum, C. peltata, H. elatus, C. odorata, C. guianensis, A. inermis, and J. vulga‐
ris) that varied in abundance. The presence of pioneer species clearly indicates anthropic
activities. These species had regenerated easily because the seeds are big and heavy, which
favours germination. In general, the four groups share almost all the species, the rare species
being Guazuma tomentosa, L. domingensis, and G. sepium.

3.3.2. Structure of the native forests in the sector Quibiján-Naranjal of Toa

Regarding the horizontal structure of the forest, Table 18 shows the 10 species with the highest
abundance, frequency, dominance, and IVIE. The species with more IVIE were H. elatus, C.
antillanum, S. laurifolium, G. guara, and T. catappa. This ecological importance value index
represents the intricate relationships that the species maintain with other species of plants and
organisms that help to maintain the dynamic and functional balance of the ecosystems [36].

No. Species Abundance (%) Frequency (%) Dominance (%) IVIE (%)

1 Hibiscus elatus Sw. 9,54 63,9 11,0 84,38

2 Calophyllum antillanum Britton 8,11 61,10 2,81 72,04

3 Sapium laurifolium Griseb. 5,19 61,10 1,26 64,78

Conglomerates Plots Total

Conglomerate 1 1; 8;11; 2; 36; 3; 28; 15; 34; 13; 14; 16; 21; 35; 5; 19; 31; 29; 32 19

Conglomerate 2 6; 7; 12; 10; 30 5

Conglomerate 3 4; 18; 17; 27; 33; 9; 24;26 8

Conglomerate 4 20; 22; 23; 25 4

Table 17. Resulting conglomerates by means of Ward’s linking method.
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No. Species Abundance (%) Frequency (%) Dominance (%) IVIE (%)

4 Guarea guara (Jacq.) P. 7,01 50,00 4,70 58,93

5 Terminalia catappa L. 5,00 47,20 3,26 55,48

6 Syzygium jambos L. 5,65 44,40 1,29 51,38

7 Cecropia peltata L. 2,66 47,20 2,87 49,98

8 Spondias mombin L. 3,11 4,44 3,29 48,07

9 Carapa guianensis Aubl. 2,79 33,30 8,92 45,05

10 Zanthoxylum martinicense Lam. 2,99 38,90 4,04 43,14

Table 18. Abundance, Frequency, Dominance, and IVIE of the native forests of the sector Quibiján-Naranjal of Toa.

Table 19 shows how Jambosa vulgaris is one of the most abundant species, and it is also
recognized in Cuba as invasive taxa [38]. This species is altering the structure and function of
the forest. That fact is corroborated by [41–42], who stated that for this plant community
valuable species are C. antillanum, A. inermis, and H. elatum, but generally in a smaller pro‐
portion. Owing to the anthropic pressure of the local communities, the species that are more
plentiful are of scarce woody value; prevailing in higher proportions are Syzygium jambos and
other species like C. peltata, G. guidonia, L. domingensis, and Bursera simaruba. Source [55]
confirmed that these species present good adaptation to the soil and climatic conditions of the
strip forest of the River Toa.

Species

Inferior Stratum Medium Stratum Superior Stratum

Number of
trees

PS
Number of

trees
PS

Number of
trees

PS

Syzygium jambos L. 60 13,69 24 2,98 0 0

Guarea guara (Jacq.) P. 34 7,76 58 7,21 3 3,44

Terminalia catappa L. 32 7,30 41 5,09 0 0

Calophyllum antillanum Britton. 28 6,39 91 11,31 1 1,14

Hibiscus elatus Sw. 26 5,93 49 6,09 25 28,70

Dendropanax arboreus L. 20 5,56 16 1,99 0 0

Sapium laurifolium Griseb 24 5,47 47 5,84 8 9,19

Casasia calophylla A. Rich. 5 1,14 5 0,62 0 0

Mangifera indica L. 6 1,36 13 1,61 0 0

Acalypha diversifolia Jacq. 7 1,59 18 2,23 1 1,14

Andira inermis (W. Wright) DC 9 2,05 28 3,48 1 1,14

Zanthoxylum martinicense L. 10 2,28 30 3,73 5 5,74

Ocotea leucoxylon Sw. 12 2,73 3 0,37 0 0

Roystonea regia HBK 17 3,88 32 3,98 0 0

Table 19. Main species best represented in terms of sociological position in the native forests of the sector Quibiján-
Naranjal of Toa.

Actions for the Restoration of the Biodiversity of Forest Ecosystems in Cuba 41
http://dx.doi.org/10.5772/59333

551



Regarding the vertical structure of the forest, Table 19 shows that the main species with better
sociological positions are Syzygium jambos in the lower canopy layer and C. antillanum in the
intermediate canopy layer. In the superior canopy stratum, C. guianensis stands out together
with H. elatus. These results indicate that in the forest there are not stable relationships in all
the strata, nor is there evidence of the application of silvicultural systems. It seems that all
canopy layers are affected by traditional management with a high intensity of indiscriminate
tree felling, either for housing, firewood, or gap opening for agricultural cultivation. The
superior stratum presents few species of economic importance [43]. Many of the existent
species are not represented in all the strata. On the other hand, [53] outlines that a certain
species takes an important role in the structure and composition of the forest when it is
represented in all its strata. The author also said that the more regular the distribution of the
individuals of a species in the vertical structure of a forest (gradual decrease of the number of
trees as you ascend from the inferior stratum to the superior), so higher value in the phytoso‐
ciological position.

3.3.3. Influences of environmental variables in the structure of the native forest.

The results of canonical correspondence analysis (CCA) were globally significant (trace = 1.876,
F = 2.27, and P = 0.002). The first four axes of the CCA offered a solution to the ordination of
units of samplings and of species. Total variability in the data of species abundance (inertia =
3.609) explained 49.2% of the relationship between environmental variables and species
distribution, and 26% of the variance of species distributions in each group. These results
indicate a strong gradient (Table 20), because for ecological data the value of inertia is typically
low (smaller than 10%), especially when they present strong gradients [50]. The significance
test of the first canonical axis demonstrated that this was also statistically significant, with
auto-value = 0.316, F = 2.15, and P = 0.0020 (Figures 18 and 19).

Number of canonical axis: 4 Axis 1 Axis 2 Axis 3 Axis 4 Total Inertia

Auto-values: 0,316 0,250 0,198 0,173 3,609

Correlation species — environmental values: 0,956 0,931 0,884 0,938

Accumulated percentage of the variance

of data of species : 8,8 15,7 21,2 26,0

of relation of species-environmental values: 16,6 29,8 40,1 49,2

Sum of auto-values 3,609

Sum of canonical auto-values 1,902

Table 20. Result of the canonical correspondence analysis (CCA) of species abundance, transformed logarithmically in
each one of the 36 sampling units in the function of their environmental variables.
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The negative end of the axis 1 (CCA 1) shows a relationship with “distance to the highway
(DCAR)” and with “distance to housing (DVIV)”. Although in a smaller proportion, the
negative end of the axis 2 (CCA 2) is also related to increases of the altitude (Alt), and slope
(PEN). The positive end of axis 3 (CCA 3) is associated to match increase (P), distance to the
highway (DCAR), and organic matter (MO), and in its negative end it is related to distance to
the highway (Figure 19). Plots of group I correspond to slope gradient and altitude (Figure 18
and 19), while plots of group III are ordered following a gradient of distance to the highway
and housing. The results of the ordination using the CCA 1 and CCA 3 show an evident
distinction for the separation among plots of groups I, II, and IV for the variables’ explanatory
measures and for the separation of group III. While C. elastica, G. guara, C. odorata, T. catappa,
and S. mombin species are present in plots of group III, they are associated with distance to the
highway and distance to roads, coinciding with observations in the research area that research
plots of group III have bigger anthropogenic activity that facilitates the development of
secondary species.

Figure 18. Projection of environmental variables, in census units and 15 species of bigger IVIE of the analysis of canoni‐
cal correspondence in relation to the axes ACC1 and ACC2. The plots are the rhombuses, the species are the triangles,
and the ecological variables are the arrows. Codes: Hibiela = Hibiscus elatus, Caloant = Calophyllum antillanum, Sapilau =
Sapium laurifolium, Guargua = Guarea guara, Cecrpel = Cecropia peltata, Termcat = Terminalia catappa, Jambvul = Jambosa
vulgaris, Sponmom = Spondias mombin, Andiine = Andira inermis, Zantmar = Zanthoxylum martenicense, Caragui = Carapa
guianensis, Didymor = Didymopanax morototonii, Cedrodo = Cedrela odorata, Castela = Castilla elastica, Buchecap = Buche‐
navia capitata.
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Figure 19. Projection of environmental variables, plots, and species of canonical correspondence analysis in relation to
the axes ACC1 and ACC3. Codes: Hibiela = Hibiscus elatus, Caloant = Calophyllum antillanum, Sapilau = Sapium laurifoli‐
um, Guargua = Guarea guara, Cecrpel = Cecropia peltata, Termcat = Terminalia catappa, Jambvul = Jambosa vulgaris, Spon‐
mom = Spondias mombin, Andiine = Andira inermis, Zantmar = Zanthoxylum martinicense, Caragui = Carapa guianensis,
Didymor = Didymopanax morototonii, Cedrodo = Cedrela odorata, Castela = Castilla elastica, Buchecap = Buchenavia capitata.

3.3.4. Proposal for rehabilitation of native forests in the sector Quibiján-Naranjal of Toa

To design the restoration proposal, we have considered the approach by [5], who suggested
13 steps for the restoration plan.

• Step 1: Definition of the reference ecosystem. Knowledge of the region and its land-use history
has been kept in mind when planning research to be carried out in the area. These are
reflected in [11, 50, and 55].

• Step 2: Evaluate the current state of the ecosystem or community. Evaluate the structure, com‐
position of species, and their ecological function. The study identified 24 families, 49 genera,
and 52 species of angiosperm plants, for a total of 1507 individuals. The families with higher
abundance increased the biodiversity, but they did not contain most of the individuals. This
fact evidenced changes in the structure and composition of the species in the study area, as
a consequence of selective logging, timber and firewood extraction, gap opening for
subsistence agriculture, and road opening. These were the main sources of disturbances in
the secondary forest to the riverside of the River Toa.
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• Step 3: Definition of the scales at organization levels. Scales: Regional — Basin Toa, Local —
Quibiján-Naranjal of Toa, Levels of organization community (biological) — secondary
forest.

• Step 4: Establishing the scales and hierarchies of disturbances. Scales: 1: selective logging; 2:
extraction of firewood: 3: gap opening for subsistence agriculture, and 4: total roads impact.
Consequences of such disturbances: 1) irregularities in the diameter structure of species of
high commercial value, 2) abundance of species of low commercial value, and 3) dominance
of exotic species.

• Step 5: Achieving local community participation. Ecological restoration is an activity with
different spatial and temporal scales, in which the anthropogenic disturbances play an
important part in any scale that is chosen [5]. The interest and the consciousness of the
different actors that are involved in the management of natural resources in Basin Toa form
a very important aspect in the coordination and execution of the projects and programmes,
according to the strengths and possibilities that they present. Training to guide the indi‐
viduals of these communities towards a more scientific-based knowledge, development,
and strengthening their abilities should be one of the objectives proposed in the action plan.

• Step 6: Evaluating regeneration potential. As for the evaluation of the regeneration potential,
one should keep in mind the location, readiness of the species in the forest, abundance, and
successional stage, with the objective of selecting a group of pioneer, dominant, and co-
dominant species with high economic values. Tree species that present better sociological
positions are in Table 19.

• Step 7: Identifying barriers to restoration. Natural barriers: 1) dominance of species with little
commercial value, 2) abundance of exotic species, and 3) irregularities of the diameter classes
of the species of high commercial value. Social barriers: 1) selective logging, 2) firewood
extraction, 3) gap opening for subsistence agriculture, and 4) total roads impact.

• Step 8: Selecting the appropriate species for forest restoration. This is a very important step for
the success of the restoration plan. It is the fundamental axis in any reforestation project that
seeks to be carried out in a certain area with the objective of re-establishing ecological values
and of conservation of the ecosystem in general. The application of modern silvicultural
techniques that seek to go beyond the traditional ones, such as: the spaced group technique
or planted selection forest, reforestation with native species, passive reforestation (using
natural regeneration), and using agroforestry systems (the method of Taungya). This will
frame a new vision in the silvicultural development of the local Enterprise for the sake of
increasing the technical personnel's skill and training level. Combined with the nucleation
strategy described by [55–57] that also contributes to the recruitment of native species, it
will increase the effectiveness of the restoration of tropical forests. With the objective of
achieving the quick recovery of the forest, species recommended [5] are: H. elatus, C.
antillanum, and B. capitata. These species present high percentages of natural regeneration
in places that have been affected by the action of the winds, selective logging, and the effect
of borders of roads or agricultural cultivations. It is recommended to use species of high
economic value and those that present high values of relative abundance, relative frequency,
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relative dominance, and importance value index, such as H. elatus, C. antillanum, C. guia‐
nensis, D. cubensis, and T. dubia.

• Step 9: Propagating and handling of the species. The species selected present their own qualities
for forestry. Therefore, it is important to have knowledge of their characteristics, how to
spread them, and how they are to be managed. The success of the programmes and
plantation projects depends on this knowledge.

• Step 10: Selecting sites. Selected sites were chosen as product of field research that could give
us precise information regarding scale levels and their regime of disturbances, as well as
the level of anthropization in the ecosystem.

• Step 11: Defining the strategy to overcome the barriers to the restoration. In this step it should be
determined how to use the so-called modern silviculture techniques that go beyond
traditional forestry, such as: the technique of spaced dense groups for plantation, refores‐
tation with native species, passive reforestation (using natural regeneration), and the
agroforestry systems (the method of Taungya).

• Step 12: Monitoring of the restoration process. Monitoring is fundamental to understanding the
behaviour of the ecosystem over time, to predict and/or to prevent unwanted changes, and
for evaluating if objectives are met or whether pertinent modifications should be made.

• Step 13: Consolidating the restoration process. The consolidation of a restoration project implies
that most of the barriers to restoration have been identified and overcome, and that the
ecosystem evolves according to the outlined objectives. The maintenance works and
monitoring programmes should indicate that the process goes on in a satisfactory way and
the ecosystem begins to show self-sustaining properties, such as the enrichment of species,
wildlife recovery, and re-establishment of environmental services related with the quality
of the water and the soil [55–57].

4. Conclusions

The three study cases introduced in this chapter shows how restoration of degraded tropical
forests is possible, if management plans are implemented in a thorough way and they involve
local residents and administrations at different levels. The assessment of forest ecosystems
condition is complex, and changing it will have a multifactorial impact that depends not only
on the forest’s structure but also on ecosystem resilience and on-going human pressure. The
natural and induced changes in the flora have an influence on the sequence of ecological
succession. Therefore, to design a potential restoration strategy, planning must begin from the
holistic assessment of the ecosystem functioning (composition and structure) and the partici‐
pative action of local communities.

Based on our results we can conclude that: 1) the illegal selective logging and the exploitation
of forest for wood and non-woody forest products are the main stresses placed on the Cuban
forest ecosystems in the last hundred years. 2) The implementation of modern silviculture
techniques that use key species identified during intensive forest assessment should be the
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starting point for restoration of tropical forests. 3) The participative techniques during the
rehabilitation and restoration process should play a crucial role in the cases where the local
communities govern the area to be restored. We think that such conclusions are applicable to
most of the tropical forests around the world, without forgetting their own local particularities.
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Biodiversity in Metal-Contaminated Sites – Problem and
Perspective – A Case Study

E. Roccotiello, P. Marescotti, S. Di Piazza, G. Cecchi,
M.G. Mariotti and M. Zotti

Additional information is available at the end of the chapter

1. Introduction

Metal contamination is one of the major environmental problems in the world, posing
significant risks to ecosystems and human population in abiotic environmental compartments
(soil, water, air) and in the related biota (e.g., uptake by fungi and plants).

The  primary  causes  of  soil  contamination  are  intensive  industrial  activities  and  inade‐
quate  waste  disposal  and  treatment  (although  these  categories  vary  widely  across  Eu‐
rope) [1]. Good knowledge of the content and variability of metals in soils linked to both
the contribution of  parent rock (lithogenic sources)  and human activities (anthropogenic
sources)  is  also  necessary  for  evaluating  metal  pollution.  These  tasks  are  particularly
difficult to achieve in ancient populated areas, such as the European Mediterranean region,
where unpolluted soils are almost impossible to find [2,  3].  Among anthropogenic sour‐
ces, mining activities are the fourth largest source of land pollution (e.g., 7% of the National
Priority (Superfund) Sites in the USA; [4]).

About 2.5 million sites in Europe produce potentially polluting activities [5]. With the help of
improved data collection, the number of recorded polluted sites is expected to increase, as are
research studies on the topic. Considering present tendencies and laws, contaminated sites
will presumably rise by up to 50% by 2025 [5]. Although still at a low rate, there has nonetheless
been progress in the remediation of contaminated sites.

Around 59,000 sites have already been remediated. Nonetheless, it should be noted that around
340,000 sites may need urgent remediation [5]. However, conventional technologies for metal-
contaminated soil remediation have often been expensive and disruptive [6].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



A good tool for evaluating environmental damage might be the Ecological Risk Assessment
(ERA), which is already used in the US [7, 8] and in some countries in the European Union
(e.g., Netherlands, [9] and the UK [10]), while in Italy, it still remains largely unknown.
Consequently, threshold contaminant concentration, according to Italian law [11], is a human-
based risk that lacks consideration in terms of biodiversity and ecosystem services.

Before starting to plan restoration of polluted industrial environments, the ‘target condition’
should first be assessed. However, the remediation of a contaminated site with all its particular
biotic and abiotic characteristics seems unrealistic. Several authors have indicated the lack of
data providing detailed characterization of the biotic and abiotic components of environments
in a pre-industrial condition and have highlighted that communities did not return to their
previous states [12-15].

The best approach for preserving or restoring the biodiversity of metal-contaminated envi‐
ronments should be site-specific characterization. For this purpose, the evaluation of the
surrounding area’s biodiversity, a choice of best reasonable target condition for biotic com‐
ponents and the selection of tolerant organisms occurring on the polluted sites are essential.
Among the biotic components of soil, fungi and plants are the pioneer organisms that play a
key role in the colonization of contaminated sites.

