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Preface

Humanity, together with its global society, culture, and economy, is only a 
part of the earth’s biosphere as a complex ecological system. The existence of 
humanity depends on the functioning of the biosphere (e.g., climate regulation, 
self-purification, ecosystem services) and the health of ecosystems. The state of 
ecosystems is determined not only by the biomass contained in them and their 
biological activity and productivity but also by the functional redundancy that 
results in reliability and a high degree of biodiversity. Maintaining the biodiversity 
of ecosystems (and ultimately our planet) is in the common interest of people 
worldwide. However, the conservation of biodiversity requires not only national 
parks, protected species, and conservation biological efforts, but also our economy, 
our political life, the organization of our cities, and the way we operate agriculture. 
The success of these efforts depends on the basic and applied research outlined 
in this book. It discusses a variety of topics, including abiotic factors that affect 
biodiversity, conservation and sustainability efforts, and urban and agricultural 
ecosystems. Chapters include case studies to illustrate special methodical problems 
and research approaches in the field.

This book is useful for researchers, lecturers, students, and other interested readers 
who would like to get some insight into the biodiversity research of human-influenced 
ecosystems.

Levente Hufnagel
Research Institute of Multidisciplinary Ecotheology,

John Wesley Theological College,
Budapest, Hungary





1

Section 1

Pure Ecology and 
Conservation





3

Chapter 1

Introductory Chapter: Factors That 
Affect Biodiversity and Species 
Richness of Ecosystems - A Review
Levente Hufnagel and Ferenc Mics

1. Introduction

The general latitudinal trend is that species diversity declines as latitude 
increases [1]. This appears to be the case for almost all terrestrial plants and 
animals [2, 3]. It is also usually used for the distribution of marine species [4, 5]. 
This latitudinal pattern in species richness is detectable in different spatial scales, 
habitats, and taxonomic groups [6]. However, because of the lack of agreement 
on the dynamics of site-to-site heterogeneity in species composition (b-diversity) 
through latitudinal gradients, latitudinal variations in species co-occurrence remain 
a central issue in ecology [7, 8]. Living species colonized and changed nearly all 
aquatic and terrestrial ecosystems on Earth, and thereby developed in their many 
shapes, physiology, and life history from origins more than three billion years ago. 
Ecosystems are not uniformly rich in species but this richness shows pattern across 
the world, and observers have long been puzzled about the origins of striking 
diversity trends such as the latitudinal diversity gradient, elevational gradients in 
terrestrial ecosystems, and bathymetric gradients in the sea. Since Darwin and 
Wallace, biologists have been focused on elucidating the mechanisms that lead to 
diversity. To explain why some regions of the world host greater numbers of taxa 
than other areas, studies on lineage differentiation and longevity (evolutionary 
biology) and organismal survivorship and coexistence (ecology, etc.) must be com-
bined. In the last decade or so, new data on the pattern of biodiversity, fine-scale 
maps of climate and environmental factors, and huge developments in the recon-
struction of the tree of life have been ongoing. Biogeographical and phylogenetic 
data integrations also restructured the patterns of the global distribution of species 
diversity as well as phylogenetic connections of organisms on various taxonomic 
scales. The processes that underlie species diversity trends are crucial to study, 
particularly when people influence important environmental changes [9]. Humans 
are diminishing habitat space for the majority of the world’s organisms, while 
global temperature and precipitation regimes are shifting, and these factors are in 
the focus of many hypotheses describing the nature and maintenance of species 
diversity. To complicate things, some of these assumptions involve the same factors, 
namely geographic area, energy climate stability, and biotic interactions, and gener-
ate similar predictions about diversity and the rate of speciation because most of the 
hypothetical factors coincide with the latitude. However, the intense theoretical and 
methodological attention focused on species richness gradients has not been applied 
to consider the broadscale distribution of other essential components of biodi-
versity, such as intraspecific diversity. Intraspecific diversity—whether defined 
as functional diversity, phylogenetic diversity, population richness, or genetic 
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diversity within and among populations—can influence species’ geographic dis-
tributions and responses to environmental change [10–13], community structure, 
and ecosystem functioning [14, 15]. Given the alarming pace of species loss and 
human modification of natural ecosystems, the importance to quantify biodiversity 
is crucial (e.g., [16–20]). Species richness, namely the number of species per unit 
area, is perhaps the simplest and most often used indicator of biological diversity. A 
substantial amount of biological research has been done using species richness as a 
metric to explain what causes, and is caused by, biodiversity. Species richness is often 
used as a measure of diversity within a single biological community, ecosystem, or 
habitat (e.g., [21]). Pianka [22] wrote the first review paper on large-scale diversity 
gradients and reviewed major hypotheses to explain the latitudinal diversity gradi-
ent. Latitudinal gradients have been known for almost a century in species diversity, 
and nowadays, some of these polar-equatorial patterns have been explored in depth 
and several authors added new hypotheses to explain latitudinal gradients [8, 23, 24]. 
The gradient-forming drivers are differentiated on the basis of significance to differ-
ent stages of lineage divarication, survival, and allopatric; parapatric and sympatric 
speciation can be integrated into this framework [25].