1.1. Biodiversity in metal-contaminated sites

The physicochemical properties of metal-contaminated environments tend to inhibit soil-
forming processes and affect the area’s biodiversity by exerting a strong selective pressure on
fungi and plants [16-19]. Specifically, the bulk metal content of soils and its metal releasability
are among the most important edaphic factors determining vegetation composition. Other
than metal toxicity, vegetation successions are also retarded by low nutrient status, poorly
developed soil structure and water-restricted conditions [20].

In addition, microorganism communities play a significant part in the detoxification of noxious
chemicals and in the control of plant growth [21], and also provide pivotal information about
soil metal bioavailability [22]. Metalliferous biota is increasingly exploited for the stabilization
or active remediation of the metal-contaminated ecosystems and represents an important
research topic in the contemporary field of green technology [23, 24].

It is well-known that a number of plants and fungi are able to survive and actively grow in
metal-contaminated soils. For instance, recent studies [25] have shown that some arbuscular
mycorrhizal fungi from Cu-contaminated soils [Claroideoglomus claroideum (N.C. Schenck and
G.S. Sm.) C. Walker and A. Schüßler in association with Imperata condensata Steud. and
Rhizophagus irregularis (Błaszk., Wubet, Renker and Buscot) C. Walker and A. Schüßler in
association with carrot roots] are able to compartmentalize Cu in spores as a survival strategy
in polluted environments. Additionally, microfungi are essential in colonizing and detoxifying
metal-contaminated soil ecosystems and consequently have environmental and economic
significance [16, 26-28].
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Mine dumps cause high selective pressure, enabling bacteria and microfungi to be the first
organisms able to re-colonize mine soils [29]. Under this pressure, microfungal communities
change their composition and several resistant strains are selected [28]. In addition, plant
communities have established a primary succession on mine wastes [30] and can be exploited
for biogeochemical prospecting and mine stabilization (e.g., abandoned mines contaminated
with arsenic, antimony and tungsten [17]).

1.2. Selecting native fungi and plants for bioremediation

Critical environmental conditions related to high metal concentration are present either in
natural soils (e.g., serpentinitic and ultramafic soils; [31, 32 and references therein]) and in
anthropogenic contaminated sites (such as industrial, agricultural and mining sites [33, 1 and
references therein]).

Fungi and plants from metal-rich soils develop specific strategies to cope with metals via
avoidance, accumulation or hyperaccumulation [34]. Care should be taken in choosing the
right species for the application of bioremediation techniques, because the introduction of alien
fungi and plants may alter and disrupt indigenous ecosystems [35], or may be unsuitable for
local climate conditions [36]. Therefore, a more appropriate option is to find native hyperac‐
cumulator fungi and plants that have adapted to growing on metalliferous sites, and use them
for soil bioremediation in the same region [37, 38].

Bioremediation process consists of two main approaches: 1) myco- and phytostabilization;
2) myco- or phyto-extraction. Myco- and phyto-stabilization are mechanisms that immobi‐
lize pollutants – mainly metals – within the root zone, by adsorption, chelation and metal
ion precipitation, thus preventing migration of contaminants by erosion, leaching and runoff
[39,40].

Myco- and phyto-extraction are typically used to uptake metals, metalloids and radionuclides.
The metals accumulate in the fruit-bodies or in the plant's aboveground biomass and can be
removed or recovered by harvesting and burning the biomass.

Several organisms, including microbes, micro- and macro-fungi, agricultural and vegetable
crops, ornamentals and wild metal hyperaccumulating plants have been tested both in
laboratory and field conditions for selecting and providing organisms able to clean-up
metalliferous substrates [24].

In fact, recent studies have shown how macrofungi such as Trametes versicolor (L.) Lloyd [41]
and microfungi such as Aspergillus niger Tiegh. [42], A. terreus Thom [43], A. versicolor (Vuill.)
Tirab. [44], Penicillium notatum Westling [45], Rhizopus arrhizus A. Fisch. [46], Trichoderma
atroviride P. Karst. [47], T. viride Pers. [48] are able to absorb Cu from contaminated liquid and
solid matrices.

Similarly, plant taxa naturally occurring in metalliferous soils have been selected, tested and
confirmed as hyperaccumulators under experimental conditions for different metals like Ni
(e.g., Alyssum bertolonii Desv., A. murale Waldst. & Kit., A. lesbiacum (Candargy) Rech.f., A.
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corsicum Duby) and Cd (Thlaspi caerulescens J.Presl & C.Presl and Arabidopsis halleri (L.) O'Kane
& Al-Shehbaz) [49-54].

Little information is available about the processes occurring at the soil-rhizosphere level.
Though roots are the only organ directly interacting with soil trace elements, most of the
studies on hyperaccumulation by plants have focused on above-ground organs. Less than 10%
of the known hyperaccumulator species have been investigated at the rhizosphere level [55].

Bacteria and fungi in the hyperaccumulator rhizosphere may exhibit increased metal tolerance
by i) acting as a plant growth promoting microorganisms; ii) modifying metal speciation and
solubility; iii) influencing plant trace element concentrations [55, 56-58].

Fungal species not identified as mycorrhizae have also been found in the hyperaccumulator
rhizosphere [59, 60]. The role of these organisms still needs to be established, but some have
been identified as able to concentrate and volatilize pollutants [61]. The knowledge about
hyperaccumulators and associated microorganisms continuously increases, thus suggesting
the significant roles of bacteria and fungi in hyperaccumulation.

2. Case study – Multidisciplinary investigations on biodiversity into a
sulphide-rich waste-rock dump

The present review illustrates the results of a six-year multidisciplinary study aimed at
understanding the relationships among the mineralogy and chemistry of the Libiola mine
(eastern Liguria, Italy, Fig. 1) and the metal uptake by fungi and plants spontaneously growing
in the mine-waste dump. The mine is located in a moderately steep mountainous terrain at an
altitude between 40 and 400 m asl, close to the Liguria sea coast.

This mine had already been known during the Bronze Age [63] and was industrially exploited
from 1864 until 1962. During this period, it produced over 1 Mt of Fe-Cu sulphides with an
average grade ranging from 7 to 14 Cu wt%, thus representing one of the most important Fe-
Cu sulphide mines [64, 65] in Italy. Sulphide mineralization occurs within the Jurassic
ophiolites of the Northern Apennines (Vara supergroup; [66]) and is geologically characterized
primarily by pillow basalts with minor serpentinites, gabbros and ophiolitic breccias. During
exploitation, five major waste-rock dumps were built up through the progressive accumula‐
tion of heterogeneous sterile rocks (derived from galleries and open-pit excavations) and non-
valuable ore-fragments, with metal concentrations below the economic cut-off produced
during beneficiation processes [67]. The soils of the dumps are characterized by severe edaphic
conditions due to their peculiar physical (steep slopes, low moisture retainability, impermea‐
bilization due to cementification and hardpan formation; [68]) and chemical (high Cr-, Cu-,
Co-, Ni- and Zn-concentrations, low pH values and the low availability of essential macronu‐
trients) properties. This site presents several environmental problems as a result of active acid
mine drainage (AMD) processes, which determines the water acidification and metal pollution
of soils and waters.
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Figure 2. Contour maps of selected elements (Fe2O3, Cr2O3, Cu and Ni) in the main waste-rock dump of the Libiola
mine (from [67], modified).

Figure 1. Location of Libiola mine site (from [62], modified).
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We evaluated the plant and fungal diversity in these contaminated soils in order to 1) identify
factors that influenced the pioneer fungi and plants colonizing this stressed environment; 2)
identify and select tolerant and hyperaccumulating plants and fungal strains suitable for mine
remediation.

The waste-rock materials deposited in the mining area are mainly gravely-sandy sediments
with a relatively uniform particle size distribution in the range 2-64 mm; the silt and clay
fractions are subordinate components and vary from 5% to 26%. Most of the dumps evidence
strong superficial cementation induced by Fe-oxides precipitating from acid sulphate water
seepage, which determines the formation of centimetre-thick impermeable hardpans on
several parts of the exposed surface of the dumps [67, 68].

Due to active and widespread AMD processes, the pH of waste-dump soils is generally acidic
(3.5-4.3) and significantly low, compared to the surrounding serpentinitic and basaltic soils
(6.2-6.8) [30, 69, 68].

The mineralogical and lithological composition of the waste-rock materials is quite homoge‐
neous throughout the mine area, though the relative proportions of the detected lithotypes
and mineral species significantly vary from site to site. The studied samples are mainly
composed of polycrystalline rock fragments, which can be grouped into the following
lithological classes [65, 67, 68]: 1) serpentinites 20%-50%; 2) basalts 5%-10%; 3) sulphide
mineralizations (2%-10%); 4) massive Fe-oxyhydroxides and -oxides clasts (35%-65%). Other
subordinate components (3%-6%) are represented by garnet- and epidote-rich rodingites,
polygenic ophiolitic breccias and brecciated basalts.

The mineral species occurring within the waste-rock dump [65, 67, 68] can be divided into
three major groups on the basis of their origin and/or origin: 1) host rocks and gangue minerals;
2) ore minerals with different degrees of alteration; 3) authigenic secondary minerals. Serpen‐
tine minerals (60%-70% of the recognized mineral species) and Fe-oxyhydroxides (mainly
goethite) are by far the most abundant species, respectively representing the main rock-
forming minerals of the lithotypes of the surrounding area and the main authigenic minerals
forming as a result of the ongoing AMD processes. Sulphides (mainly pyrite and chalcopyrite)
are subordinate but important components from an environmental point of view, either for
their role in triggering the AMD processes and/or for the release of metals (particularly Fe, Cu
and Zn). Magnetite, Cr-bearing magnetite and chromian spinels are the only Cr-bearing
minerals, whereas serpentines are the main Ni-bearing minerals. Nevertheless, they are stable
mineral species, even in this highly reactive environment, that likely do not contribute
significantly to the bioavailable fraction of toxic metals.

According to the mineralogical and lithological composition, the waste rock dumps of the
Libiola mine are invariably characterized by very high concentrations of several potentially
toxic metals (such as Ti, Mn, Co, Ni, V, Cr, Cu, Zn and Cd). Although a notable variability is
always present and several hot spots have been found (see, for example, Fig. 2), most of the
detected metals (in particular Cr, Cu, Co, Ni and Zn) strongly exceed the Italian limits for
residential and industrial sites [11].
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Xero-acidophilous plant communities characterize the areas surrounding the mine site. These
are different aspects of sclerophyllous evergreen maquis and mixed sclerophyllous evergreen
and deciduous shrub thickets (pseudomaquis) formed by B. sempervirens L. and/or Genista
desoleana Valsecchi, Erica arborea L., Calicotome spinosa (L.) Link., Juniperus oxycedrus L. subsp.
oxycedrus and Arbutus unedo L. Chamaephytic and sub-shrubby layers are well represented by
Euphorbia spinosa L. subsp. ligustica (Fiori) Pignatti, Helichrysum italicum (Roth) G. Don,
Minuartia laricifolia (L.) Schinz. and Thell subsp. ophiolitica Pignatti, Thymus sp.pl., and Satureja
montana L.; Maritime pine (Pinus pinaster Aiton) old reforestations are also present. Less
frequent are relics of holm oak (Quercus ilex L.), pubescent oak (Quercus pubescens Willd.) copses
and thermophile mixed woods [3, 70, 71].

The study area is characterized by bare soils or by different successions of plant communities
ranging from herbaceous to arboreal layers (Fig. 3). In all the plots, species richness and
vegetation cover were extremely low and the flora showed acidophilous traits [30]. The bare
soil is a substrate with an almost complete absence of vegetation (Fig. 3B). The herbaceous
layer has pioneer vegetation dominated by discontinuous communities of low-sized grasses
and herbs such as Deschampsia flexuosa (L.) Trin., M. laricifolia subsp. ophiolitica, Sesamoides
interrupta (Boreau) G.López, Festuca robustifolia Markgr.-Dann. and, in sites with more
developed soil, also by Cerastium ligusticum Viv. and Asplenium adiantum-nigrum L.. The
subsequent layers are colonized by Thymus vulgaris L., S. montana, E. spinosa subsp. ligustica.

The shrub layer is mainly located on serpentine debris on the edge of the landfill areas and
colonized by semi-natural plant communities dominated by E. spinosa subsp. ligustica,
Alyssoides utriculata (L.) Medik., T. caerulescens, Silene paradoxa L., F. robustifolia and H. itali‐
cum (Fig. 3C).

Despite  harsh  environmental  conditions,  the  waste-rock  dump  has  been  progressively
colonized since 2008 by several plants of Pinus pinaster Aiton, already found naturally on
metal-rich sites, thereby establishing ectomycorrhizal symbiosis (ECM) [72]. The maritime
pine populations constituting the tree layer derive from seeds dispersed by the surround‐
ing plants and employed for the revegetation of fired areas (Fig. 3D). A few herbaceous
species such qw D. flexuosa, M. laricifolia subsp. ophiolitica and F. robustifolia are associated
with P. pinaster. The absence of the shrub layer in the mine dump and the presence of the
tree layer strictly composed of pine is particularly uncommon, and the success of P. pinaster
colonization is mainly due to the presence of Scleroderma polyrhizum (J.F. Gmel.) Pers (Fig.
4A) and Telephora terrestris Ehrh. (Fig. 4B) ectomycorrhizic with pine (see Fig. 4C-D) [69].
Maritime pine is known to be able to cope with some limiting factors such as a low level
of macronutrients, a lack of organic matter and water stress, typical of dismissed mining
areas [73] such as the one in our study. In addition, we found that P. pinaster  is able to
completely exclude toxic metals from its tissue (Fig. 5), thereby acting as a phytostabiliz‐
er,  as  demonstrated  by  bioaccumulation  (i.e.,  BF  =  shoot:soil  metal  concentration)  and
translocation (i.e., TF = shoot:root metal concentration) factors (BFs>1 and TFs<1, respective‐
ly  [68]).  Where  metal  concentrations  decrease  [30,  68],  plants  constitute  semi-natural
Mediterranean serpentine vegetation, typical to NW Italy [70, 71]

Biodiversity in Metal-Contaminated Sites – Problem and Perspective – A Case Study 7
http://dx.doi.org/10.5772/59357

569



Figure 3. Libiola mine site A) View of the mine waste rock dump; B - D) sampling sites; B) bare soil with no vegeta‐
tion; C) shrub layer; D) tree layer with macrofungi.

Figure 4. Macrofungi at the Libiola mine and their ECM symbiosis. A) S. polyrhizum; B) T. terrestris; C) P. pinaster roots
with ECM fungi; D) details of root apex with ECM fungi; blue cotton staining.
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Figure 5. ESEM micrographs of P. pinaster with EDS spectra. A) P. pinaster leaves showed soil particles on stomata, but
no metals were detected inside tissues; Bar = 20 μm. B) P. pinaster stems; Bar = 200 μm C). P. pinaster roots with ECM
fungi; Bar = 100 μm. D) details of root hairs; Bar = 10 μm. EHT: 30 KV, WD: 14 mm, detector: Centaurus.

Among the mine plants screened for Ni accumulation in plant tissue, only the well-known
metal hyperaccumulator Thlaspi caerulescens J. & C. Presl and A. utriculata yielded a positive
response (Fig. 6). The latter was recently confirmed as a new Ni facultative hyperaccumulator,
able to concentrate more than 1000 mg kg-1 Ni DW in leaves [74]. Plant efficiency tests were
carried out on native soils to evaluate the growing ability and the ecophysiology of this
promising species, and recent experiments have confirmed its suitability for phytoextraction
(data not shown).

Soil samples collected from the A. utriculata rhizosphere and barren mine soils were examined
to determine microfungal flora. On the whole, the majority of isolated colonies belonged to
the genus Aspergillus, Botrytis, Clonostachys, Penicillium and Trichoderma (Fig. 7). Regarding A.
utriculata, the rhizosphere were isolated species such as Eurotium amstelodami L. Mangin,
Aspergillus carbonarius (Bainier) Thom, A. tubingensis Mosseray, Penicillium waksmanii K.M.
Zalessky and Rhodotorula spp. not found in other mine soil samples. We can hypothesize that
these microfungi, growing in the hyperaccumulator rhizosphere, may function as plant growth
promoting factors altering element solubility and increasing plant metal uptake.
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The ectomychorrizal macrofungi collected reveal a highly significant metal accumulation, in
particular Cu>1000 mg kg-1 in Telephora terrestris and Ag>50000 μg kg-1 in Scleroderma polyrhi‐
zum. When present in mine sites, these fungi are able to actively absorb most of the potential
toxic elements in the sites' basidiomata. The absorption sequence Cu>Zn>Cr>Ni>Co obtained
for these macrofungi overlaps well with the sequences obtained using EDTA extractions and
water leaching tests [69, 68]. Both species also established ECM symbiosis with pine and we
could not exclude that they played a role in the phytostabilization process at the root level.

Finally, we studied soil microfungi to test the growth responses of culturable isolated micro‐
fungal strains in copper enriched media and to evaluate their potential use in mycoremedia‐
tion. The species most recurrent were filamentous microfungi: Trichoderma harzianum,
Clonostachys rosea and Aspergillus alliaceus. We hypothesized that these fungi were particularly
tolerant/resistant to copper. The Cu tolerance level of T. harzianum and C. rosea were tested in
vitro at increasing Cu(II) concentrations. The tests showed a Cu(II)-tolerance capability ranging
from 100 to 400 mg L-1 [75]. These preliminary analyses proved that several fungal species were
able to grow in Cu-contaminated media, thereby underlying the importance of selecting new

Figure 6. Alyssoides utriculata A) in the mine dump; B) positive leaf trichome DMG test, light microscopy micrographs;
C, D) ESEM micrographs and EDS spectrum of leaf trichomes storing Ni, up to 8%; Bar = 100 μm. EHT: 30 KV, WD: 14
mm, detector: Centaurus.
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tolerant strains and testing their potential metal uptake capabilities for application to mycor‐
emediation protocols.

Silver, a noble metal of historical and economic importance, also indicated a high concentration
in the Libiola mine soil. Even if silver is usually not considered an environmental contaminant,
Ag+ represents one of the most toxic metals to bacteria, algae and fish [76], and can damage
cellular components and reduce enzymatic activities. Some studies have shown that bacteria,
yeasts and macrofungi can accumulate silver; however, the chemical form of Ag in the
macrofungal fruit-bodies was not investigated in detail [77, 78, 76]. In this context, we have
tested the potential Ag+ accumulation by microfungi isolated from the Libiola mine soils. First,
we tested the in vitro growth capabilities on Ag+-enriched media by Aspergillus alliaceus,
Trichoderma sp., C. rosea in order to select the most tolerant microfungal strain. Trichoderma sp.
showed the best and speediest capabilities for growing in vitro on media spiked with 400 mg
kg-1 of Ag+, uptaking 150 mg kg-1 dry weight (Fig. 8), as confirmed by ICP-MS analysis.