2. Abiotic factors

When a population of a certain taxon extends, its range to an extra-tropical area 
has to face evolutionary trade-offs that influence speciation. Cold tolerance is the 
most important trait to avoid frost damage poleward from frost line, in the cold 
season species without frost tolerance can be easily eliminated, even if freezing 
does not occur every year. Significant energy must be invested in frost resistance at 
the expanse of growth and reproduction [26]. Thus, they cannot grow and produce 
offsprings as fast as frost-intolerant species and are out-competed in frost-free areas 
[27]. The breadth of tropical climate zone and physiological pressures combined 
with biotic factors hinder northward wandering and this phenomenon is true for 
plants and animals (termed Dobzhansky-MacArthur phenomenon) [28]. Animals 
have to struggle with frost, but they are more mobile and can migrate or become 
dormant in winter, so this trade-off is not pronounced, but vertebrate and inverte-
brate fauna almost completely turns over northward and southward moving away 
from the equator [29]. In addition, many animals’ distribution coincides with that 
of feeding plants [30].

Many taxonomic groups are of tropical origins, and the main source of diver-
sity is the tropical region (such as birds, amphibians, angiosperms, and many 
marine invertebrates) [23, 31–33]. Terrestrial phylogenetical lineages’ expansion is 
restricted by physiological tolerance toward cold or arid environment, evolution of 
adaptation is particularly difficult, and these traits have evolved fairly infrequently 
[34]. Hence, most speciation events occur within the border of biomes to lineages 
that do not cross boundaries of bioregion. Bacteria do not show particulate biome 
adherence [35], and criteria that link biodiversity to bioregions are not confirmed; 
hence, the prevalence of biome crossing lineages, dispersal rates of lineages, and 
the size of transition zones between biomes should be determined [36]. On the 
regional scale, speciation is believed to be affected by the population size with the 
presumption that bigger areas support a larger population [37]. Population size, 
in turn, is positively related to the physical extent of the bioregion and genetic 
diversity. Size of distribution area is believed positively correlated with allopatric 
speciation, and small-ranged species have no opportunity to be divided by a barrier 
within the range. If ranges are large enough to surround a barrier, the species has 
also less chance to be divided into two new species. Leading to conclusion that 
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medium-ranged species are predicted to have the highest speciation rate [38]. 
Bioregions with tectonic activity such as mountain lifting have improved opportu-
nities for speciation and environmental gradient by emerging new mountain ranges. 
Finally, wide population ranges result in great genetic and phenotypic variability 
increasing the possibility of survival in a highly heterogenic environment, which 
is a prerequisite for parapatric speciation [39]. There is a clear correlation between 
the extent of the area and the likelihood of extinction. In smaller bioregions, the 
average range of species is also smaller. This is associated with a higher likelihood of 
extinction due to catastrophic events [40]. In addition, in small populations, both 
genetic and phenotypic variations are small, which easily leads to inbreeding, and 
are therefore less able to adapt to changing environmental conditions [41].

The extent and position of the temperate belt have changed many times in the 
history of the Earth, to which glaciations have contributed [42]. Of course, temper-
ate bioregions have existed for at least 50 million years, where mammals, birds, 
reptiles, amphibians, and seed plants also lived [43].

The size of the population also positively correlated with the amount of avail-
able energy. Of course, in a larger bioregion and in a larger population, this is even 
more pronounced [44]. This is analogous to the idea of population abundances from 
metabolic theory, and this assumes that more available energy in one region allows 
for a larger population size, affecting speciation and extinction rate [45]. High-
productivity areas tend to be more heterogeneous, with several sources available to 
populations, than low-productivity bioregions, increasing the likelihood of specia-
tion [46]. It should be mentioned that energy as a factor influencing speciation rate 
is not equal to the theory that the total energy available limits the number of species 
in a given region. Global trends of annual net primary production (NPP) of natural 
biomes are critical to understanding global (natural and anthropogenic) carbon 
budgets, and they are essential to understanding the adaptive relationships and the 
evolution of ecosystems and biomes. The competitive exclusion hypothesis is one 
of many hypotheses that seek to understand biodiversity dynamics by focusing on 
primary productivity [47], the energy-richness (or more individuals) hypothesis 
[48], the integrated evolutionary speed hypothesis [49], and the biological relativity 
to water-energy dynamics hypothesis [50, 51]. The first of these theories is based on 
the premise that the prevailing relationship between productivity and species diver-
sity is unimodal (or hump-shaped), while the other three are based on the assump-
tion that the predominant relationship is positive. Another different perspective for 
explaining the factors that ensure species coexistence is the hypothesis that there is 
a carrying capacity determined by the energy available. The ecoregions attain equi-
librium over time in terms of the number of species and the speciation and extinc-
tion are balanced. The addition of a new species to the area causes a decrease in the 
population size of the previous species, increasing the chance of extinction because 
there is a limit on the number of individuals for each species. New arrival may lead 
to extinction of a local species [52]. The ecological needs of different species differ, 
which concludes that there is more competition between closely related species 
because they have similar ecological needs. Over time, diversification slows down 
resulting in a pattern of diversity-dependent diversification [53]. The assumption 
is that nearby species compete for available resources in a zero-sum game, and the 
ecological limit determines the maximum number of species within a clade in a 
region. During the Cenozoic period, when the climate became cooler, speciation 
also slowed down, as lower average temperatures also lowered net primary produc-
tion. In the case of a lower net primary production, the number of new species that 
could theoretically be formed is also smaller [54]. In the case of higher net primary 
production, more species may develop but a slowdown can be observed here as well, 
reaching a limit.
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A number of phylogenetic studies have reported diversity-dependent species 
formation, but in many cases due to methodological and sampling problems, in the 
practice, it has failed to demonstrate that the evolution of new species would slow 
down after reaching a theoretical limit [55].

Machac and Graham [56], on the other hand, found in their study that the 
formation of new species does not slow down in the tropical region and that the 
slowdown may be an artifact and there is no real limit to species formation.

This does not mean that co-occurring species’ biological traits do not impact 
their diversification rates. Several examples have been reported that how the evolu-
tion of new species is influenced by species interactions [57]. However, it is very 
difficult to detect the persisting and speciation-promoting effect of the area and the 
source on clade-level properties in lineages and to distinguish it from the diversity-
limiting effect of area and productivity [58].

In addition, the theory of ecological limitations did not provide a strong con-
ceptual relation between how the volume of resources is associated with carrying 
capacity for all organisms, and how resources could then be specifically related 
to the diversity of species [59]. Large-scale dynamics of species diversity did not 
correlate well with numbers of organisms, according to previous reviews that found 
little evidence for the species-energy hypothesis [60]. While new immigration to 
an area (or new species emerging in situ) would inevitably consume some of the 
region’s available resources, it is unclear how a new species would affect the com-
munity abundances of all other native species unless only one other species exists 
in the area. The relative abundances of any of these species will differ in an infinite 
number of ways given a certain amount of resources and a certain degree of species 
diversity [61]. Furthermore, observational experiments have shown that common 
organisms in an area may have extraordinarily high relative abundances [62]. If 
newcomer species decrease the abundance of common species while not reducing 
the abundance of rarer species, so more rare species can be easily accommodated 
within the field. Our knowledge of how the relative abundance of species changes 
over time is complicated by the Milankovitch cycle, which also changes the extent 
and shape of bioregions in 14, 21, and 100,000-year cycles. These periods are 
often shorter than we would expect for species formation or extinction [63, 64]. 
Furthermore, with their recent histories, certain bioregions such as tundra and 
boreal bioregions are unlikely to have reached equilibrium diversity for trees or 
vertebrates [65].

Finally, it is unclear which scientific evidence would be required to assess 
whether bioregions have attained their carrying potential for species diversity. 
Rather than thinking about whether or not a bioregion represents an equilibrium 
or nonequilibrium structure, I believe it is more efficient to concentrate on how 
various drivers can affect speciation and extinction [66].