The considered contaminated environment chiefly affected the biodiversity of the area and
exerted a strong selective pressure on the local flora and mycoflora. These results suggest the
use of P. pinaster, A. utriculata, T. terrestris, S. polyrhizum, T. harzianum and C. rosea for devel‐
oping experimental protocols of bioremediation and habitat restoration for avoiding ecosys‐
tem disruption.

Figure 7. Microfungi isolated from mine site: A) Rhizopus oryzae Went & Prins. Geerl., acid fuchsine staining, light mi‐
croscopy; B) Clonostachys rosea (Link Schroers, Samuels, Seifert & W. Gams, acid fuchsine staining, light microscopy; C)
sclerotia of Aspergillus alliaceus Thom & Church, stereomicroscopy; D) Botrytis cinerea Pers. ex Nocca & Balb., acid fuch‐
sine staining, light microscopy.
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The study highlighted differences between mineralogy, geochemistry, flora and mycology
among strongly polluted selected sites of the Libiola mine, which are key points for future
reclamation of the area. In particular, our results evidenced the significant control of soil
mineralogy and chemistry on the biodiversity of the mining area, as well as on the capacity of
mycoflora and flora to accumulate specific metals. Knowing what the factors are influencing
the first colonization by plants and the interaction among plants, fungi and soils, allow us to
develop a method for the land restoration of metal polluted sites in a manner that minimizes
interventions and costs.

3. Future perspectives – How to apply what we have learned

Due to the complexity of soil and in-situ conditions, each contaminated site requires its own
strategy and site-specific designs for decontamination, especially in Mediterranean areas.
Multi-element contaminated soils contain several pollutants; consequently, it is necessary to
screen out fungi and plants that can survive on different pollutants simultaneously and to
accumulate or stabilize some of them.

Figure 8. Ag accumulation tests. A-B) Screening test of microfungal growth capability on silver enriched media; C)
microscopic detail of the selected Trichoderma sp. strain D) Trichoderma sp. growth.
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The use of metal tolerant species adapted to native conditions can assist in balancing the
ecological pressure generated by soil pollution. Consequently, it is necessary to evaluate the
potential bioremediation of native fungi and plants from contaminated sites before choosing
other species suitable for bioremediation.

Phytostabilization may be employed as a temporary solution until new techniques are
available. However, for large contaminated sites (e.g., mining or industrial sites), phytostabi‐
lization likely represents the best option for ecosystem restoration [79]. Moreover, below-
ground restoration success involves the employment of native microfungi for developing and
improving the soil microbial biomass [80].

In the joint use of plants and soil microorganisms, plants provide a C source for microorgan‐
isms, which absorb, degrade or release elements for plant absorption [81]. The plant allocates
most of the metals to their roots so that plant shoots can be more efficient under metal stress
[82]. Rhizospheric fungi are able to alleviate the stress of metals on plant growth through soil
bioremediation (bioaugmentation) and can sometimes alleviate the unfavourable effects of
metal on plant growth by the process of phytostabilization [83]. With the employment of the
right soil, microfungi and ECM fungi, we can avoid amendments to soil, thereby improving
organic matter and soil-forming processes that are essential for the colonization of pioneer
plant species. These species will guarantee the durable, sustainable and ecological restoration
of polluted mine sites, thereby increasing soil fertility.

The enormous potential of native fungi and plants that are able to colonize metal-contaminated
soils need to be studied in-depth in order to preserve the natural genetic resources of metal‐
liferous habitats and to increase our basic knowledge about the natural adaptation mechanisms
of hyperaccumulators in order to employ them in phytoremediation purposes.
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Chapter 23Provisional chapter

Underutilized Crops and Intercrops in Crop Rotation as
Factors for Increasing Biodiversity on Fields

Franc  Bavec and Martina Bavec

Additional information is available at the end of the chapter

1. Introduction

Protection of biodiversity in intensive agricultural areas was one of the priorities of Common
Agricultural Policy (CAP) and Agri-environmental payment (AEP 2007-2013) [1]. In general,
AEP measures include crop rotation, the greening of fields, organic agriculture, soil coverage
in water protected areas, etc., which depend on detailed national measures. In the new EU
perspective of the Greening CAP reform 2014-2020 [2], three basic measures are foreseen in
the first pillar: (i) maintaining permanent grassland; and (ii) crop diversification (a farmer must
cultivate at least 2 crops when his arable land exceeds 10 hectares and at least 3 crops when
his arable land exceeds 30 hectares. The main crop may cover at most 75% of arable land, and
the two main crops at most 95% of the arable area); (iii) maintaining an “ecological focus area”
of at least 5% of the arable area of the holding for farms with an area larger than 15 hectares
(excluding permanent grassland) – i.e. field margins, hedges, trees, fallow land, landscape
features, biotopes, buffer strips, afforested area. This figure will rise to 7% in 2017 according
to the Commission report and the legislative proposal (CAP reform [2], MEMO 13/621,
26.6.2013). In the 2nd pillar documents (Regulation EU 1305/2013, 17.12.2013),'biodiversity' is
mentioned 12 times and is mainly focused on conversion into organic farming, the protection
of biodiversity in Nature 2000 areas and forest biodiversity conservation statuses of species
and habitats, as well as enhancing the public amenity value of Nature 2000 areas or other high
value nature areas. In these documents, we were mainly faced with general terms of biodi‐
versity, however the detailed measures in the second pillar should be defined on a national
level. There is also the EU Biodiversity Strategy to 2020, which is trying to halt the loss of
biodiversity and the degradation of ecosystem services in the EU by 2020. It is also trying to
feasibly restore biodiversity, while stepping up the EU contribution to averting global
biodiversity loss. In case of pollinators and their vs. pollinators’ plants, they are mentioned
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only in introduction of document. In the agricultural part the focus is only on maximising
agricultural areas across grasslands, arable land and permanent crops that are covered by
biodiversity-related measures under the CAP so as to ensure the conservation of biodiversity
and to bring about a measurable improvement in the conservation status of species and
habitats affected by agriculture and in the provision of ecosystem services as compared to the
EU 2010 Baseline, thus contributing to enhance sustainable management; without mentioned
intercrops and diverse – alternative crops.

2. Aim and methodology

The Biodiversity Strategy to 2020, compared to previous documents, places more emphasis on
field crop areas, but the measurements for 55.9 mio ha of field crop areas in Europe (FAO stat,
2012) are still not defined clearly enough, which is why special measurements for increasing
the biodiversity of crops are needed on the intensive fields. As we can see in the Greening CAP
reform 2014-2020 [2], these actions manage only a small portion of the 2nd and/or 3rd crop, and
all of those can be produced in monoculture. Further on, the 1st Pillar supports more green
washing than actual change of crop rotation, crop structure and diversity of field crops on the
fields. Pillar 2, which depends on national regulations and is more open to potentially
important measurements (like intercropping and introduction of alternative - rare - underu‐
tilized crops into field crop production for increasing biodiversity) is rarely mentioned in
regulations and strategies. Sometimes its importance is unknown to administration workers,
which is probably the reason why officers are not interested in their implementation (a good
example is the Slovenian Ministry for Agriculture and Environment). A review of relevant
literature, research and practical experiences of the authors will be present in this chapter.

3. Crop rotation

It is a fact that intensive agriculture and dominant monoculture based on high chemical inputs
and even genetically modified organisms in some countries are destroying the fields biodi‐
versity. The decreasing soil biodiversity does not support the natural cycles for sustaining good
soil characteristics and natural plant nutrition pathways. For those in the system, like the US
Corn Belt where these issues are key environmental problems include water contamination by
nutrients and herbicides emitted from cropland, a lack of non-agricultural habitat to support
diverse communities of native plants and animals and a high level of dependence on petro‐
chemical energy in the dominant cropping systems. In addition, projected changes in this
region’s climate, which include increases in the proportion of precipitation coming from
extreme events, could make soil and water conservation in existing cropping systems more
difficult [3]. In spite of the professionals’ scepticisms about intensive systems, the authors
Liebman et al. [3] concluded that increasing biodiversity through the strategic integration of
perennial plant species can be a viable strategy for reducing the reliance on purchased inputs
and for increasing agro ecosystem health and resilience in the US Corn Belt. It is our concern
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that the measures in the EU Greening CAP reform 2014-2020 in the first pillar will not solve
these kinds of problems in European countries either.

Biodiversity and plant protection against plant diseases and pests research is becoming an
important issue in the world. For example, crop diseases are the most important natural
disasters for food production and food safety, they are also one of the main reasons confining
sustainable development of agricultural production. The discovery of the biodiversity
mechanism (instead of chemicals and genetic modified organisms) to control crop diseases can
reasonably guide the rational deployment and rotation of different crops and establish an
optimization of different crop combinations [4].

The transformation of agriculture in the past half-century has triggered a decline in bees and
other insect pollinators. In this case it is concluded [5] that areas of cultivated land farming,
field margins, field edges and paths, headlands, fence-lines, rights of way, and nearby
uncultivated patches of land are important refuges for many pollinators. According to the
authors of this chapter, the yield of buckwheat increased twice in cases of pollination by honey
bees compared to isolated plants by covering plots without honey bees (not published data).
Likewise, crops including at least 800 cultivated plants depend on animal pollination in a
functional biodiversity, which can be increased by intercrops and more diverse crop species
in crop rotation. These solutions were not clearly defined and supported by professionals and
policy makers, not even in the EU CAP reform and at the country levels as separate measures
in Pillar 2 (like in Slovenia).

4. Biodiversity and the multifunctional importance of alternative field
crops 1

Intensive agriculture based on monoculture evidently reduces fields' biodiversity (Fig. 1)
including the number of utilized crops and in consequence reduces natural health and
nutritional compounds in the food. As reported by Jacobsen et al. [6], we have to safeguard
both biodiversity and arable land for future agricultural food production, and we need to
protect genetic diversity to safeguard ecosystem resilience. They conclude that majority of the
research funding currently available for the development of genetically modified crops would
be much better spent in other research areas of plant science, e.g., nutrition, policy research,
governance, and solutions close to local market conditions if the goal is to provide sufficient
food for the world's growing population in a sustainable way.

Introduction of alternative (rare, underutilized, disregarded, neglected, new and alternative
GMO free) crops into the structure of field crop rotation can increase plant biodiversity and
the nutritional and health value of food. Alternative crops are rich natural resources of essential
amino acids, antioxidants, minerals, stimulators and other usable compounds, which are often
limited to products from just a few main crops produced over the world. Production of

1 The section based on research of Bavec F. presented in the Agrosym 2011 paper, which content is republished with
permission.
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underutilized crops shall help to increase resistance to plant diseases, predators, and helping
us to produce food without synthetic pesticides [7]. The described organic production of
underutilized field crops represents a very important option for an environmentally acceptable
crop production and a niche for 'special organic' products. The selling of this kind of products
is of special interest for small scale farms, because it is a better solution compared to producing
and selling cheaper products on global markets. But in this case the consumers, advisers and
farmers need professional knowledge about the preferences of underutilized crops, produc‐
tion characteristics, clear guidelines for organic production, post-harvest technology, food
processing including product certification and clear marketing strategies. The support given
by educational, research and governmental institutions should also be in accordance with these
needs. Each specific possibility and activity of each country can influence the consumer-
producer relationships and the effective marketing by specific or/and niche products based on
underutilized crops [8, 9].

Figure 1. Comparison of negative effects of monoculture and positive effects of crop rotation, alternative crops and
intercrops on biodiversity parameters
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A rich biodiversity of produced edible underutilized field crops encompasses cereals and
pseudo cereals including millets, pulse crops, root and tuber crops, oil seed crops and dyes,
some of which (including fibre crops) are usable for creating new market niches based on small
scale production and processing. Furthermore, some of them are also suitable for industrial
processing. Depending on the country, some of these plants are indigenous, and based on
spread secondary diversity, some are completely new, sometimes even exotic. The under‐
standing and use of underutilized crops is based mainly on tradition and the specifics of their
growth circumstances. Most of them are unknown to a great percentage of agronomists. But
the interest for underutilized crops is also increasing with publishers, because during the last
decades a few publications spread the knowledge about underutilized field crops [10, 11, 12]
with a special attention to temperate climate [7].

For example, in Slovenia temperate climate circumstances are predominant and just a small
part is Mediterranean. For those, the tropic crops should be introduced into the temperate
climate with special attention to a growth period of less than 160 frost free days, such as those
for genotypes of sweet corn (Zea mays L. var. saccharata), batata (Ipomea batata L.) and other
tropical tuber crops, specific genotypes of grain amaranths (Amaranthus sp.), quinoa (Cheno‐
podium quinoa L.), groundnut (Arachis hypogea L.), vignas (Vigna ssp.), etc. The next factor is the
system of reproduction based on plant parts growth in greenhouse conditions during winter
time like in the case of batata. The spelt which is well adapted to temperate climates (Triticum
aestivum L. ssp. spelta MacKey) has been forgotten, however todays introduced into crop
rotations on many organic farms with field crop production during the last decade. Other farro
group cereals such as einkorn (Tritium monocccum L.), emmer (Triticumdicoccum L.), etc. are
introduced into organic farming just like sample crops on a few farms. Buckwheat (Fagopyrum
esculentum L.), proso millet (Panicum milliaceum L.) and oil seed pumpkins (Cucurbita pepo L.
group Pepo) were traditional, but neglected until the last decade when their production started
to increase. The group of alternative oil crops such as false flax (Camelina sativa L.), saflower
(Carthamus tinctorius L.), garden poppy (Papaver somniferum L. ssp. somniferum Kadereit) are
being researched and considered for eventual introduction into crop rotations. We are also
looking at some legumes and the group of millets from Africa-potential crops for dry condi‐
tions described in the book Organic production and use of alternative crops by Bavec and
Bavec [7]. In changing climate conditions some crops like millets from Africa and quinoa from
the Andes might play an important role for creating new stress-tolerant species and genotypes
for future agriculture. However, quinoa is described as a crop with high biodiversity value,
which maintains productivity even on rather poor soils and high salinity [13].

Traditional cropping systems of undeveloped countries contain numerous genotypes of
domesticated crop species, as well as their wild relatives. The richness of plant biodiversity of
traditional agro-ecosystems is comparable with natural systems. It is one of the reasons why
underutilized crops have to play a greater role, especially in organic farming. Underutilized
crops bring diversity into crop rotations and provide new possibilities for soil cultivation.
Organic farming, which is based on traditional farming systems, offers a way of promoting
the diverse food and food risks, it increases pollinator insects and reduces plant insects and
disease incidence, it is efficient in labour use and it also brings an intensification of production
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with acceptable resources, a maximization of returns and stability under responsible technol‐
ogies. Underutilized crops help local communities to be more independent while using the
local resources for production and transport expense reduction. A similar option might be
used for organically produced underutilized crops [14]. The use of underutilized field crops
has resulted in an in ceased product competitiveness, a rich nutritional and health value of
food, in tradition, locality, special quality according to organic production guidelines and even
in market attractions. The health and nutritional rich products, especially if they are produced
according to organic farming guidelines, represent a special niche in the market of the
developed world.

Knowledge about food health and nutritional attributes based on underutilized crops is very
useful for promotion, decision support for producers and for the buying motivation of
consumers. Special attention needs to be given to the coexistence of pollinator insects and
buckwheat, to antioxidants in food (tocopherols in oil crops, squalen in grain amaranths,
anthocyanins in sweet potato, etc.), to rich amino acid compositions (grain amaranths, quinoa,
partly buckwheat, partly legumes, etc.), to gluten free foods for people with celiac disease
(buckwheat, grain amaranth, quinoa, millets), to good quality fibre food (whole grained spelt
and other cereals), to food rich in minerals, vitamins and their good balance, etc. Many of them
are used in pharmacology and alternative medicine, like oil seed pumpkins [15], buckwheat
[16, 17, 18], amaranths [19, 20], etc.

The above information show a very interdisciplinary approach to alternative field crops, which
can help to change the structure of crop diversity with clear steps towards a better social and
economic behaviour. At the field level the rich crop diversity supports multifunctional
processes like more sustainable nutrient cycles, caused by different root systems and different
nutrient uptakes. A bigger variety of crops in crop rotation leads to more permanent soil covers
of plants during growth periods, especially if they are grown in stubble crops. If some of them
are grown as green manure they can have an important influence on soil fertility, because of
more rich micro-organisms activity. In cases such as Brasicaceaes, for example white mustard
(Sinapis alba), the crop also has a phytosanitary effect. Diverse crops encourage more sustain‐
able production systems because of the positive effects on relationships between predators
and pests (Fig. 1). They also decrease plant diseases in crop rotation, because of their life cycle
breaks.

5. Intercropping — Unexploited beneficial measure 2

Intercropping (sowing two or more crops together) represents a high valued strategy for long
term sustainable plant production management, due to its many beneficial effects like effects
on increasing diversity of cultivated crops, nitrogen fixations by legumes [21, 22, 23, 24] instead
of synthetic N fertilisers, weed control, yield stability, inter-specific complementarity, a more
efficient use of environmental sources, soil coverage in under-sown crops, a higher protein

2 The section based on research of Bavec F. presented in the Agrosym 2011 paper, which content is republished with
permission.
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content in seeds used for grain feed or silage mixture (especially important after BSE crises,
etc.). Because of the complexity of these systems, intercropping has been neglected in practice
and just partly researched as a plant production system under climates and cultivation
circumstances worldwide. The research is deficient, especially in the case of intercropping
impacts on biodiversity [25].

Farmers and researchers carry out different cropping systems to increase productivity and
sustainability by using crop rotations, relay cropping, and intercropping of different annual
crops. An associated culture often involves cereals and legumes due to its advantages for soil
conservation, weed control, lodging resistance, yield increment, hay curing, forage preserva‐
tion over pure legumes, high crude protein content and protein yield. Different seeding ratios
or planting patterns have been practised for cereal-legume intercropping. Bean yields in an
intercrop culture are usually less sown than those obtained from sole bean stands. It is possible
to increase yields with suitable management practices such as the use of optimum plant
population and improved bean cultivars. However, bean yields in intercrops represent a
surplus to the main maize crop yield. In EU countries, cowpea is rarely used in intercropping
with cereals on small-scale farms. A number of indices such as land equivalent ratio, relative
value total and monetary advantage have been proposed to describe the competition within
and economic advantages of intercropping systems (from unpublished review, Bavec et al.,
Univ. Maribor). However, such indices have not been used for climbing bean (Phaseolus
vulgaris L.) and maize intercropping to evaluate the competition among species and to evaluate
the economic advantages of each intercropping system.

Intercropping of climbing bean and maize is a common production system on small scale farms
and of interest to researchers in Latin America, as well as in South Africa, Ethiopia and other
African countries. In a temperate climate, this type of intercropping has traditionally been
practised 30 years ago, also on small-scale farms in Slovenia, Romania and in other Middle
and Eastern European countries. Despite the fact that intercropping systems should involve
integrating crops, using space and labour more efficiently, recommendations supporting good
sole cropping systems, in which net incomes are also higher.

In Slovenia, two cases of conversion from a manual to mechanized production system of
intercropped bean and maize production was established on an approximate 4 to 6 ha planting
area per year, where the bean seeds are used for silage fed to ruminants (farm Jankovič, Vihre/
Krško), and for human consumption (farm Jakob, Lipovci). In the other European countries
we also practically lost this traditional production system, although it still exists in some poor
and self-sufficient small-scale farms, with some attention on the dry climate due to recent
climate changes [26].

In general, important benefits of intercropping cereals with legumes are the following: more
available nitrogen due to nitrogen fixation with legumes-with up to 84 % of nitrogen may be
derived from fixation by the climbing bean, maize and bean intercropping may help converse
a deficiency of bean production in European countries, in that it involves integrating crops
using space and labour more efficiently, increased efficient competitions of cereals with weeds,
improved soil structure, reduced loss of plant nutrients, less damage of plants due to pathogens
and insects, especially in organic farming systems. Based on the available literature, most
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researches have focused on intercropping bush beans in non-European growing conditions.
Because of the different canopy characteristics of bush beans, data for bush beans are not
comparable with climbing bean maize intercropping – this has only been reported by Gebeye‐
hu et al. [27]. However, there is a lack of scientifically relevant information about promising
plant ratios of maize-climbing bean intercropping systems, especially for the ones produced
in European temperate zones under integrated or organic production systems.

In this paper we want to focus our attention on two additional reasons for the proposed
intercropping climbing bean/maize in temperate climate vs. marginal regions for maize (to
FAO group 400) production [28], which are also suitable for growing climbing beans, due to
temperatures and humidity, enabling a simple and environmentally friendly production. In
this case the soil preparation is conventional (ploughing in autumn, pre-sowing soil prepara‐
tion in spring), the same machine is used for sowing maize and bean seeds. The bean seeds
need to be sown close to the maize strips at the stage when the maize has few true leaves, after
the 1st or 2nd inter-row mechanical hoeing, close to the strips of the maize plants. For harvesting
the maize bean whole plant mixture a silage combine is used, but for the seed harvesting a
cereal combine and eventual separation of the bean and maize seeds could take place. The
second benefit is the production of protein rich silage caused by bean grains, which contain
approximately 20% of crude proteins. These kinds of proteins are good and might be a
relatively cheap replacement for animal source proteins, which are not allowed for ruminants
feed after the appearance of BSE ‘mad cow disease’.

In cereal-legume intercropping, cereal crops establish uniform canopy structures and then
legume crops and the roots of cereal crops grow to a greater depth than those of legume crops
with less lodging consequences [29]; however the agronomic traits of genotypes need to be
well adapted for intercropping. Climbing bean cultivars need specific adaptations to intercrops
using predominantly morphological maize types grown in the area [27]. Somewhat earlier
maize cultivars can give an improved net income when intercropped with climbing beans,
because they are resistant to stem lodging. This indicates that the component crops probably
have differing spatial and temporal use of environmental resources such as radiation, water
and nutrients. Therefore, this cropping system may help improve productivity of low external
input farming, which depends largely on natural resources such as rainfall and soil fertility.
The intercropping productivity is largely dependent on planting date and plant population of
its components. Small-scale farmers have practised traditional cropping techniques, such as
intercropping, in which they unknowingly manipulate the plant population [28] because that
way, interspecies competition is stronger.

The effects of intercrops on weed communities were characterised in terms of growth, species
diversity (richness and evenness), and floristic and functional composition. Intercrops and
barley monocultures generally produced similar effects on the companion weed communities,
whereas pea effects were less suppressive and more variable. Spring-emerging species
generally increased its relative importance in the intercrop weed communities; whereas
winter-emerging species were usually less abundant in intercrops. Divergence in the abun‐
dance of winter and summer emerging weeds could be attributed to the different canopy
dynamics of intercrops and monocultures [30].

Biodiversity in Ecosystems - Linking Structure and Function8590



researches have focused on intercropping bush beans in non-European growing conditions.
Because of the different canopy characteristics of bush beans, data for bush beans are not
comparable with climbing bean maize intercropping – this has only been reported by Gebeye‐
hu et al. [27]. However, there is a lack of scientifically relevant information about promising
plant ratios of maize-climbing bean intercropping systems, especially for the ones produced
in European temperate zones under integrated or organic production systems.

In this paper we want to focus our attention on two additional reasons for the proposed
intercropping climbing bean/maize in temperate climate vs. marginal regions for maize (to
FAO group 400) production [28], which are also suitable for growing climbing beans, due to
temperatures and humidity, enabling a simple and environmentally friendly production. In
this case the soil preparation is conventional (ploughing in autumn, pre-sowing soil prepara‐
tion in spring), the same machine is used for sowing maize and bean seeds. The bean seeds
need to be sown close to the maize strips at the stage when the maize has few true leaves, after
the 1st or 2nd inter-row mechanical hoeing, close to the strips of the maize plants. For harvesting
the maize bean whole plant mixture a silage combine is used, but for the seed harvesting a
cereal combine and eventual separation of the bean and maize seeds could take place. The
second benefit is the production of protein rich silage caused by bean grains, which contain
approximately 20% of crude proteins. These kinds of proteins are good and might be a
relatively cheap replacement for animal source proteins, which are not allowed for ruminants
feed after the appearance of BSE ‘mad cow disease’.

In cereal-legume intercropping, cereal crops establish uniform canopy structures and then
legume crops and the roots of cereal crops grow to a greater depth than those of legume crops
with less lodging consequences [29]; however the agronomic traits of genotypes need to be
well adapted for intercropping. Climbing bean cultivars need specific adaptations to intercrops
using predominantly morphological maize types grown in the area [27]. Somewhat earlier
maize cultivars can give an improved net income when intercropped with climbing beans,
because they are resistant to stem lodging. This indicates that the component crops probably
have differing spatial and temporal use of environmental resources such as radiation, water
and nutrients. Therefore, this cropping system may help improve productivity of low external
input farming, which depends largely on natural resources such as rainfall and soil fertility.
The intercropping productivity is largely dependent on planting date and plant population of
its components. Small-scale farmers have practised traditional cropping techniques, such as
intercropping, in which they unknowingly manipulate the plant population [28] because that
way, interspecies competition is stronger.

The effects of intercrops on weed communities were characterised in terms of growth, species
diversity (richness and evenness), and floristic and functional composition. Intercrops and
barley monocultures generally produced similar effects on the companion weed communities,
whereas pea effects were less suppressive and more variable. Spring-emerging species
generally increased its relative importance in the intercrop weed communities; whereas
winter-emerging species were usually less abundant in intercrops. Divergence in the abun‐
dance of winter and summer emerging weeds could be attributed to the different canopy
dynamics of intercrops and monocultures [30].
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Plant diversity based on intercropping systems includes potentially important mechanism for
chemically mobilizing nutrients in otherwise-unavailable forms of one or more limiting soil
nutrients, such as phosphorus (P) and micronutrients (iron (Fe), zinc (Zn) and manganese
(Mn)). In case of phosphorus-mobilizing, crop species improve P nutrition for themselves and
neighbouring non-P-mobilizing species by releasing acid phosphatases, protons and/or
carboxylates into the rhizosphere which increases the concentration of soluble inorganic P in
soil. Similarly, on calcareous soils with a very low availability of Fe and Zn, Fe-and Zn-
mobilizing species, such as graminaceous monocotyledonous and cluster-rooted species,
benefit themselves, and also reduce Fe or Zn deficiency in neighbouring species, by releasing
chelating substances [31].

Only in one EU research programme a survey was carried out within five European countries
with regard to the practice of cereal grain legume intercropping. The most commonly used
combination was spring barley-spring pea with 27 other combinations between pulses and
cereals. 72 % of all examples consisted of spring varieties and the rest of winter varieties, mainly
a special case of the French South West with a mild winter climate. Intercrops were mainly
used for feeding purposes. Yield stability, effective weed suppression, and good quality of
feed were reported as the best outcomes. The negative outcomes were complicated mechanical
weed regulation, unequal maturation and additional costs for separation. The interviewed
farmers showed predominantly positive prospects for the development of intercropping on
their farms, problems with sowing techniques being the only importance [32].

Based on the statements in this chapter, we can once again underline the importance of the use
of well-known [33] and new findings of beneficial intercropping effects on productivity and
biodiversity in different farming systems [34] which is especially very important in changing
climates [35]. Because the fact that intercropping is a more expensive and complicated
cultivation than sole crop production, intercrops need wider support (like new research and
simulation models) [36] that will be included in farming systems as a basic environmental
measure at the field production level.

6. Conclusions

Based on the lack of environmental indicators which influence the functional biodiversity in
the field, a precisely described importance of crop rotation, introduction of underutilized crops
and intercrops, is given. Due to their many beneficial effects (crop rotation, nitrogen fixations
by legumes instead of synthetic N fertilisers, weed suppression, yield stability, inter-specific
complementarily, more efficient use of environmental sources, soil cover at under-sown crops,
higher protein content in the seeds for grain feed or silage mixture, especially important after
BSE crises), inter-cropping and underutilized crops represents a high valued strategy for long
term biodiversity and sustainable plant production management. Because of the farmland
intensification and complexity of biodiversity, intercropping and underutilized crops have
been neglected in practice and only partly researched as a plant production system under
different cultivation circumstances (sometimes site specific). More diverse crops and inter‐
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cropping support a more stable ecosystem productivity, especially in the case of intercrops
with legumes; here the inputs of artificial nitrogen can be significantly reduced. However,
ecological intensification of agriculture depends on simple and clear ecologically oriented
agro-environmental policies all over the world, which will not support »green washing« of
conventional agriculture or »conventionalisation« of organic farming. Because of climate
changes, the alternative field crops and intercrops need more political support and should be
taken into account in EU CAP and OECD policies, which do not include suggested measures
on national levels as part of environmental payments, not even outside Europe. Because of
their importance, intercrops and alternative crops need to be a part of biodiversity indicators
at field and landscape levels.
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1. Introduction

In recent years development agencies and conservation organizations such as the World
Conservation Union, World Bank, Birdlife International, the United Nations, the World Wide
Fund for Nature and Fauna as well as Flora International, have served to reinforce a number
of conservation practices and policies in which the link between natural conservation and
improving the lives of rural communities has been piquantly accentuated. The central
emphasis that has emerged from these accents is that protected areas – and national parks in
particular-cannot be viewed as isolated from the economic and social context within which
they are located. Worldwide – and particularly in the developing world – protected areas are
progressively expected to navigate past the conventional primary focus on biodiversity
protection to also, through the process of conserving biodiversity, contribute to improving the
well-being of those communities adjacent to conservation areas through the delivery of social
and economic benefits [1]. To be more precise, it has become essential that the goals of
protected-areas management and biodiversity conservation become acquiescent with the
socio-economic expectations and needs of local communities [2,3,4]. The very survival of such
areas and the people surrounding it depends on a mutually beneficial interaction. In fact,
protected areas have a powerful potential to markedly influence human well-being through
the generation of social, environmental and economic initiatives that may benefit both
protected areas as well as the local communities [5].

One example in South Africa where protected areas have been influential in attempting to
improve the well-being of neighbouring communities is the People and Parks Programme of

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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South African National Parks (SANParks), which was implemented as an intermediary that
endeavours to address the various socio-economic tribulations that were often ignored or
sidelined in favour of conservation during the Apartheid rule. The post-apartheid policy of
SANParks is entrenched in the conviction that biodiversity conservation should be directly
linked with the needs of neighbouring communities, thus opening up possibilities for aug‐
menting the well-being of communities neighbouring national parks in the country [6]. Some
of the initiatives aimed at improving the well-being of neighbouring communities include
health programmes, the development of cultural resources, heritage management, environ‐
mental education, the interpretation of medicinal plant use, the unlocking of economic
opportunities in the form of job creation, and the carrying out of an assortment of arts and
crafts projects [3,6].

Emanating from the above, this chapter reflects on a study conducted in the Golden Gate
Highlands National Park (Golden Gate) in the Eastern Free State of South Africa, and the role
of the park as a vehicle for improving the well-being of those living within the surrounding
communities by means of the latter’s participation in a grass harvesting programme in the
park. Essentially, the broad aim of this research venture was to assess to what extent the thatch
harvesting programme at Golden Gate had impacted on human well-being within the park’s
neighbouring communities. More specifically, this study set out to explore and answer the
following interrelated research questions: To what extent has the thatch harvesting pro‐
gramme at Golden Gate benefited the communities bordering the park, and particularly the
most vulnerable and poorest section of the community? What evidence is there to indicate that
the thatch harvesting programme has improved the community’s well-being? What interven‐
tions are needed to strengthen and maximise the impact of the said programme in order for it
to effectively enhance the well-being of those within the target community? To what extent, if
any, has this programme impacted the park’s conservation mission?

2. About the project

This section firstly provides a broad overview of the general state of the grassland biome in
South Africa, followed by a more detailed discussion of the grass-harvesting programme at
Golden Gate.

2.1. Setting the scene: The grassland biome in South Africa

Globally the grassland biome covers about 40% of the earth’s surface, is home to more than
one billion people in the world and provides many essential ecosystem services required to
support these people and many others who are not living inside this biome [7]. Grasslands are
the largest of South Africa’s nine biomes and cover roughly one third of the country [8]. South
African grasslands constitute a complex ecosystem that includes amongst others 42 river
systems, five Ramsar wetlands and three World Heritage Sites. There are more than 3,000 plant
species found in these grasslands, and only one in six of them are grasses. Grasslands are the
habitat for a wide variety of wild life, and provide many crucial ecosystem services that are
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essential for human development and well-being. Apart from providing grazing for millions
of cattle and sheep, the grasslands biome also offers all-important services in water production,
wetland functioning, flood attenuation, recreational amenities and support for livelihoods
such as thatch for housing, grass for weaving and medicinal plants [8]. South African grass‐
lands play a critical role in the hydrological cycle by reducing erosion and runoff, and by
storing runoff as either groundwater or in wetlands, thereby contributing to water supply and
freshwater ecosystem services [7].

The grasslands biome is one of the most threatened biomes in South Africa as a result of
population increase, rapid urbanisation, expanding mining operations, increased forestry and
commercial agriculture. Approximately 35% of this biome has been irreversibly transformed
and less than 2% is officially conserved [7,9]. The current state of South African grasslands, as
well as expected future developments, means that the important biodiversity and ecosystem
services in the grasslands are being degraded to such an extent that human well-being is
threatened. As a result, the importance of protecting the grassland biome for both biodiversity
and economic development reasons has been recognized by the National Biodiversity Strategy
and Action Plan that has identified this biome as a spatial priority for conservation action in
South Africa [9].

2.2. Grassland conservation and grass harvesting at the Golden Gate Highlands National
Park

Golden Gate) is situated in the foothills of the Maloti Mountains in the north-eastern part of
the Free State Province (Figure 1), and plays a critical role in the country's grassland conser‐
vation strategy. Established in 1963, Golden Gate comprises more than 30 000 hectares of
highland habitat, is home to a large variety of mammals, antelope and bird species, and is
renowned for its sandstone formations and important paleontological discoveries [3]. The park
is home to more than 60 species of grasses, and is currently the only national park in South
Africa that protects the Afromontane grassland biome. The grass species include the red
Themeda triandra, which is a highly nutritious grass for grazing antelope and widely regarded
as an indicator of a healthy ecosystem [10]. Much of the grasslands outside the park have been
permanently lost as a result of overgrazing and soil erosion. The larger Golden Gate region is
also one of the most important water-catchment areas in South Africa, with more than half of
the country’s freshwater supply coming from this area [3].

Since the proclamation of the first national park in South Africa in 1926, no form of resource
utilization was allowed in any of the 22 national parks, including grass harvesting at Golden
Gate. This conventional policy of SANParks changed in 2003 when national legislation was
amended to provide for communities to access resources from protected areas. The changed
legal provision subsequently called for a revision of SANParks’ own policy on resource use,
and introduced a new resource use policy that regulates standard operating procedures for
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resource utilisation in national parks serves to confirm many initiatives since the mid 1990s
that have served to underline the importance of the role of national parks with regard to
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sustainable economic development and their augmentation of the well-being of their neigh‐
bouring communities.

The thatch harvesting programme at Golden Gate has been one of several projects for resource
use within SANParks aimed at transferring social and economic benefits accruing from
biodiversity protection to the impoverished surrounding communities through prospective
employment opportunities by means of commercial access permits and park assisted entre‐
preneurial endeavours [12]. For many generations QwaQwa National Park, which amalga‐
mated with Golden Gate in 2009, offered a rich source of accessible and harvestable grasses
for communities residing in the area. These grasses were used to produce a wide variety of
items such as brooms, hats, baskets, roof thatching, decorations and floor mats [12]. However,
in accordance with the National Environmental Management Protected Areas Act (Act 57 of
2003), Golden Gate was obliged to restrict harvesting activities within its borders, which as a
result cut off natural resources otherwise used by local community members. Recognising the
financial consequences of such constraints, and in conjunction with SANParks Resource Use
Policy which was signed into effect in March 2010, Golden Gate began exploring the possibility
for regulated and controlled access and use of harvestable grass within the park. In June 2011,
the necessary documents pertaining to the application for access, the access permits, the
conditions for entry and harvesting within the park as well as the monitoring document for
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harvesting, were conceptualised and submitted for evaluation. In September 2011, a draft
needs analysis report was also submitted for review [12]. Upon consideration and acceptance
of these supporting documents, a pilot project for the proposed thatch harvesting programme
was subsequently launched in 2012.