Species energy, time-integrated area, and tropical conservatism hypotheses 
are based on some mechanistic assumptions, taking into account population size, 
speciation, and extinction rates, these are worth combining. These concepts are 
based on the fact that by observing area and energy over a long period of time, 
diversity and diversification rates can be estimated on a large scale. Marin et al. [67] 
concluded that one of the most important factors in predicting species richness is 
a time-integrated area (area through time). Ecological and climatic stability influ-
ences species richness indirectly, altering the evolutionary time (i.e., persistence 
time) and rate. According to their discovery, global heterogeneity in species rich-
ness can be primarily explained by the duration of evolution. Colville et al. [68]. In 
South Africa, 4813 plant species from Cape Floristic Province and 21 molecularly 
dated endemic clade were added to the simulation study, and the age and area 
hypothesis was tested taking into account known climates and topography going 
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back 140,000 years. The regression model showed that long-term stability is the 
deciding factor in explaining species richness. In general, fossil analyses of both 
aquatic and terrestrial clades have shown higher rates of speciation (origination) 
in tropical areas [69, 70]. In the sea, the gradient is less steep because temperatures 
change less and organisms do not have to adapt to such large fluctuations as on 
land [71]. The gradient is quite conservative, dispersing events occurring in 4–5% 
of temperate regions. In most cases, dispersion occurs in other tropical regions. 
Duchêne and Cardillo [72] came to this conclusion in their study by integrating the 
phylogeny of 9000 bird species. Dispersal events toward temperate areas are gener-
ally no older than the Eocene-Oligocene Climate Transition. Rivadeneira et al. [73] 
used data from 328 marine mollusk species and 159 genera to explore the evolution-
ary processes that lead to the emergence of the current observed distribution. To 
do this, the fossil record, nestedness analysis, and projection matrix are used as 
complementary approaches. Geographical distribution was nested irrespective of 
the region of origin of genera, and according to the distribution dynamics model, 
dispersion events were common from temperate areas to the tropics, where extinc-
tion events were much rarer. In conclusion, despite the difficulty of distinguishing 
the signs of speciation and extinction in phylogenetic studies of diversification, 
all large-scale phylogenic research papers provide findings that are consistent with 
the tropical conservatism hypothesis and the area/energy/time hypothesis, namely 
that species have been concentrated in tropical bioregions to a greater extent than 
extratropical bioregions. The climate stability hypothesis complements the area/
energy/time hypothesis in the sense that it is based on a similar mechanistic basis: 
the genetic variability of population and the geographical extent and, in return, 
these factors influence speciation and extinction rates. Building on the projections 
that a larger area and greater genetic variability can influence species formation 
and extinction, climate stability postulates that these factors are highly mediated 
by orbitally enforced range dynamics. Therefore, the time-integrated area of 
temperate climate regions is likely to fluctuate strongly during cold periods and 
increase the extinction rate. As the chances of extinction increase due to minimum 
temperatures, a cumulative time-integrated area may not be the best way to test the 
relationship between species richness and total area available for populations within 
a region. Instead, if contraction has resulted in extinction events, it is worth work-
ing with the minimum area when determining the species richness. Paleoclimatic 
changes during the Paleo and Neogene allowed or hindered species wandering 
between areas, as well as regional extinctions, leaving a mark on species and genera 
distribution. Few species and genera are disjunct between eastern North America 
and East Asia among temperate plants, suggesting past connectivity over the Bering 
land bridge as well as climate-driven extinctions from Europe and western North 
America [74]. Quaternary glacial-interglacial oscillations have left legacies in exist-
ing species ranges, according to a wide body of evidence. Ordonez and Svenning 
[75] examined the distribution patterns of Europe’s contemporary vegetation using 
six independent lineages (Caryophyllales, Brassicales, Ranunculales, Saxifragales, 
Rosales, and Malpighiales). The Pleistocene climate, the former location and extent 
of refugium, the accessibility of areas after the Ice Age, and the contemporary 
environment play a major role in their current distribution. In concordance with 
a previous study, Costa et al. [76] concluded that climate stability played key role 
in Holocene biodiversity of the Amazonian-basin using 30 kyr pollen record and 
random forest classification. Decreases or fluctuations in temperature negatively 
correlate with species richness [77]. Deep-sea invertebrates are exception to the 
role because they do not exhibit equator-pole diversity gradient. Marine inverte-
brates can be much more diverse in deep waters, which are always roughly 4°C, 
than in shallow seas. But even in this case, stability is very important. So, constant 
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temperature and access to resources have no variance over time. Deep sea is not 
productive at all, but resource availability is constant throughout the year [78]. A 
study of the last 500 million years shows that a steep gradient exists only in the last 
30 million years due to cooling. During warm periods, the gradient was much shal-
lower or it was turned around, and there were times when the temperate zone had 
maximum biodiversity. At that time, the climate was much more stable throughout 
the world, with few fluctuations [79]. High temperatures have direct positive effect 
on ectothermic animals, as physiological processes accelerate and evolutional pro-
cesses can be faster. Faster metabolism leads to shorter generational times, which, 
together with a higher mutation rate, leads to the formation of new species [80].

Due to the impact of temperature on fostering reproductive isolation, the 
evolutionary pace hypothesis suggests that speciation rate may be higher in warmer 
bioregions. Orton et al. [49] conducted a comprehensive study involving multiple 
phyla (Arthropoda, Chordata, Mollusca, Annelida, Echinodermata, and Cnidaria), 
COI (Cytochrome c Oxidase subunit I) sequences, and 8037 lineages, but only 
51.6% of pairs exhibit higher mutation rate near the equator. For the remainder, the 
mutation rate was higher in the higher latitudes. This is the most comprehensive 
study in the literature that has occurred in recent years, and although the result 
has proved significant, the results are not entirely conclusive to prove evolutionary 
speed hypothesis.