3. Conceptual framework

3.1. Ecosystem services and human well-being

In recent years, the need for more efficient management of ecosystem services, coincided with
the needs and values of neighbouring communities, has become increasingly acknowledged
by numerous governments as a means for improving the quality of life and well-being of their
respective populations [13]. It is widely agreed that poverty and well-being are commonly
experienced and expressed as counter extremes of one another, with the 2000/01 World
Development Report further strengthening this concept by defining poverty as “the pro‐
nounced deprivation of well-being” [13]. Adding to this, the experience of well-being or ill-
being is strongly dependent on the situation and context in which local personal and social
factors such as ecology, gender, age, geography and culture play a large and very important
role [13].

Both the ecosystem and human well-being are directly interdependent in that ecosystem
services provide humans with the necessary resource opportunities they require to survive
and improve their quality of life, and the availability of these resources can profoundly affect
aspects such as health, the rate of economic growth, the frequency and persistence of poverty,
livelihood security and so forth. The ecosystem also offers human beings nonmaterial benefits
such as education, recreational and spiritual services. On the other hand, ecosystems are
impinged upon by human activity through the need of ecosystem services such as fuel wood,
food, fresh water, fibre and grass. [13]. It clearly follows from this interaction that nature is
often valued for its usefulness: it satisfies a predilection, provides a function, and meets human
needs [14]. These values are assigned to something because of the satisfaction and enjoyment
that can be obtained through the use of biological resources. When an object is utilized as a
method to satisfy a need or as a means to achieve an end, either the relation or entity can then
be classified as an instrumental value. Thus through the economic/utilitarian perception of the
value of nature, the efficacy of the environment is articulated through individual preferences
or an accumulation of preferences [14,15]. In addition to this, the consumption of environ‐
mental resources refers to consumptive use values which are the values placed on those resources
which are consumed directly without having passed through a market. Consumptive use
values are especially significant to the rural populace in developing countries where these
biological resources are used and collected as a source of subsistence. Pressures to conserve
biodiversity have consequently resulted in reduced access to these resources and for the poor
and politically weak, this has typically impacted them severely [15]. Put differently, the erosion
of natural capital has serious consequences for human quality of life, and particularly that of
poor, rural communities.
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Natural capital can be defined as those goods and services supplied by ecosystems that are
both renewable and non-renewable, including the ecological practices regulating their use and
existence that may serve to meet various human needs [16, 17]. Natural capital plays a
fundamental role in determining the well-being of both individuals as well as groups, in that
it provides a number of essential elements such as air quality, the reduction of greenhouse
gases, water quantity, quality of soil and landscape, but to name a few [13, 18]. In addition to
this, ecological services play a fundamental role in providing the necessary resources required
to live a life of normal length through medicines for diseases, freshwater, foods, and the
regulation of threatening human diseases [19]. Thus, natural capital impacts all communities,
most especially those communities surrounding protected areas wherein healthy, sustainable
ecosystems with numerous community benefits are essential to their well-being and quality
of life [13,20].

3.2. Measuring quality of life linked to ecosystem services

The search for a conceptual clarification of "quality of life" has seen the development of two
essential methodologies of measurement, namely subjective well-being and "objective" or
social indicators of well-being [17,21]. Objective well-being is quantifiably assessed by making
use of both economic, social and health indicators, as well as observable variables such as life
expectancy, literacy levels, and economic production that reflect the degree to which human
needs have been met and which are deemed essential for a good life. However, whilst these
measurements may provide researchers with an indication of the extent to which the social
and physical needs are met, they are limited, and do not encompass other elements essential
to quality of life such as psychological security and life satisfaction [17]. Thus, by analysing
the quality of life of a society solely in terms of economic, social and health indicators, it clearly
depreciates fundamental elements such as self-development, love, and acquiring meaning in
life [21].

Consequently, to successfully measure quality of life it is necessary to also consider individual
perceptions of well-being, which leads us to the second measurement, namely subjective well-
being. The latter pertinently focuses on individually reported levels of contentment, happiness,
fulfilment, pleasure and other such forms of human experience and cognitive satisfaction
[17,21]. This indicator is grounded on the supposition that in order for researchers to under‐
stand the individual's or group's empirical quality of life, it is necessary to diametrically
investigate how they feel about life within the perspective of their own standards and values
[21]. The overall quality of life is thus determined by both the degree to which groups or
individuals are content in their life experiences as well as the level to which their needs are
met. By incorporating both “objective” and “subjective” variables, it becomes possible to gain
a clearer picture of the true meaning of quality of life on both temporal and multiple spatial
scales [17]. It is thus argued that constituents such as subjective well-being, objective well-
being, human needs, values and the supply of ecosystem services are needed to form an
integrated approach in order to understand human quality of life and how it might be obtained
at the interface of people and protected areas.
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4. Methods

4.1. The study site and target population

Golden Gate falls within the boundaries of the Thabo Mofutsanyana District Municipality
(TMDM) in the QwaQwa region of the Free State. TMDM has the second largest population
(736 238 in 2011) of the five districts in the Free State, with an average household size of 3.3,
which is more or less equal to the national average of 3.4 [22]. Almost one third (31.9%) of the
population of the TMDM is younger than 15 years. When it comes to socio-economic devel‐
opment and human well-being, the district is characterised by a high unemployment rate of
44.3% (2013) that translates into a staggering poverty rate of 69.1% (2011) – the highest of all
districts in the province. The high poverty and unemployment rates have propelled an out-
migration of male labour that in turn has resulted in a skew gender distribution of 87.3 males
per 100 females in the district [22]. Overall, the district is thus hamstrung by low levels of
human development and a low quality of life, low literacy and/or education levels and a high
unemployment rate. Under these conditions, and more so in this area, grass has been known
to have important livelihood functions, as traditionally it has been used for grazing, thatching,
weaving and the manufacturing of household items such as brooms and mats [23].

4.2. Research design

As an analytical framework for the evaluation of the thatch harvesting programme, an outcome
analysis was used in order to ascertain to what extent the objectives of the programme have
been achieved. Elements highlighted in the outcome analysis included assessing how suc‐
cessful the programme has been, what obstacles this programme has faced, the levels of
satisfaction among the direct beneficiaries of the programme, to what extent this programme
has effectively reached its target population, and finally, to ascertain how this programme
might be improved for future use. Both desk-top and empirical components have been
incorporated within a mixed method design of quantitative and qualitative approaches.
During the desk-top phase of the study, a theoretical basis was established that ascertained
the relative interface between communities and the protected ecosystem which they neigh‐
bour. During the empirical phase various data gathering methods such as individual inter‐
views, a focus group session and in-depth interviews with key informants were employed.

Analytically, the concept of well-being and the perceptions attached to this concept played a
significant role in the development of the research design and methodology for this study. The
methodology was developed in analogy of the five dimensions of well-being as proposed by
the Millennium Ecosystem Assessment [13], which includes both the quantitative and
qualitative components of well-being alluded to in section 3 of this paper. The first component
is that of material well-being wherein an individual experiences a good and secure life through
prospects such as income, assets, livelihoods, shelter, clothing and access to goods. Secondly,
the health component pertains to living in a healthy physical environment, feeling well and
being strong. The third component is that of good social relations which includes mutual respect,
good family and gender relations, social cohesion and the ability to provide, when needed, for
friends and children. The fourth component of well-being portends to that of security in which
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secure access to natural or other resources, living in a controllable environment and having
security from natural and human-made disasters are vital. The final key dimension of human
well-being is freedom and choice in which the individuals must have control over their lives and
their values or being. Accordingly, these five dimensions may serve to either positively or
negatively reinforce one another, thus changes in one may bring about changes in others.
Concurrently, these essential elements of well-being were pertinently and comparatively
utilized and assessed throughout this study in order to gauge the degree of well-being for
those stakeholders directly benefitting from the thatch harvesting programme established at
Golden Gate, all of which were used to suitably address the complexities of human endeavor,
human capability, and human life [13, 24].

Methodologically, the five dimensions of human well-being were operationalised in two
separate, yet concurrently running, stages for the purposes of programme evaluation: a
primary and secondary stage. The primary evaluation focused on those directly benefiting
from the programme as well as the potential benefits for the park itself. (The concept of direct
beneficiaries did not only allow for the inclusion of the individual harvesters, but also for their
households). The secondary stage of the impact evaluation explored the impact of the pro‐
gramme on the broader community, as well as the business sector.

4.3. Sampling and sample sizes

In order to understand the machinations of the thatch harvesting programme, and subse‐
quently it’s potential strengths, weaknesses and opportunities, it was necessary to not only
interview those directly benefitting from the programme, but also those directly involved in
the development and running of the programme. Additionally, in order to ascertain possible
secondary or multiplier impacts, those commercial companies involved in purchasing the
thatch after harvesting of the grass were also interviewed. Consequently, three samples were
drawn: one from the harvesters (direct beneficiaries), a second sample from park officials and
a third from those commercial companies who purchase the thatch immediately after har‐
vesting.

A total of 34 harvesters – i.e. everybody who were involved in the 2012 pilot programme-were
selected and interviewed through the use of a purposive sampling method. The park officials
in Golden Gate directly involved in the running and support of the thatch harvesting pro‐
gramme were sampled by means of a non-probability purposive sampling method. These key
informants included the People and Parks Manager and the Community Facilitator based at
the park. However, due to unforeseen circumstances, the People and Parks Manager was
unable to attend the focus group session, but the Park Manager of Golden Gate was able to
participate in her stead. During the secondary stage of impact evaluation, two commercial
companies were identified and contacted, which served to ascertain possible potential
multiplier effects of the programme within the neighbouring social and economic environ‐
ment. The first company interviewed was Biggarsberg Thatchers, and the second company
Thatch Craft. Both companies are located in the neigbouring KwaZulu Natal province (Figure
1). Official representatives of both these companies were interviewed telephonically due to a
limited project budget. Interviews with the harvesters and park officials were conducted
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between October and December 2013, while the two companies were contacted and inter‐
viewed during May 2014.

4.4. Data collection mechanisms and measuring instruments

Data for the 34 harvesters was collected by means of both structured and semi-structured
individual interviews, while a focus group session was conducted with the two park officials.
Instruments that were utilized during data collection included a structured questionnaire set
for the harvesters and semi-structured questionnaires for both the park officials and the
representatives of the commercial companies that purchased the thatch. The structured
questionnaire developed for the harvesters served to assess to what extent and in what way
the programme had positively contributed towards the well-being of not only the direct
beneficiaries, but their household members as well. In addition to this, the questionnaire also
served to ascertain the harvesters' perceptions regarding both the programme as well as
Golden Gate itself, the application process, in what ways they benefitted from being a part of
the programme, the challenges they faced in the past, and their perceptions regarding possible
solutions to these challenges. Furthermore, the questionnaire also served to identify potential
social networks and established social ties between the community and the protected area.
Due to the anticipated low levels of literacy amongst the harvesters, a Sesotho-speaking
facilitator was used to translate the English constructed questionnaire items during the
interviews with the harvesters, in order that the validity and reliability of the measuring
instruments could be enhanced. All interviews were recorded and later re-evaluated by
another Sesotho-speaking facilitator.

Following the interviews conducted with the harvesters, a focus group session was conducted
with the two park officials at Golden Gate mentioned earlier, who not only provided insight
into the machinations of the programme, but also served to confirm and clarify main issues
raised by the harvesters. Areas outlined during the focus group session included the logistics
pertaining to those responsible for the running of the programme, in-depth information
regarding the selection and sustainable use of harvestable grass found in Golden Gate, the
application process for direct beneficiaries, the exploration of established/potential networks,
the exploration of facilities offered to direct beneficiaries, the challenges Golden Gate has faced
since the conception of the programme, and possible recommendations regarding issues
revealed during the interviews with the direct beneficiaries. The interviews with the park
officials as well as those with the respective companies were conducted in English, and thus
no translation of the measuring items was necessary. Lastly, electronic correspondence was
conducted with the specialist scientist: vegetation ecology in SANParks’ Division of Scientific
Services to determine how the grassland ecosystem in the park has been affected (if any at all)
by the harvesting programme.

Analysis of the data sets was conducted thematically and descriptively to create an incorpo‐
rated and holistic view of the progress of the thatch harvesting programme, as well as the
potential opportunities it has to offer for future beneficiaries. Specific data-sets relative to the
quantitative principles within this study were analysed through the use of predictive analytics
software, namely the Statistical Package for the Social Sciences (SPSS), version 21.
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5. Findings and discussion

The findings of the study commence with an overview of the socio-economic status of the
households to which the respondents belonged. This socio-economic profile provides insight
into the dire socio-economic circumstances of the communities that these respondents reside
in. An overview of the socio-economic context enables the assessment of the contribution of
the thatch harvesting programme to the overall well-being of the respondents and their
households. The assessment of the programme’s contribution to the well-being of respondents
and their households follows the dimensions of the Millennium Ecosystem Assessment [13],
as previously outlined in the methodology section of this chapter. More specifically, the
findings assess the extent to which the thatch harvesting programme has benefited the most
vulnerable and poorest section of the community and explores whether the programme has,
as perceived by the respondents, served to improve individual and household well-being.
Lastly, challenges experienced by beneficiaries in this programme are discussed and inter‐
ventions proposed by them to strengthen and maximise the impact of the programme are
outlined.

5.1. Socio-economic status of households

Households represented by the respondents are fairly large, with more than half of the
households (55.9%) having between five and eight household members, and a further 8.7% of
households comprising of between nine and thirteen members (Table 1). Household members
were defined as those who sleep at the dwelling for at least four nights a week, share physical
resources (i.e. food and income) and eat together with the rest of the household.

Members per household Number of households

N %

1-4 12 35.3

5-8 19 55.9

9-13 3 8.7

Total 34 100

Table 1. Household size of respondents

The average household size for this sample of respondents is 5.3. This is much higher than the
average household size for the larger Qwa Qwa area, which is 3.3 as mentioned earlier. The
households represented by the programme beneficiaries are among the poorest households in
the community. Poorer households are generally characterised by larger household numbers
due to factors such as higher fertility rates and poverty, compelling people to pool resources.
When analysing the household age structure, it transpires that 76.5% of households had
children under 15 years of age, while almost one third of the households interviewed (32.3%)
had at least one household member older than 65 years. Almost half of the households
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as previously outlined in the methodology section of this chapter. More specifically, the
findings assess the extent to which the thatch harvesting programme has benefited the most
vulnerable and poorest section of the community and explores whether the programme has,
as perceived by the respondents, served to improve individual and household well-being.
Lastly, challenges experienced by beneficiaries in this programme are discussed and inter‐
ventions proposed by them to strengthen and maximise the impact of the programme are
outlined.

5.1. Socio-economic status of households

Households represented by the respondents are fairly large, with more than half of the
households (55.9%) having between five and eight household members, and a further 8.7% of
households comprising of between nine and thirteen members (Table 1). Household members
were defined as those who sleep at the dwelling for at least four nights a week, share physical
resources (i.e. food and income) and eat together with the rest of the household.

Members per household Number of households

N %

1-4 12 35.3

5-8 19 55.9

9-13 3 8.7

Total 34 100

Table 1. Household size of respondents

The average household size for this sample of respondents is 5.3. This is much higher than the
average household size for the larger Qwa Qwa area, which is 3.3 as mentioned earlier. The
households represented by the programme beneficiaries are among the poorest households in
the community. Poorer households are generally characterised by larger household numbers
due to factors such as higher fertility rates and poverty, compelling people to pool resources.
When analysing the household age structure, it transpires that 76.5% of households had
children under 15 years of age, while almost one third of the households interviewed (32.3%)
had at least one household member older than 65 years. Almost half of the households
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interviewed (47.1%) had two children under 15 years, while 23.5% of the households had
between four and five children under 15 years of age. In total, the 34 households represented
in the sample had 72 children under the age of 15, and 14 adults over the age of 65 (Figure 2).
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Figure 2. Total number of dependents per age category

The age structure of the households points towards a high dependency ratio and provides
further insight into the overall profile of the households that are targeted by the thatch
harvesting programme. The household size and the number of dependents per household
present a population profile peculiar to poverty-stricken households in rural areas in South
Africa and other developing countries, namely larger households with a large number of
dependents. This profile is further strengthened by data on the total monthly income for the
households in the sample (Table 2).

Monthly household income N %

Less than R1000 (US$95) 7 21%

R1001-R2000 (US$96-189) 14 41%

R2001-R3000 (US$190-284) 5 15%

R3001-R4000 (US$285-380) 3 9%

R4001-R5000 (US$381-475) 3 9%

R5001 and more (US$476 and more) 2 6%

Total 34 100%

Table 2. Total monthly household income (excluding contribution of thatch harvesting programme)
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From table 2 it is evident that 62% of households as represented by the harvesters interviewed
earned less than ZAR 2000.00 per month. This translates to approximately US$189.00 per
month or US$6.3 per day per household. Three respondents (8.8%) reported household
incomes lower than ZAR450.00 per month per household (or US$1.19 per household per day),
placing these households below the upper bound poverty line of ZAR620.00 per capita per
month [25]. The sources of household income in the sample comprised a combination of
welfare grants, sporadic employment, self-employment and in one case formal, permanent
employment.

Child care grants to the amount of ZAR300.00 per child were reported as sources of income
by 26 of the households and 11 households reported that they benefited from a monthly old
age pension of ZAR 1200.00 received by one or more of their family members. Occasional
employment offers a limited contribution to the economic well-being of households. In some
cases, occasional employment contributes to as little as ZAR100.00 per month, with the
maximum amount earned through this form of employment being ZAR1500.00 per month. In
six (17.7%) of the households, respondents indicated that self-employed individuals contrib‐
uted to the household income, but the contribution was highly variable and ranged between
ZAR 300.00 and ZAR 5000.00 per month. In one household, apart from the respondent, there
was another member of the household who was part of a wetland rehabilitation and poverty
alleviation programme run by Golden Gate, from which she received approximately ZAR
3500.00 per month. Notwithstanding these other sources of income, for 52.9% of households
represented in this study, the only income that they received came from the involvement of
one of their household members in the thatch harvesting programme.

Household expenditure is another indicator of the socio-economic well-being of households.
Poverty-stricken households’ consumption patterns are focused on day-to-day survival. A
large proportion of household expenditure satisfies subsistence needs such as food and energy,
with the consumption of higher-end consumer products such as electronic equipment and
household appliances not forming part of the day-to-day household expenditure. In poverty-
stricken households, even consumption of electricity is often regarded as a luxury, with energy
needs being satisfied by relying more on freely available, or cheaper natural resources such as
wood, animal dung, coal or paraffin. The data confirms that most, if not all, of the household
income reported by the respondents in the sample was absorbed by day-to-day living expenses
such as food and energy, with a small proportion of the household income going towards other
needs such as transport and schooling. No household represented in the sample was required
to pay rent for their dwellings, therefore no household expenditure went towards securing
shelter. Electricity was purchased by 55.9% of households, but judging from the amount of
purchased electricity (ZAR 100.00 per month), this was not the primary source of energy used
by households. A fairly large number of households (41.2%), indicated that they did not spend
any of their income on transport costs. This may again point to the fact that these households
were characterised by low levels of economic well-being. Low transport costs may be indica‐
tive of an inability to afford transport, but may also reveal high unemployment, as households
do not need to make use of transport to travel to work. Those households that did report
transport costs as part of their expenditure spent relatively little (less than ZAR 600.00 per
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month) on transport. The linkage between transport expenses and poverty is further substan‐
tiated by data on how one of the beneficiaries transported thatch harvested for personal use.
This respondent indicated that she carried the bundles that she harvested home on foot, opting
to not make use of other forms of transportation in order to save costs.

Households do not generally spend money on luxury items such as furniture, with furniture
purchases rather being reserved for when extra cash was available. The four households that
do spend money on furniture on a monthly basis all indicated that they are paying off store
accounts for furniture purchases. Even expenditure on cell phones is not a regular household
expense with only 5.9% of households purchasing air time on a monthly basis. Household
expenditure on cell phone air time is very little, ranging from between ZAR 12.00 to ZAR 75.00
per month. Two households indicated that they paid clothing accounts on a monthly basis and
only six (17.7%) respondents contributed to a funeral scheme on a monthly basis. Thus, it seems
that households live from hand-to-mouth, with very few of the households being able to
purchase consumer items such as furniture and clothing on credit, or, more importantly being
able to make a monthly commitment towards their future financial security. None of the
respondents indicated spending household income on any form of leisure or recreational
activities such as family vacations. This does not, however, suggest that households do not
fulfil the need for play and leisure, which according to Nussbaum (2007: 21) is regarded as a
basic human right. Households partake in leisure activities such as community gatherings or
cultural events that are not dependent on an economic contribution.

Another indication of the low level of socio-economic well-being experienced by these
households is seen in the level of educational attainment of the respondents. For South Africa
as a whole, there is a close correlation between the educational level of the household head
and poverty, with 65% of households where the head had no formal education, compared with
2,8% of households where the head had a post secondary school qualification [25]. Only 9% of
the respondents in the sample completed their secondary schooling, with 41% having partly
completed their secondary schooling (Table 3). Low educational attainment is linked to lower
economic prospects and reduces the ability of respondents to contribute to the material well-
being of their households. Low educational attainment also has an impact on the future
educational prospects of children growing up in these households, which then impacts on their
future employment prospects. Thus, low educational attainment contributes to perpetuating
the cycle of poverty and low levels of well-being that these households are subjected to.

Educational attainment N %

None 6 18

Completed primary school 11 32

Partly completed secondary school 14 41

Completed secondary school 3 9

Total 34 100

Table 3. Respondents’ level of educational attainment
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Low educational attainment does not only impact on current and future material well-being,
but also constrains the day-to-day functioning of people. This is evident in the data on literacy-
related questions asked to respondents. With regard to the literacy levels of those interviewed,
the majority of the respondents (85.3%) reported having no difficulty in writing their own
names. However, the ability to read, write and consequently, the ability to fill out forms, ranged
from no difficulty to being unable to do this at all (Table 4).

Literacy ability No difficulty Some difficulty A lot of difficulty Unable to Total

Reading
8

23.5%
12

35.3%
8

23.5%
6

17.6%
34

Writing
7

20.6%
14

41.2%
7

20.6%
6

17.6%
34

Filling out forms
7

20.6%
8

23.5%
7

20.6%
12

35.3%
34

Table 4. Respondents’ ability to read, write and fill out forms

The majority of respondents experienced at least some difficulty in performing the skills of
reading and writing, which in turn translated into a lower ability to fill out forms. Only between
20% and 23% of respondents indicated that they didn’t have any difficulty with these three
skills. While six (17.6%) of the respondents were unable to read and write at all, and conse‐
quently were unable to fill out forms, a further 17.6% of respondents also indicated an inability
to fill out forms, despite their ability to at least read and write to some extent. This is an
indication of low educational attainment as well as low skill levels that in turn impacts the
respondents’ ability to find stable and secure employment. Consequently, it can be assumed
that due to these low levels of education and literacy, coupled with unemployment and
underemployment, respondents and their household members are seriously constrained by
their socio-economic circumstances to achieve higher levels of well-being.

The following sections serve to ascertain to what extent the thatch harvesting programme has
positively contributed towards raising the level of well-being of its beneficiaries, and subse‐
quently the households of which they form a part of.

5.2. The health and well-being of beneficiaries to the Thatch Harvesting Programme

The results presented with regards to well-being pertain to the 2012 harvesting season. For the
2013 harvesting season, half the respondents who harvested during the 2012 season re-applied
and were granted permits to harvest again in 2013. The other half did not apply for this
particular year and gave two reasons for this. These respondents stated that they either did
not apply on time, or they did not profit sufficiently from harvesting in the previous year and
therefore ventured into other areas of employment. However, during the 2013 season thatch
harvesting was stalled due to two massive fires that destroyed the areas allocated for harvest‐
ing. This resulted in beneficiaries not generating any income for that year.
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With regards to the 2012 season, all of the respondents indicated that the programme has
benefited them in some way, even though they only participated in one season of harvesting
(during 2012). Most respondents remarked that their lives before participating in the pro‐
gramme were difficult and that their lives improved as a result of their involvement in the
programme. Only one respondent expressed the opinion that her quality of life had not
changed much since participating in the programme. Additionally, when asked whether the
programme had in general affected them negatively in any way, 79.4% respondents indicated
that it had not. The benefits of the programme for the participants, and consequently for their
households, become more nuanced when gauged according to the dimensions of well-being
of the Millennium Ecosystem Assessment.

5.2.1. Material well-being

Material well-being, according to the definition of this dimension [13], is the individual’s
experience of a good and secure life through prospects such as income, assets, livelihoods,
shelter, clothing and access to goods.

For the 2012 harvesting season, most respondents did not harvest large volumes of thatch.
Almost half of the respondents (45.5%) harvested an average of 5 to10 bundles per day, whilst
a further 30.3% of respondents averaged 11 to 15 bundles per day. This amount was harvested
over a 30 day period allotted by the park’s management. However, even though a 30 day period
was allotted for harvesting, this included weekends when transport was difficult to obtain,
and subsequently respondents were actually only able to harvest for 20 days during this
allotted period. Only 6% of respondents managed to harvest more than 25 bundles per day
(Figure 3).
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Many beneficiaries were unable to indicate the actual amount that they had earned during the
harvesting season as they were paid either daily or weekly for the number of bundles they
harvested. This may enforce the earlier analysis that highlighted the hand-to-mouth existence
of beneficiaries to this programme. The total income was calculated according to the average
number of bundles that each respondent was able to harvest within a day. Each bundle was
sold at approximately ZAR12.00. The equation used to calculate the total thatch harvest of
respondents is as follows: (Number of Bundles per day X 20 days) X ZAR 12.00=Total indi‐
vidual income. Based on this calculation, the total income generated from the thatch harvesting
programme approximated to ZAR104,580 for the 2012 season. This amounts to an average of
ZAR3,076 for each of the 34 respondents in the sample, although eventually the per capita
income depended on the actual number of bundles harvested per person per day.

Thirty three (33) of the 34 respondents actively harvested thatch, while one respondent was
contracted as a driver by a harvesting coordinator to collect and transport the thatch harvested.
Most of the respondents (91.2%) sold their harvest to the harvesting coordinator. These
beneficiaries indicated that they were recruited by the harvesting coordinator to take part in
the programme. The harvesting coordinator bought the thatch bundles from the beneficiaries
and in turn sold this harvest to commercial thatching companies. One respondent indicated
that the thatch harvested was used to repair the roof of their dwelling, while another respond‐
ent harvested thatch to make brooms and small carpets to sell to tourists and community
members. Thus, only two of the respondents did not form part of the economic supply chain
involving the harvesters, the harvesting coordinator and the thatching companies. The
respondents therefore seem to prefer the security offered by having an immediate buyer for
their thatch, rather than using the income obtained for the funding of entrepreneurial enter‐
prises, which may prove to be more uncertain in terms of securing material well-being-
especially in the short term.

One respondent, as indicated above, used the thatch as input material for a small entrepre‐
neurial enterprise. Three other respondents indicated that the money received from selling
thatch contributed to start-up capital for new businesses. One respondent used her money to
fund the start-up of a small sewing enterprise. Another respondent purchased fresh produce
to sell at the local markets, enabling the start-up of a sustainable small business supplying local
markets with fresh produce. One other respondent was able to purchase enough stock to start
a tuck shop close to one of the local schools in Qwa Qwa. Although at a very small scale, these
cases are indicative of the potential of the programme to stimulate entrepreneurship and as
such to contribute to a more sustainable economic well-being of beneficiaries. The number of
respondents who saw the thatch harvesting programme as an opportunity for starting a new
business is low, although this is on par with the general trend in entrepreneurship in South
Africa. In a recent study on entrepreneurship in South Africa [26], it was found that only 37.8%
of South Africans were of the opinion that there will be good opportunities to start businesses
in the area in which they live within the next six months. This is much lower than the average
of 74.5% for Sub-Saharan Africa as a whole. The same study [26] also revealed that only 42.7%
of the South African adult population believe that they have the knowledge, skills and
experience to start a new business.
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cases are indicative of the potential of the programme to stimulate entrepreneurship and as
such to contribute to a more sustainable economic well-being of beneficiaries. The number of
respondents who saw the thatch harvesting programme as an opportunity for starting a new
business is low, although this is on par with the general trend in entrepreneurship in South
Africa. In a recent study on entrepreneurship in South Africa [26], it was found that only 37.8%
of South Africans were of the opinion that there will be good opportunities to start businesses
in the area in which they live within the next six months. This is much lower than the average
of 74.5% for Sub-Saharan Africa as a whole. The same study [26] also revealed that only 42.7%
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The ability of respondents to purchase assets with the incomes they obtained from selling their
harvested grass is indicative of an improved ability to gain materialistic control over their
environment [17,24]. When analysing what respondents spent the money on which they
received from selling the thatch that they had harvested, their improved material well-being
is evident. Only four respondents reported that the incomes generated from the thatch
harvesting programme were used towards purchasing basic necessities such as food and
toiletries, while 38% of the items purchased were consumable items such as blankets, clothes
and shoes. Respondents indicated, among others, that they purchased electronic equipment,
furniture, household appliances and livestock. Over half of the expenditure (52%) mentioned
by the respondents could be characterised as spending on household assets, while 6% of the
items mentioned could be classified as spending towards improving existing assets, i.e.
purchasing of building materials or vehicle parts. Interestingly, most respondents did not
mention that the money received was used for subsistence needs such as food and transport,
but rather emphasised their improved ability to purchase items that would not have been
possible if they did not have the added income received from thatch harvesting. Thus the
programme seems to have contributed to improving the material well-being of those house‐
holds benefiting from the programme.

However, respondents did not include expenditure for items that would improve their quality
of life in the long term, such as education. It appears that the satisfaction of short-term material
needs was more of a consideration for respondents than working towards obtaining long-term
and sustainable material well-being that would be achieved by contributing to savings plans,
or pursuing further education. Only one respondent used his income from harvesting to
improve his prospects for finding permanent employment as a truck driver in the foreseeable
future by utilising some of the money from harvesting to go for driving lessons. While the
programme has therefore managed to improve the short-term material position of the
beneficiaries, the long-term material well-being of these people did not seem to improve
markedly. At least 65% of the respondents indicated that they struggled financially and could
not find employment. Some respondents (17.6%) indicated that they were offered sporadic
employment by the park, i.e. working in the stable yards, repairing perimeter fencing, or as
part of other poverty alleviation programmes run by the park. It can therefore be concluded
that the programme has not benefited the long-term employment prospects of the beneficiaries
significantly.

5.2.2. Health dimension

The health dimension of the Millennium Ecosystem Assessment [13] pertains to living in a
healthy physical environment and to feeling well and being strong. For the purposes of this
study, the analysis of the contribution of the programme is assessed in terms of physical as
well as psychological well-being.

With regards to physical well-being, 82.3% of the respondents indicated that the programme
had positively contributed towards their physical well-being. Of this group, 64.3% experienced
being physically fitter and healthier, while 35.7% indicated that they felt physically stronger
after participating in the programme. Some respondents, however, indicated that the pro‐
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gramme impacted negatively on their physical health. More specifically, they pointed at health
issues such as allergic reactions to the grass (5.9%) as well as severe cuts and wounds on their
legs that took long to heal (11.8%). The harvesters were not provided with protective clothing
such as safety boots and gloves that would prevent such injuries from occurring. One re‐
spondent indicated that she had problems with her blood pressure and that the hard labour
of harvesting worsened her condition. She resignedly stated: “But what choice do I have? I must
work”. These negative impacts on health were, however, not experienced by the majority of
the respondents. The latter did not mention any negative health impacts as a result of their
involvement in the programme.

The grass harvesting programme does seem to have significant benefits for the psychological
well-being of participants. Fifty nine percent (59%) of respondents indicated that the pro‐
gramme had positively contributed towards their psychological well-being. Half of the
respondents who indicated a psychological benefit specifically pointed out that the involve‐
ment in the programme made them feel more positive about their future, while the other 50%
mostly experienced emotional relief over their ability to cope with their financial pressures.
Additionally, the consensus among respondents (67.6%) was that they were very happy to be
able to work in the thatch harvesting programme and that the programme contributed to their
sense of pride, dignity and independence (32.4%). These positive perceptions of subjective
well-being since joining the programme indicate the fulfilment of the need for identity with
regards to feelings of differentiation and recognition. Two of the respondents specifically
pointed out that the programme boosted their confidence and self-worth, while one respond‐
ent stated that by being a part of the programme, he was able to improve his communication
skills and this consequently boosted his confidence as well.

5.2.3. The dimension of good social relations

The dimension of good social relations includes aspects such as mutual respect, good family
and gender relations, social cohesion and the ability to provide, when needed, for friends and
children [13].

An important component of social cohesion is affiliation. Affiliation can be conceptualised as
the capability of humans to be able to envision the circumstances of another entity, and to
acknowledge and display concern for this entity as well [17,24]. Without a sense of affiliation,
group cohesion is not attainable. Respect, dignity, equality and receptiveness are key factors
in this need. The grass harvesting programme contributed towards satisfying beneficiaries’
need for affiliation on two levels: Firstly, in relation to the communities of which the benefi‐
ciaries form part, and secondly, in relation to Golden Gate itself.

Overwhelmingly positive sentiments were expressed when respondents were asked about
how their community perceived their involvement in the thatch harvesting programme. Most
of the respondents (73.5%) stated that the community was very proud of them for working in
the thatch harvesting programme. Almost one in every four respondents (23.5%) nevertheless
reported that many community members were jealous because they (community members)
had not been able to obtain permits to harvest as the beneficiaries had. The predominantly
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positive perception about the beneficiaries’ involvement in the programme may serve to
bolster feelings of affiliation with the community and generate better group cohesion.

It also transpired that Golden Gate serves as a vital cohesive element in the lives of the
communities surrounding the park. A large number of respondents (76.5%) often travelled
through Golden Gate to reach the nearby towns of Clarence and Bethlehem, which means that
the park serves to connect people from different surrounding communities to one another. The
park is also utilised by community members for cultural and spiritual activities as well as for
recreation and leisure purposes. One fifth of the respondents (20.5%) had used the park for
cultural and spiritual activities such as initiation ceremonies and meditation, while 8.8% of the
respondents had used Golden Gate for leisure and recreational purposes. Although the latter
proportion might appear to be very small, it should be interpreted in the context of the high
levels of poverty and unemployment that prevail in the region.

Figure 4 illustrates the respondents’ perceptions regarding the importance of Golden Gate as
a conservation area. Respondents were allowed to offer more than one response in this section.
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Figure 4. Respondents’ perception about Golden Gate

All the respondents believed that the park is an important entity. The two most frequent
responses given to substantiate this sentiment were that the park provided a place to go and
learn about nature and that it provided employment opportunities. This was followed by
responses such as “It is a tourist attraction” and “It conserves the natural grasslands”. Notably,
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three of these four categories mentioned are either directly or indirectly related to the park’s
contribution to employment and economic opportunities. Tourism was regarded as important
by respondents because it provided them with an opportunity to sell their wares in the form
of pots, brooms, baskets, mats and jewellery. The protection of grasslands was regarded as
important by the respondents, since it is a direct source of income for them. Subsequently,
several respondents stated that if everyone was allowed to graze their cattle in the park, live
there and/or harvest the grass whenever they wanted to, then the opportunity to harvest good
quality grass would be reduced. These respondents also indicated that it is important to set
rules and boundaries in the park’s conservation policy in order to ensure the future sustainable
utilisation of resources and protection of the ecosystem services. Three respondents indicated
that Golden Gate also served to conserve and protect their heritage-a heritage which they felt
was an essential part of their culture and which they hoped their children and future genera‐
tions might enjoy as well. Finally, two respondents felt that the park was an important place
because it is where one can go to relax and enjoy the beauty of untouched nature.

Most of the respondents (94.1%) felt that the land should remain a protected area, despite the
fact that this means that access to the park’s resources are restricted. Only two respondents
(5.9%) felt that the land should be utilized for economic practices rather than for conservation.
These respondents felt that there was not enough grazing for cattle and that the land should
be put to use for that purpose. The majority of the respondents therefore experienced a sense
of affiliation towards Golden Gate. They were aware of the need for the land to be protected,
the reasons thereof, and the benefits they gained from having a protected area so close to their
local community.

The thatch harvesting programme also contributed to respondents being relieved at their
ability to provide financially for their families. The majority of the respondents (85.0%)
reported experiencing a sense of relief knowing that they were able to provide for their families.
Poverty and a lack of employment are significant sources of family conflict. Thus, increased
material well-being may serve to improve family relations. Interestingly, four respondents
(11.8%) believed that some of their family members were jealous of the work they had found.
This jealousy could again increase tension and impact negatively on family relations in these
families. However, 30 (88.8%) of the respondents expressed that their family members were
very proud of them because of the income they were able to generate from the project. Thus,
overall, the conclusion can be drawn that the programme has contributed towards improving
family relations and social cohesion in the neighbouring community.