3. Biotic factors

Organisms also interact with one another, and the effect on one another other 
also influences evolution. Andresen et al. [81] proved relationships are stronger 
and more diverse than in the temperate zone. Four different hypotheses attempt 
to explain species richness: Two involve the speciation (enemy-mediated habitat 
and the geographic mosaic of coevolution) and two relate to the existence and 
retention of diversity (competition causing finer niches and predation promoting 
coexistence). If access to resources differs in two different habitats, the plant will 
find it more difficult to regenerate the damage caused by herbivores and parasites 
in places where nutrients are less accessible. Therefore, they need to produce several 
compounds that keep animals away. However, due to protection, they grow more 
slowly and are less competitive with specimens living in nutrient-rich areas [82]. 
Because there are more enemies in productive environments in the tropics, this 
effect is also stronger. During the formation of the new species, it specializes in a 
particular habitat with growth protection optimization [83]. Different selection and 
speciation probabilities between interdepending mutualist or antagonistic species, 
in tropical climates, should be higher. Organisms are rarely killed by abiotic stress 
in tropical climates, with most of the selection processes in the tropics controlled by 
biotic factors. These factors evolve themselves and give an impetus to the evolu-
tion of the other species. In tropical environments, where seasonal differences are 
small, there are several interacting species (plants, herbivores, pathogens, preda-
tors, mutualists, etc.) and their relationships persist throughout the year. In cold 
climates, seasonality disrupts relations, slowing down co-evolution. In stable warm 
environments, co-evolution is faster and easier to develop mutualistic interrelation-
ships [84]. The novel protection mechanism protects the plant from enemies, which 
enables the plant to increase its range, stimulating allopatric specificity. But if this 
enemy is able to adapt to the defense mechanism, then the range of the plant may 
shrink. Similarly, specialization may lead to speciation through the development 
of the host race or the increase in patches of geographical specialists that lead to 
differentiation. These processes will also increase over time and generate a positive 
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feedback loop [85]. An example is the relationship between butterflies in the 
Nymphalidae family and solanaceae feed plants. The Solanaceae family separated 
from its sister groups 49−68 million years ago and then diversified (29–47 MYA). 
Around this time, the Ithomiini subfamily of the Nymphalidae family was also 
formed and diversified [86]. But there are also examples where this diversification 
effect has not been confirmed. According to Kaczvinsky and Hardy [87], the emer-
gence of a new plant-predator relationship could increase the chances of extinction. 
The development of a connection with the new plant can be due to the significant 
fitness reduction of ancient feed plant. This can be caused by several factors, such 
as increasing competition for diminishing resources, the development of a new 
defense mechanism, the emergence of a new invasive species, and the emergence of 
new natural enemies. If a change in the feeding plant of an insect is caused by such 
an effect, it will cause a decrease in the population size and chance of speciation. 
With decreased overall performance of ancestral host and presumably minimal 
overall performance of new host, the growth rates and adequate sizes of herbivo-
rous insect populations should shrink, as well as their geographic and climatic area.

Two other hypotheses explain that in areas where interrelationships between 
organisms are stronger, the width of the niche is smaller, in the sense that it uses 
habitat and resources. As competition intensifies, niches can split up, resulting in 
a finer niche for evolving new species. Thus, the existence of more species can be 
imagined within the community [22]. Harmáčková et al. [88] tested the hypothesis 
by using 298 Australian songbirds’ (Passeriformes) data. It was expected that the 
species richness-specialization relationship is stronger in particularly species-rich 
communities, where annual precipitation is high and vegetation is complex. They 
also tested the extent of niche overlap. A positive relationship was found between 
specialization and species richness, but the direction and strength of relationship 
vary according to traits and area size. The specialization-species richness relation-
ship is clear only in the forage stratum and has increased toward a smaller area 
only for habitat and diet. At the same time, local communities had a high overlap 
in habitat and diet. In a particularly species-rich community, no particularly strong 
link was found between species richness and specialization. However, they found 
a negative connection between specialization and overlap, meaning that species 
separate the ecological space on the basis of where food is found. These just weakly 
supported their expectations. The specialization in forage stratum has probably 
been significant in promoting species coexistence. On the other hand, while several 
species were habitat and diet specialists, high overlap in these traits did not rule 
out coexistence. The stronger predator (or herbivore) is able to drive selection in 
the antipredator traits in the prey (or plant). This is the basis of predator-victim 
specialization, the prey (or plant) can compete for a predator-free environment, 
leading to greater coexistence of the prey (or plant) species. Horst and Venable [89] 
studied the seed predation of rodents in the Sonora Desert. The rodents prefer the 
seeds of a certain species out of three different plants, which allows the two other 
plants to coexist. Regular predation on the more common species reduces interspe-
cific competition between the three plants.