5.2.4. The security dimension

This dimension refers to the ability to secure access to natural or other resources, living in a
controllable environment and having security from natural and human-made disasters. The
programme has to some extent contributed to improving the ability of respondents to secure
access to natural resources by allowing them to harvest a natural resource for household use,
as well as to improve their material well-being. Through their involvement in the programme,
the respondents’ knowledge of the natural environment, as well as the importance of conser‐
vation was somewhat improved. While only four of the respondents reported having received
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some form of environmental education from the park, another seven indicated that they had
received information from the harvesting coordinator in this regard. The information provided
to the respondents included common rules applicable within many protected areas such as
‘do not kill the animals’, ‘do not litter rubbish in the park’, ‘you may not start fires in the park’,
and lastly, ‘do not destroy other plant life within the park’. Information such as this is vital in
assisting beneficiaries to secure access to natural resources, in this case thatch, and also
empowered respondents to secure themselves from the possibility of natural and human-made
disasters such as veld fires – a very real hazard in a grassland environment. However, 67.6%
of the respondents indicated that they did not receive any form of environmental education
while being involved in the programme.

With regards to the correct techniques and procedures to harvest thatch, the overwhelming
majority of respondents (87.9%) had prior knowledge of this activity. This knowledge is vital
in enabling respondents to effectively access the thatch resources. Of these respondents with
prior knowledge, 22 were taught by family members how to harvest while growing up, while
seven respondents indicated that the harvesting coordinator taught them how to harvest the
grass, how to cut, tie, and/or store the grass after harvesting and the appropriate length and
thickness of the grass that should be cut. Some of the respondents expressed their gratitude
towards the harvesting coordinator who imparted this knowledge to them, since they would
have harvested the wrong types of grasses, or the wrong length and thickness without his
assistance.

Thus, it appears that involvement in the programme has, at least to some extent, enabled
beneficiaries to gain access to natural resources. With regards to having security from natural
and human-made disasters, the programme did, in the context of the activity of harvesting
itself, provide beneficiaries with knowledge to secure them from veld fires which are among
the most commonly expected natural disasters in a grassland environment. Security from
disasters, however, extends further than the day-to-day harvesting. As was previously
discussed under material well-being, one respondent indicated that she used the thatch
harvested for repairs on her roof, while three others used the money received from the thatch
that they sold to buy building materials with which to repair and improve their dwellings.
Through these activities, households are provided with the opportunity to enhance their
security from some environmental hazards that plague households that are not able to afford
proper dwellings.

5.2.5. The dimension of freedom and choice

The dimension of freedom and choice refers to individuals having control over their lives and
their values. From the data it transpires that 32% of the respondents reported that, before
working on the programme, they felt helpless because they stayed at home doing nothing
while their families had to struggle to find money to sustain the basic needs of those living
within their household. Through the income provided by the programme, beneficiaries could
expand the choices that they made about their immediate consumption patterns as well as
their future well-being. This is evident in the different ways in which beneficiaries opted to
spend the income they received, i.e. improving their dwellings, buying appliances and
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electronic equipment, enrolling for driving lessons, using the money as start-up capital for
small businesses and buying equipment such as sewing machines which would enable them
to expand their future choices.

5.2.6. Responses from commercial companies

One of the key issues identified during the interviews with the two commercial companies
that purchase the grass harvested at Golden Gate, was the lack of knowledge, skills and
training of harvesters with regards to correct methods of harvesting thatch. This has resulted
in both these companies receiving, at some point in time, bundles of thatch not suitable for
use. Challenges included the following: the grass still being green when harvested; it was the
wrong species of grass; the thatch was not straight; it was too thick, and/or it had not been
cleaned properly. These challenges pose as major concerns regarding the sustainability and
potential opportunities of this programme in the future. For instance, grass that is still green
when cut means that the seeds have not yet had time to dry and drop from the stalk. Conse‐
quently, the premature harvesting of grass which may result in the absence of future re-growth
could severely jeopardise the availability and sustainability of harvestable grass at Golden
Gate in the future.

In addition to this, both companies strictly conform to guidelines set by the South African
Bureau of Standards wherein the thickness, length, species and quality of the thatched bundles
are core principles and must be stringently adhered to. Subsequently, these companies are
forced to return grass that is unsuitable for use without payment or transport subsidy. Not
only is this a waste of natural resources, but it also threatens the livelihood of these companies
in that they rely heavily on the supply of thatch from harvesting coordinators. Augmenting
this is also the negative impact this will have on those harvesting coordinators who had
provided the thatch. The cost of transporting the grass from Golden Gate to the aforementioned
companies is only viable if the grass can be sold upon arrival, and the return of unsuitable
grass can result in harvesting coordinators such as the one previously mentioned, facing
disgruntled labourers coupled with payment disputes. These issues can serve to heavily
undermine the development of budding entrepreneurs such as this, and may result in the
harvesting coordinator being forced to cease his/her operations. Even more worrying in a
situation like this, is the fact that those labourers who had vested their time and physical energy
to harvest the grass, must return to their homes empty-handed. Subsequently, lack of knowl‐
edge, skills and training has the potential to create this trickle-down effect and poses as a major
challenge to the sustainability of this programme.

In order to prevent a situation such as this, it became clear that an intervention of sorts would
be necessary. Upon enquiry, one of the commercial thatching companies indicated they would
be willing to provide training sessions to those beneficiaries who have been granted permits
to harvest in the park, wherein the beneficiaries will be provided information regarding
matters such as the environmental impact of harvesting, how to identify the correct species of
grass, the correct way to cut the grass, the required length and thickness of the grass, and how
to properly clean the bundles for sale. Not only will this improve the knowledge base and skills
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of the beneficiaries, but it will also serve to enhance the sustainability and viability of this
project in the future.

Taking the above findings into consideration, the following section will serve to highlight the
challenges faced by the thatch harvesting programme and the beneficiaries’ responses to
possible ways in which the programme can be improved.

5.3. Challenges faced by beneficiaries to the thatch harvesting programme

While the programme seems to have contributed to improving the overall well-being of
respondents and their families, respondents also experienced some challenges while being
involved in the programme and offered some suggestions for improving the programme for
future beneficiaries (Table 5).

Challenges N* Suggestions for improvement N*

Insufficient time to harvest grass 18 More time should be given to harvest 16

Rangers treat us badly when we are there to
harvest

5 The park should provide tools/equipment for
harvesting of thatch

14

Fires destroy our income we rely on being
able to cut grass

5 The park should provide toilet facilities 12

The park does not advertise the programme
early enough

2 The park should burn fire breaks earlier to
protect the grass

6

It is difficult to find buyers 1 The park should provide training to improve
harvesting skills

4

They (the park) do not provide tools/
equipment

1 The park should help us find people to buy our
bundles of grass

3

The park should advertise the programme earlier 2

* The n-values in table 5 indicate the number of respondents who identified each issue. Respondents could indicate more
than one challenge or suggestion, or nothing at all.

Table 5. Challenges experienced and suggestions for improvement

From the data above, the biggest issue faced by respondents relates to insufficient time for
harvesting. Eighteen of the respondents highlighted that the time allocated for harvesting was
too short. This was followed by the issues of rangers treating them badly while harvesting and
the issue of fires that diminish their potential to harvest. The respondents pointed out that fires
destroyed the viable grass allocated for each season, forcing them to harvest in areas that were
not designated by the park for harvesting. Park officials have indicated that they were aware
of this challenge and, with the assistance of the harvesting coordinator, would choose har‐
vesting areas more carefully for the coming seasons, and would also demarcate the allotted
areas better to prevent people from harvesting in undesignated areas.
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Some respondents felt that the park does not do enough to advertise the programme in a
timeous manner. This leaves people little time to apply for the programme. When asked if they
had experienced any problems with the application process, seven (20.6%) respondents
indicated that they had not experienced any problems, whilst 19 (55.9%) felt that the process
took too long. Other respondents added to this by stating that, by the time the permits were
granted, the period for harvesting had already begun, and that this increased the risk of fires
destroying the grass before they could harvest. The remaining eight (23.5%) respondents
expressed having felt frustrated during the application process because they did not know
when to pick up their permits. The park officials reported that during 2012, they noted a
number of individuals that had come to harvest before and during the time allotted for
harvesting who did not have permits. This made it difficult to ascertain and monitor who had
permits to harvest and who did not. It must also be noted that during the interviews with the
beneficiaries it transpired that a few of those who had harvested in 2012 were individuals who
did not reside in the local community as defined by the park. It was reported that these
individuals borrowed identity documents from members of the local community to pass off
as their own in order that they might harvest. This challenge is an important one, as the purpose
of the programme is to benefit members of the local communities only. Subsequently, illegal
harvesting has posed as a major challenge for the park and for local communities who should
benefit from access to the natural resources in the park.

Furthermore, there appeared to be miscommunication between the park management and the
local community with regards to the nature of the programme. This came in the form of local
community members perceiving the thatch harvesting programme to be a source of employ‐
ment, whereas this programme is only offered as an opportunity to utilise the park’s natural
resources for their own benefit. Lastly, the respondents raised the issue of the park not
providing them with tools or equipment with which to harvest, and a large number of
respondents (n=14) suggested that the park should equip them with the necessary harvesting
tools. Also, during the focus group session with the park officials, it was indicated that Golden
Gate had established networks that formed part of a park forum wherein there are various
traditional leaders that act as representatives within their local communities and serve to
communicate issues of mutual concern. However, when asked; none of the respondents were
aware of any community representatives, nor of any community meetings held with regards
to projects made available by the park. In a similar vein, none of the beneficiaries interviewed
reported having heard of any community members being involved in decisions regarding the
thatch harvesting programme.

6. Conclusion

Due to the poor socio-economic conditions surrounding the park, most respondents and their
households depend heavily on the income earned from their involvement in the thatch
harvesting programme. In fact, more than half of the households represented in the sample
have no other source of income except for the employment of one of the household members
on the programme. Thus, although the immediate benefits of the programme are limited to
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only a tiny proportion of the community, these benefits still make a significant and tangible
difference to the well-being of those households living on the edge of subsistence. As has been
confirmed previously by other outreach programmes in protected areas [3], this ‘limitation’
should nevertheless not be seen as a defect or an impediment of the thatch harvesting pro‐
gramme, but should serve as a constant reminder of what is realistically achievable with
programmes of this kind offered by national parks and other protected areas in developing
countries. Arguably, the main strength and impact of the programme – and other programmes
of this kind – is not so much to significantly reduce poverty among a large proportion of
households, but rather its ability to cultivate positive perceptions regarding conservation,
sustainable utilisation of ecosystem services and the specific protected area in particular,
among the local population.

The thatch harvesting programme, at this stage, seems to be constrained by logistical and
administrative challenges such as permits not being granted in time for harvesting, an unclear
selection process and poor supervision of park officials to ensure that harvesting does not
impede on the conservation function of the park. Anecdotal evidence from the interviews
suggest that in some cases grass is harvested illegally, thus limiting the benefits that should
trickle to local communities. This has also been found in a previous study conducted in the
same park [27]. Although the current park management plan (compiled in 2011) provides the
legal framework for the managing of natural resources at Golden Gate, the plan fails to quantify
and account for the resources that are being harvested by adjacent communities. More
specifically, the park's management plan does not adequately demonstrate what is being
harvested, or the extent and impact of grass harvesting in the park. If managed properly, grass
and grass harvesting can provide a long-term sustainable benefit to neigbouring communities
and economic institutions, but the guidelines for such harvesting need to be set clearly in the
park's management plan. Consequently, as previously pointed out [27], there is a clear need
to monitor, evaluate and set the boundaries for grass harvesting in the park, and to clearly
stipulate these limitations in the management plan. This problem, however, is not unique to
Golden Gate, as there is a general lack of published research on resource extraction from
national parks in South Africa, as well as from protected areas in general.

Based on the findings of the study, a small proportion of the community does seem to benefit
from their involvement in the thatch harvesting programme. The data offers evidence of
improved material well-being, better physical and psychological health, enhanced group
cohesion, environmental security and more freedom of choice for beneficiaries. The impacts
of the programme are however, for most respondents, short term. Only a limited number of
respondents have used the money obtained from harvesting to enable the fulfilment of
sustainable long term economic pursuits as is evidenced by the four respondents who managed
to start small businesses and the one respondent who used the money to obtain a drivers
licence.

In conditions of severe poverty and high levels of unemployment such as those that prevail in
the area surrounding Golden Gate, natural resources play a crucial role in sustaining people’s
livelihoods. Under these conditions, the harvesting of grass for a commercial market presents
an opportunity for the local community to increase their income base and improve their well-
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being. However, as previously concluded [23], more grass would have to be harvested to meet
the demands of a commercial market than would be required for household use or producing
items for a local market. In other words, although an increase in grass harvesting holds
potential benefits for increased human well-being in the local community, an increase in the
commercialization of harvesting at the same time requires strict monitoring and evaluation
mechanisms to ensure a sustainable supply of raw materials and mitigation regarding the
impact on the protected area. Since none of the businesses interviewed are involved in grass
management and protection, they are potential victims of overharvesting and resource
depletion as much as the members of the local community. Resource harvesting in a protected
area that supplies the demands of a commercial market thus clearly requires different rules
and monitoring mechanisms, than rules aimed at the regulation of such activities at a local
level and only for the strict benefit of the local community.

With reference to the impact of the thatch harvesting programme on the ecosystem of the
targeted areas allocated, the results remain indefinite. The reason for this being that the
programme only became active in 2012, and in 2013 a massive fire swept through the parks
grasslands, subsequently also destroying the areas allocated for harvesting. As a result of this,
coupled with the fact that this programme is relatively new, a detailed analysis of these areas
regarding the grass species composition, vegetation structure and biomass measure following
the harvesting in 2012 has not yet been finalised. SANParks (Division of Scientific Services)
has initiated a vegetation monitoring project in two of the areas that form part of the harvesting
programme. It is, however, a long term monitoring process and no informed conclusions could
be made in the relatively short period that the monitoring project has been running in the park.
Early indications are nevertheless that the grassland ecosystem in the park, as well as the
patterns and processes that are associated with it, have not been negatively affected by the
harvesting programme. In areas where the grasses have been harvested the height of the
grassland is lower than the conventional 1.8 meters (Species H. dregeana), but apart from this
visual impact it appears that the species composition of the grassland has not changed and the
same grass species still dominates these areas. Currently harvesting is taking place on old
agricultural lands that were previously ploughed and grazed in the time of commercial
farming activities in the area. The main two grasses that are being collected are Hyparrhenia
cf. hirta (common thatching grass) and Hyparrhenia cf. dregeana (thatching grass) which are
often found in disturbed and degraded areas such as these. The sustainable manner in which
these grasses are harvested also contributes to the stability of the degraded land that it
occupies. In fact, the harvesting of these grasses improves the palatability for other grazers of
the wildlife group within the park, and assists in supporting a natural succession process in
these degraded areas. The harvesting (clearing of grasslands) also allows for other plant species
to thrive within an area usually dominated by one or two plant species.

However, there were some concerns regarding the use of some of these areas by grass owls
(Tyto capensis) for nesting. Consequently, in order to determine the impact of the harvesting
on this species, a habitat assessment of possible areas has been proposed. Practices in other
protected areas have nevertheless shown that, despite all efforts of national parks to conserve
biodiversity and ecosystem integrity, unsustainable resource use remains a threat because
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ecological functions and processes often occur over larger spatial scales [28]. To ensure that an
ecosystem such as the grassland biome retains the ability to renew itself, additional land is
needed for the expansion of national parks. In South Africa, national population policy drivers
such as social redress and poverty alleviation, strongly influence resource use in national
parks. This means that localized management solutions for ecosystem integrity and resource
use should be embedded in a broader systems approach that recognizes the interface between
protected areas and their surrounding communities, while also acknowledging the complex,
multiple and reciprocal relationships of sustainability between ecological and socio-economic
components in the environment.
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1. Introduction

In this chapter, we report existing distortions between the cultivation of native and exotic
forage plants for breeding at pasture, a practice that reduces the biodiversity in grassland
environments.

Raising animals on pasture with native forage species is cheaper than the cost of confinement
and the use of exotic species. The introduction of exotic plants in pastures may increase
production costs for farmers when introducing forage species that are not adapted to the
system, in addition to causing environmental damage due to the reduction of biodiversity and
the failure to consider the soil and climate of the region.

An approach will be made in relation to the climate-soil-plant-animal complex, emphasising
the economic feasibility of using forage species with high genetic potential for native and exotic
pastures and aiming to assist in the selection of the most appropriate forage species for grazing
production systems and to avoid problems with biodiversity in grasslands.

2. Grass production

Ruminant grazing on native forage is the most economical way of producing meat for human
consumption. Livestock grazing is generally a more profitable approach than raising confined
livestock [1]. The use of concentrate feeds in the diet increases the cost of production, as does
the use of exotic forage that is not adapted to the environment. In Ethiopia, pastures are not
only used as an economical source of food for herbivores; most are also used for recreation,
because in this country, there are many natural parks, reserves and sanctuaries [2]. The
management of rangelands with native species goes beyond animal production, because there
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are many factors in this diverse ecosystem with different purposes. Reducing the biodiversity
of natural pastures to cultivate only a single species can cause serious environmental problems.

Native forage species reduce problems with invasive species, improve the wildlife habitat,
contribute to carbon sequestration and increase the stability of the ecosystem [3], because they
maintain the biodiversity of the environment. According to [4], the effect of cattle on native
pasture is important for management because it prevents excess dead biomass, which would
increase the risk of fires.

The farmer must carefully analyse every investment that will be made in the 
cultivation of forage species, because the introduction of species into unnatural 
environments can require expensive treatments to render the soil suitable for their 
cultivation; livestock production also renders this task more expensive because of the cost of 
the animals (Figure 1).  
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Figure 1. Livestock system with native and exotic (introduced) fodder plants
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Figure 1. Livestock system with native and exotic (introduced) fodder plants
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Note that when working with agriculture, all of the investment is returned quickly because
the product is generated by the plant, while livestock products come from the animal that
consumes the plant forage in pastures, which represents an additional cost to the production
system compared to agriculture. Therefore, systems that integrate agriculture with livestock
represent a viable option for the present and future of both agriculture and livestock, mainly
due to increased environmental biodiversity and to the reduced production costs associated
with this type of system.