Phylogenetic studies of trees, birds, mammals, reptiles, and amphibians show 
that tropical regions are the source of biodiversity, composed of both ancient and 
recently evolved lineages. Moderate regions contain only a fraction of this. Over the 
past millions of years, the climate of tropical areas has been more stable, which has 
helped new species to evolve and reduced extinction rate. And niche conservatism 
has prevented lineages to wander to the temperate zone. It seems that the energy 
available is a secondary factor because deep sea life has become almost completely 
independent of it. But temperature and availability of resources are stable there 
in the long run. The time-integrated area is the most important controller of 
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evolutionary processes. The seasonality of temperature and productivity affects the 
number of resources available on land, which determines the size of the popula-
tions. And lastly, speciation and coexistence are augmented by biotic interactions.
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Chapter 2

Biodiversity Conservation, 
Economic Growth and Sustainable 
Development
Richard E. Rice

Abstract

A growing economy has long been regarded as important for social and 
 economic progress. And indeed, much of what we value in society is the product of 
economic growth. It is becoming increasingly clear, however, that growth  cannot 
continue forever and that there is a price to pay for our failure to chart a more 
sustainable path. This chapter examines the conflict between our global obsession 
with growth and the conservation of biological diversity. The chapter begins with a 
discussion of what growth means and why it is the focus of global economic policy. 
We then review the connection between economic growth, sustainable develop-
ment and the conservation of biological diversity and examine issues surrounding 
the quest for sustainable development, including how growth is measured and 
why there is a need to develop alternatives measures of growth and alternatives to 
a focus on perpetual growth. The chapter concludes with a discussion of the role 
that economic incentives can play in helping to catalyze necessary change and 
the importance of a commitment to cost-effectiveness in the choice of policies to 
promote conservation action.

Keywords: Biological diversity, economic development, Sustainability, GDP,  
Genuine Progress Indicator, conservation agreements, carbon taxes

1. Introduction

Since its introduction during World War II most countries have come to view 
gross domestic product, or GDP, as their main measure of economic progress. 
Growth in GDP is widely seen as essential for advancing human welfare, even as 
the implications of this growth ever more clearly present us with existential threats, 
including a rapidly changing climate and dire impacts on biodiversity. With record 
growth have come record droughts and heatwaves. The last seven years, in fact, 
have been the warmest since records began in 1880 and last year, 2020, tied 2016 as 
the warmest year ever [1]. Wildfires across the planet are growing larger and more 
frequent and ever more evidence accumulates that ecosystems around the globe are 
collapsing [2–10].

Each day’s news it seems underscores the fact that there is a price to pay for 
our global obsession with growth and limits to what the biosphere can provide to 
an ever-larger global economy. As a result, the pressure for growth is increasingly 
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being met with calls for greater sustainability. How these two things can be recon-
ciled may be the most urgent and important challenge of our time.

This chapter will summarize the debate over the limits to economic growth 
beginning with a discussion of how growth is defined and why it is the focus of 
national economic policy. We will then review the connection between economic 
growth, sustainable development, and the conservation of biodiversity and exam-
ine issues surrounding the quest for sustainable development, including alternative 
measures of growth and alternatives to a focus on perpetual growth. We will end 
the chapter with a discussion of policies to help move the world onto a safer, saner 
trajectory focusing on the role that economic incentives can play in catalyzing 
necessary change and the importance of a commitment to cost-effectiveness in the 
design of policies to promote conservation action.

2. What growth means

The standard definition of economic growth is a sustained increase in a nation’s 
real (inflation adjusted) gross domestic product (GDP). GDP is the monetary value 
of all goods and services produced in a country each year. In recent years, real GDP 
growth in the U.S. has averaged around 2% which means that the economy doubles 
in size every 36 years [11].

2.1 Why grow?

Proponents of economic growth focus on its many benefits, including higher 
standards of living and the ability to devote more resources to things like health care 
and education. Increases in sanitation, nutrition, and longevity have all been pos-
sible due to economic growth. Since 1800, life expectancy has grown from less than 
30 years to more than 70 with eradication of childhood disease and improvements 
in medicine and nutrition [12]. Vast changes in material abundance have also been 
possible due to economic growth allowing many the things that only the wealthy 
could aspire to in the past.

Though something we now take for granted economic growth is a very recent 
phenomenon. Widespread economic prosperity (as measured by GDP per capita) 
has only been achieved in the past couple hundred years and as shown in Figure 1, 
has only really taken off in the past 50 years [13].

The incidence of extreme poverty over this period has fallen dramatically, in 
rich countries and poor alike [14]. Since 1990 alone the number of people living 
in extreme poverty has fallen by more than 1 billion [15]. The reasons for this 
reduction are many but one essential element has been the increase in crop yields 
achieved due to massive public investments in modern agricultural research. 
According to IFPRI [16], the case of English wheat is typical. Whereas it took 
nearly a millennium for yields to go from 0.5 to 2.0 metric tons per hectare it took 
only 40 years to rise from 2.0 to 6.0 metric tons per hectare. Yield increases such 
as these for wheat, rice and other crops have led to unprecedented levels of food 
security for many developing countries, despite large and continuing increases in 
 population [16].

2.2 The downsides to growth

Given its many benefits, it is little wonder that economic growth is a focus of 
global economic policy. Growth, however, has its costs. Environmental destruc-
tion and impacts on biodiversity are perhaps the most obvious, but there are also 
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conflicts between economic growth and national security and international stabil-
ity, and ultimately, economic sustainability itself.

Growing economies consume natural resources and produce wastes. This results 
in habitat loss, air and water pollution, climate disruption, and other environmental 
threats, threats which are becoming more apparent as economic activity encoun-
ters more and more limits. The depletion of groundwater and ocean fisheries are 
examples as are shortages of fresh water, and the global spread of toxic compounds 
such as mercury, chlorofluorocarbons, and greenhouse gases.

These conflicts are in part the result of the inescapable impact of an ever-
growing human population. They are, however, exacerbated by market failures, 
including externalities and open-access resources, and in the case of biodiversity, 
the lack of markets altogether.

Externalities are the side-effects of commercial activities that impact third parties 
and are not reflected in the costs of production, and for this reason are “external” to 
the decision-making of both producers and consumers. Pollution from a factory is a 
negative externality. Intertemporal externalities (e.g., from climate change) impose 
costs on those in the future that are external to current generations. Externalities of 
all sorts undercut the ability of markets to produce sustainable outcomes.

Resources that are open to all without restriction, such as ocean fisheries, also 
invite unsustainable outcomes as is evidenced by the currently depleted state of the 
world’s open-access fisheries.

Biodiversity suffers from a third market failure, the fact that it is generally not 
traded in formal markets. Though the popular conception of overexploitation is 
of resources plundered by the forces of markets, the absence of a market can be 
equally problematic. Things with no price end up being treated as if they have no 
value. Such is the fate of endangered species, tropical rainforests, coral reefs, and 
indeed much of wild nature.

Environmental impacts, of course, are not unconnected to society at large. 
Things like climate change and the extinction crisis have economic impacts and 
these in turn can threaten national security and international stability. Such threats 
are often made worse by inequality. Not everyone benefits equally from growth 
and some have arguably not benefitted at all. The problem of growing inequality 
is certainly an issue in the U.S. where the nation’s top 10 percent now average more 

Figure 1. 
The history of Economic growth: GDP/capita, 1820–2018 [13].
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income than the bottom 90 percent [17]. But it is also clearly a problem globally. 
Sub-Saharan Africa is a case in point (see also, Figure 1). Although the poverty rate 
there has fallen in percentage terms since 1990, it has not fallen fast enough to keep 
pace with population growth [18]. As a result, the number of poor in that region 
continues to rise and now accounts for nearly two thirds of the world’s total popula-
tion in extreme poverty [18].

Climate change, resource scarcity, and environmental degradation generally are 
certain to accentuate such inequalities in the future with unavoidable impacts on 
social unrest, national security, and international stability. The national security 
implications of these issues were starkly presented in a recent report commissioned by 
the U.S. Army [19]. According to the study, America could face a grim series of events 
triggered by climate change involving drought, disease, failure of the country’s power 
grid and a threat to the integrity of the military itself, all within the next two decades. 
The report also projects that sea level rise in the future is likely to “displace tens (if 
not hundreds) of millions of people, creating massive, enduring instability” and the 
potential for costly regional conflicts [19]. The report cites in particular the role that 
drought has played in sparking the civil war in Syria and the potential for tensions 
stemming from sea level rise and large-scale human displacement in Bangladesh.

All of the above issues have clear implications for economic sustainability – a 
healthy environment and international stability, after all, are the foundations for a 
healthy economy. We need healthy soils for agriculture, healthy oceans for fisheries, 
clean air and water and a stable political environment for international trade, all of 
which are threatened by unrestrained growth [20].

3. The quest for sustainable development

Increasing awareness of the limitations of growth has led to much discussion of 
sustainable development. This concept is most commonly associated with a report 
published by the World Commission on Environment and Development in 1987. 
In that report sustainable development is defined as “development that meets the 
needs of the present without compromising the ability of future generations to meet 
their own needs” [21]. Since the publication of this report, the idea of sustainable 
development has gained a solid footing in the popular imagination. An important 
landmark in this regard is the signing of the so-called Rio Declaration at the Earth 
Summit in 1992 in which 192 nations committed themselves to a detailed agenda for 
sustainable growth and development [22].