The farmer must carefully analyse every investment that will be made in the cultivation of
forage species, because the introduction of species into unnatural environments can require
expensive treatments to render the soil suitable for their cultivation; livestock production also
renders this task more expensive because of the cost of the animals (Figure 1).

In India, only 4% of the land requires pasture to increase the area under cultivation with forage
species; however, there are fewer seeds of forage quality that are available in the local market.
The authors note that the percentage of germination of available tropical grass seeds averages
20-30% [5]. The acquisition of forage seeds for planting pasture is expensive, and farmers in
this country prefer to work with agricultural crops, which is concerning because the shortage
of quality in the seed market is the decisive point in the selection of forage species.

The native species have little or no available seed in trade, as multinational companies acting
in tropical climate countries restrict the distribution and sale of seeds of forage species to a few
cultivars, which are often of the same species. In the selection of forage species, several criteria
are considered rather than only assessing certain aspects, such as productivity and nutritional
value. Table 1 presents the main criteria for the selection of forage species, comparing between
the native and exotic species.

Native forage Exotic forage

Adaptation to soil + -

Seed quality - +

Seek marketing - +

Fertiliser requirement - +

Growth +/- +

Productivity +/- +

Persistence in pasture + -

Technicalisation level - +

Resistance to pest and diseases + -

Acceptance of producer - +

Nutritional value + +/-

Production cost - +

Table 1. Comparison between native and exotic (introduced) species of grasses
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3. Forage species

Forage species are of fundamental importance for livestock everywhere on the planet because
these species are responsible for feeding the herds of herbivores that in turn feed a large part
of the world's population and some carnivorous animals. The use of native species is important
because these plants are already adapted to inhabit regions that, due to a long process of natural
selection carried out over time by nature, maintain the natural biodiversity of the grassland
ecosystem. The variation in the wealth of native forage species is a valuable source for selecting
the best kind [6].

The adaptation of forage plants to their natural environment occurs in the same way as for any
other plant species in which the most suitable species for situations of soil and climate prevail
in the region, along with different animals, such as insects, birds and herbivores. Long-term
research must be conducted in native environments because there are several factors that affect
the biodiversity and productivity of native pastures, and potential carbon sequestration is
more complex and unpredictable than previously believed [7].

Native grasses have the potential to revegetate degraded land; however, due to little knowl‐
edge about their biology, preference is given to the use of exotic species that can be invasive,
thus affecting local biodiversity [8]. The establishment and spread of plant species from other
regions in natural ecosystems can reduce, disrupt or terminate the original flora populations
and thus alter the balanced ecosystem, which today is one of the most significant environ‐
mental problems [9]. The planting and management of native grasses are difficult because
information about these plants is scarce [10]. According to these authors, the native grasses of
Brazil Andropogon bicornis, Andropogon leucostachyus, Echinolaena inflexa and Setaria parviflora,
among others, show morphological and physiological characteristics that allow them to
survive in environments with different stages of degradation, making these species good
options for pasture recovery.

The genus Paspalum is promising for this country, but there are few studies of this genus.
According to Barreto [11], 75% of the described Paspalum species occur in Brazil under a wide
range of ecological conditions and as part of several plant communities. The importance of the
genus Paspalum for Brazil is not only due to the production potential and quality of the species
but also because it has a high potential for use in the recovery and conservation of degraded
soils [12]. Paspalum nicorae is usually found in sandy soils, indicating a potential to tolerate
drought and low soil fertility, and has a high response to fertilisation [13]. Paspalum nicorae has
a wealth of natural morphological variation, which is a valuable source for the selection of new
varieties for the native forage for Brazil [6].

In Congo, it is necessary to conduct studies with native and adapted species; the use of species
that are not adapted to their conditions promotes food shortages at certain times of the year
due to a lack of food during the dry season, which was a major cause of the reduced herd of
the Sud-Kivu region in this country [14]. The identification of native forage species is essential
for the establishment of small traditional farmers as agro-pastoralists [14]. In Nepal, species
that are regarded as weeds in agricultural crops are native forage species; according to the
authors, these species demonstrate an adaptability that could be used with greater frequency
in animal feed [15].
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The climate-soil-animal-plant complex must be considered when seeking to utilize grassland;
it is not a simple task to introduce a system of livestock production using species from other
regions for the purpose of feed because the native or exotic livestock will therefore have the
same soil and climatic conditions of the place of origin in the new habitat. The use of exotic
forage species is disturbing when introduced irrationally without considering the large
climate-soil-plant-animal complex, and the introduction of these species can influence the
biodiversity of the environment.

The control of native species to introduce exotic species is generally done with fire or herbicide
use, causing environmental damage [16]. Santos et al. [17] argue that the reasons for using fire
in rangelands are diverse. Fire is one of the practices that causes environmental damage to the
soil and is rarely carried out in pastures with exotic cultures, showing that not even the crop
treatment applies. Another important aspect is the production cost of these exotic forage
species when accounting for a system of livestock production. The production and introduc‐
tion of new forage species are frequent; every year private sector and public companies launch
new varieties of these species which, in most cases, are exotic species that originated in another
region. The improvement being realised is that the Kikuyu (Pennisetum clandestinum) originates
from material coming from local farms, as a previous bid improved the tropical grass Digitaria
milanjiana by giving it more leaves and a higher grass digestibility, but this species did not
persist in the same pasture under proper management.

The Brachiaria genus originated in Africa and has resistance to acid soils and low fertility [19],
allowing it to easily spread by seed and to be highly competitive with weeds [20], which
explains the expansion of this type of grass to tropical and subtropical regions of the world
[21]. However, cultivated species currently belonging to these genera demand large amounts
of fertiliser to persist in the field and to compete with the native species of each region. Exotic
species represent the high cost of deployment and maintenance. In Brazil, cultivated forage
species originate from Africa (Table 2). Research of these species at the intuited has improved
the forage potential of these species. The most cultivated species and that which is of greatest
importance to Brazilian livestock are, respectively, Brachiaria decumbens and Brachiaria brizan‐
tha [22]. In Brazil, there is a lack of diversity in the cultivation of fodder plants in 45% of the
areas, and 60% of the produced seeds are of cv. Marandu (Brachiaria brizantha) [23].

Species Origin

Brachiaria decumbens Africa

Brachiaria humidicula Africa

Brachiaria brizantha Africa

Panicum maximum Africa

Penissetum purpureum Africa

Cynodon sp. Africa

Andropogon gayanus Africa

Table 2. Origin of the forage species that are grown in Brazil
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A lack of diversity can lead to future problems with pests and diseases, as these species are
not natural in that particular region. Due to the large amount of area that is currently planted
with these species in Brazil, future losses may occur in the livestock sector due to the lack of
diversity of forage species. Brazil has 190 million hectares of grasslands that sustain 209 million
cattle, the largest export of meat and the largest commercial cattle herd in the world [24].
According to these authors, the Brachiaria brizantha, B. decumbens, B. humidicola and Panicum
maximum are the primarily used pastures (Figure 2); therefore, of the few cultivars that occupy
a large amount of grazing area, only Brachiaria brizantha cv. Marandu occupies 50 million
hectares of area in this country. Marandu is apomictic and resistant to leafhoppers-of-pastures
[25], which has made this species the most produced in this country. The same mistakes were
made as before, with areas being planted with cv. Marandu and with Brachiaria decumbens,
which is susceptible to this pest. With the leafhopper attack that reduced pasture productivity
in Brazil came the need to replace this forage species; the same may happen again with the
Marandu. In this country only 0.8% of the grassland areas are planted with native species that
are resistant to these natural pest attacks (Figure 2).
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Figure 2. Genus of the forage crops that were grown on farms in Brazil in 2012

In Brazil, there are five species of Brachiaria genus that are native and, according to these
authors, do not possess forage potential [26]. Conclusions such as this undermine the ach‐
ievement new research and the use of native species, as studies presenting such species do not
evaluate all of the criteria to determine the actual potential forage and thus cannot conclude
that these species do not have forage potential.

Studies with native forage species must be conducted to improve the production and nutri‐
tional characteristics of these plants so as not to harm their hardiness in relation to soil fertility.
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Figure 2. Genus of the forage crops that were grown on farms in Brazil in 2012

In Brazil, there are five species of Brachiaria genus that are native and, according to these
authors, do not possess forage potential [26]. Conclusions such as this undermine the ach‐
ievement new research and the use of native species, as studies presenting such species do not
evaluate all of the criteria to determine the actual potential forage and thus cannot conclude
that these species do not have forage potential.

Studies with native forage species must be conducted to improve the production and nutri‐
tional characteristics of these plants so as not to harm their hardiness in relation to soil fertility.
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This fact is identified mainly in tropical and subtropical regions of the world, in which several
authors have reported the need for studies with native species in each region. In this context,
Hacker et al. [27] report that Australia is required to conduct studies that are related to the
improvement of tropical and subtropical grasslands, mainly related to forage species.

There are efforts by multinational companies and researchers to assess fodder plant species
in different regions of the world. Care must be taken in this type of approach, as it creates
a need the evaluation of a region, which is more profitable for multinational companies
that hold the production of these seeds in its area of operation and sale of seeds. In their
study,  Hare  [28]  report  that  the  same  efforts  for  distributing  forage  seeds  are  being
addressed in  more than 20 countries  in  tropical  regions of  Asia,  Africa,  the  Pacific  and
Central and South America with the species Brachiaria ruziziensis, B. Decumbens, B. Brizan‐
tha,  Panicum maximum,  Stylosanthes guianensis  and Paspalum atratum.  The lack of diversity
of cultivated forage species in extensive grazing area represents a risk to livestock produc‐
tion in any country that adopts this practice [24].

There is not a single grass species or group of fodder species that is cultivated in any region
as a standard species in grazing production systems. Although these species are tolerant of
different climate regions, the soil is the determining factor in modifying their fertility to adapt,
which is costly. Temperate countries do not seek alternatives elsewhere, but rather study the
development of technology with their own native species. In Canada, since 2001, efforts for
the reestablishment of native forage species have successfully developed sustainably systems
that use native pasture [29]. This example should be followed by countries in tropical and
subtropical climates.

In Australia, efforts are being made to encourage the planting of the native species Themeda
australis, which is considered valuable forage that country, as it is food source for wild and
domestic animals, conserves soil and water, decreases the use of exotic species and contributes
to the rehabilitation of degraded and polluted [habitats 30]. Studies are underway in Africa
and India to spread Themeda triandra species, which has physiological and morphological
characteristics that are similar to those of Australia.

4. Importance of soil in the pasture production system

The soils in tropical regions are easily eroded and degraded by inappropriate land use,
especially when trying to deploy a production system with fodder plants that are not suitable
for the region without correcting the soil acidity and without adequate levels of fertiliser use,
resulting in the depletion of pasture over time and thereby causing degradation in these areas.
The loss of pasture productivity is mainly due to inadequate livestock management and the
lack of nutrient replenishment [31]. Pastures in tropical regions are characterised by extensive
grazing systems with the application of low levels of nitrogen fertilisers mainly due to
unfavourable economic returns and the limited availability of fertilisers [32]. For planting
forage species, farmers usually choose soils with severe limitations with regard to features
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such as natural chemical fertility, acidity and topography [33], because the best soils in terms
of fertility and topography are intended for agricultural crops.

The costs of the cultivation of natural species of the region are always lower, although these
plants often fail to achieve the production of commercialised exotic species that have high
genetic potential. Planted under the same soil and fertility conditions, native and exotic forage
plants have differential potentials. Fertile soils with high levels of chemical fertiliser for exotic
forage with high genetic potential present greater production compared to that for native
forage but with high costs to acquire seeds to achieve the high genetic potential of these plants.
Comparisons between native and exotic species are often performed incorrectly; for example,
genetically crafted plant species will produce more forage mass per plant than is produced by
native plants, and many studies do not assess the cost of production, neglecting the costs of
fertiliser. Despite the African continent having a similar climate as that of Brazil, the soil
characteristics are different. The nutritional requirements in terms of exotic forage crops that
are currently grown are high, excessively increasing the cost of production. Many farmers do
not use the recommended fertiliser for forage plants, damaging the permanence of these
species in the pasture. The cost fertilising is high because the grassland species that are selected
for implantation are discerning. Studies that are performed with these species use high
fertilisation, and the species that are evaluated have excellent results in this type of evaluation;
however, economic feasibility studies are not performed considering that grazing areas are
generally of large tracts.

The degree of adaptation to soil fertility of Brachiaria brizantha cv. Marandu leads to the
recommendation of a medium nitrogen level of 200-250 kg ha-1 (10,000.00 m²) per year for the
Brazilian Cerrado soils [34]. An extensive grazing system with a carrying capacity from 0.5 to
0.8 AU (animal unit=450 kg animal live weight) ha-1 according to these authors for the same
species would require only 50 kg of nitrogen per hectare (ha) and may reach 350 to 400 kg N
ha-1 per year for irrigated grazing systems with a carrying capacity of 6-7 AU ha-1.

The cost of fertiliser must be evaluated because every region of the world will have different
recommendations for the correction of soil acidity using nitrogen, phosphorus, potassium and
micronutrients. It can be seen in Table 3 that the cost of nitrogen fertiliser is different in Brazil
and Thailand using the same species of forage crop. In 1980, Seifert reported that in Brazil, the
species that were at their peak at the time were Brachiaria decumbens and Brachiaria humidicu‐
la and that these species reached high production on fertile soils. Costa et al. [34] reported that
these species are considered to have low soil fertility requirements, with a recommendation
of 100 kg ha-1 of nitrogen for both of these species. The recommendation of fertilisers has
increased over time for the same species; this fact is related mainly to the impoverishment of
the soil due to consecutive cultivation using species with high fertility requirements and to the
non-replenishment of soil fertility.

In Brazil, due to the use of forages that are exacting with regard to soil fertility and to the
inadequate handling of these plants, the degraded areas are increasing, and every year,
approximately 8 million hectares are renewed or recovered in this country [24]. Low nitrogen
availability in the soil is among the major limitations to the production of forage in tropical
and subtropical areas and is one the greatest causes of pasture degradation [32]. Nitrogen is
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the nutrient that limits productivity, being rapidly depleted by the cultivation mainly of forage
species with a C4 metabolic cycle that are characterised by rapid growth and high yields.

Species Kind
Nitrogen

(kg ha-1 year-1)
U$ ha-1 year-1 Author

BRAZIL

Panicum maximum Mombaça 307 367.70 Mello et al., 2008

Panicum maximum Tanzânia 360 431.18 Corrêa et al., 2003

THAILAND

Panicum maximum Mombaça 30 35.93 Hare et al., 2013

Panicum maximum Tanzânia 30 35.93 Hare et al., 2013

ha: (10,000.00 m²)

Value of U$: day 30/07/2014 in Brazil

Table 3. Recommendation and cost of fertilisation with nitrogen for Panicum maximum in Brazil and Thailand

Soil is an element that must be considered with great caution, because its management is
expensive when seeking to make changes in fertility traits. The deployment of species
elsewhere may represent higher production costs, as soil suitable must become suitable for the
development of exotic species. The production of natural species for grazing is inexpensive
because these species are already adapted to the soil and climate of the region, making it
unnecessary to correct the soil acidity frequently to raise the base saturation of the soil to high
levels, which is a common practice when planting exotic species and represents high costs to
the livestock production system. This fact does not indicate that native species do not respond
to the use of fertilisers.

In Brazil, many find that exotic forage plants have better forage potential than native or natural
species. It is noteworthy that the forage potential encompasses several aspects and not only
productivity and chemical composition. In reality, plants with forage potential should submit
economic returns to farmers without compromising the integrity of the soil or the environment.
How much more productive the most demanding fertility forage plant will be generally occurs
with exotic forage species, in addition to the fact that these species are not adapted to the local
soil, making it necessary to correct the soil pH to achieve the full potential of these species.
Pastures with exotic species that are fertilised with nitrogen have a higher stocking rate than
do native pasture species without nitrogen fertiliser [35]. This type of comparison is incipient
because the native pasture was not fertilised and cannot be compared to a species under the
influence of fertilisation. The native forage species tolerate low soil fertility and have a high
response to fertilisation [36].

Intensive soil tillage may represent high costs for a production system that still has expenses
for animal production. Rating adaptations to acidity and soil fertility were performed with the
plant species that have been classified according to the degree of need for adaptation and
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fertiliser. This criterion is valid for identifying classes of soils in relation to base saturation and
levels of phosphorus and potassium in the soil for many forage species [37]. Exotic species
with high genetic potential are generally classified as the most demanding.

5. Nutritional differences

The interrelationship among the elements existing in an ecosystem for a forage species in a
given region is more complex than for human consumption species because the animals of
each region depend on this interrelationship to survive and influence the natural selection of
species through grazing. The nutritional value of exotic species that are grown is undoubtedly
superior to native species because these species have been enhanced to provide greater
production and nutritional value for animals, while the native have been neglected by research.
The nutritional value of exotic forage species does not justify the replacement of native species,
although this value is used by many researchers and technicians to justify the introduction of
exotic species in systems of grazing production [38]. More than one variable should be
considered in the choice of forage; even if that species has a superior nutritive value than that
of the native species, the nutritional parameter of an individual plant cannot define which
exotic species is a better choice than the native species.

The existence of anti-nutritional factors in native pastures has been questioned by many
researchers who report that these factors may be obstacles to animal nutrition at pasture [39],
but research should be performed to improve these species to decrease the levels of these
compounds, as is done with the exotic species with a high genetic potential. In a study
evaluating the quality of native forages in Canada, native species during the dry season of the
year were enough to maintain livestock [40]. Native species provide a differential characteristic
in the products that are generated by grazing. Native species in a region provides character‐
istics and peculiar flavours to the products that are generated by the animals, valuing the
product in the marketing. An appreciation of animal products exists in which animals graze
native forages and are internationally known and marketed for a higher price. Thus, the low
productivity of cattle is the main problem when trying to produce animals on pasture with
native species, but this can be overcome by asking the highest price when marketing the
generated products.

6. Conclusion

The cost of production is the decisive factor in choosing a forage species, especially in relation
to the requirement of the plant in relation to soil fertility. The choice of forage species must be
made with caution, especially when using exotic species with a high genetic potential. Native
forage species are viable options for use in a production system with grazing animals. These
species are already adapted to the characteristics of the soil and do not require changes to soil
fertility, unlike exotic species. It is necessary to conduct further studies with native forage
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species in each region, especially in regions with a tropical climate. The use of native species
in grasslands maintains an ecologically balanced environment because it preserves local
biodiversity.
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