Despite its popularity, the precise meaning of sustainable development is 
somewhat elusive. From an economic perspective a simple definition might be that 
growth should proceed so long as the marginal benefits exceed the marginal costs 
(Figure 2). Marginal cost is the cost of a small increase in an activity and marginal 
benefit is the additional benefit from that increase. Figure 2 shows the marginal 
costs and benefits of growth in GDP. Since the benefits tend to decline and the costs 
to rise with additional GDP growth, the sweet spot is to grow until the marginal 
costs are exactly equal to the marginal benefits. Any increase in GDP up to this 
point is “economic growth” whereas growth in GDP past this point, where costs rise 
above benefits is uneconomic [20].

3.1 The problems with GDP

Such definitions are all well and good, but problems arise in discerning when 
and where costs begin to exceed benefits. This, in turn, is made more difficult by 
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the way in which we measure growth. Ironically, GDP, our global standard measure 
of growth, was never intended as a measure of costs and benefits. Instead, it is 
simply a gross tally of market output with no distinction made between output that 
adds to well-being and output that diminishes it. Instead of separating costs from 
benefits GDP assumes that all monetary transactions by definition add to social 
welfare [23].

GDP also excludes everything that happens outside formal markets and there-
fore ignores many things that clearly benefit society such as volunteer work and 
unpaid work in households like childcare and elder care. Much of the value of 
environmental services is ignored as well.

As shown in Box 1, this method of accounting leads to some very counterintui-
tive results, including the fact that GDP increases with polluting activities and then 
again with clean-ups, crime and natural disasters are treated as economic gain, and 
the depletion of natural capital is treated as income [23].

The shortcomings of GDP are particularly significant with regard to  
biodiversity. As shown in Box 2, biodiversity underpins virtually all economic 
activity. Yet, it is not explicitly accounted for anywhere in GDP. In many cases, 
biodiversity is an unvalued input (e.g., crop and livestock genetics) into an 
output (food) whose value is counted in GDP. And while the connection between 
the two is clear in a general sense, the impact of added growth on the unvalued 
input is not. Worse, to the extent that further growth depletes the biodiversity 
we depend on it is counted as adding to national income. And since the benefits 
of avoiding the depletion of biodiversity often accrue to others (either in full 
or in part) there is little incentive for individuals or governments to invest in its 
conservation.

3.2 Moving beyond GDP

Faced with the obvious limitations of GDP, many countries are now looking for 
alternative ways of measuring social and economic health, including adjustments to 
measures like GDP and the development of alternative indicators.

Figure 2. 
Economic and uneconomic growth in GDP [20].
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3.2.1 GDP adjustments

A basic problem with GDP and other conventional measures is that they are 
measures of output, not welfare. A true measure of welfare would rise when 
societies are better off and decline when they are worse off [26]. One of the limita-
tions of GDP as a welfare indicator is that it does not take account of the depletion 
of either natural or man-made capital. As a result, spending to replace worn-out 
machinery is treated as income even though it adds nothing to the existing stock of 
machinery. Similarly, consumption and pollution that depletes society’s store of 
natural capital is also incorrectly treated as income.

The former limitation can be addressed by simply subtracting an estimate of 
capital depreciation from GDP. This is now done as a matter of course in many 
countries, including the U.S. in what is called net domestic product (NDP) [35]. 
Adjusting for GDP’s treatment of natural capital, however, is more complicated 
since there are uncertainties about precisely which cost items to deduct from GDP 
as well as how these items should be valued [36].

Food Security and Global Nutrition – Food production depends on biodiversity for plant and animal 
varieties, pollination, pest control, and disease regulation [27]. Indigenous produce adapted to local conditions in 
countries around the world serve as a basis for improved plant varieties and as a buffer against a changing climate 
[28, 29].

Disease Regulation – Lowered biodiversity and habitat fragmentation can lead to increased disease 
transmission and higher healthcare costs [30, 31]. Medicinal plants and manufactured pharmaceuticals rely 
on biodiversity. The diversity of plants and animals is an essential source of molecular compounds needed 
for future drug discovery [32].

Business and Livelihoods – More than half the world’s GDP is moderately or highly dependent on 
nature, including nature-based tourism and recreational hunting and fishing [28, 33]. Fisheries, forestry 
and agriculture provide trillions of dollars annually in economic activity [34].

Protection and Replenishment – Biodiverse ecosystems provide natural buffers against storms and 
floods, water purification, soil formation and organic waste disposal [28]. Biodiversity underpins forests, 
grasslands, and agricultural systems essential for carbon storage and climate regulation [28].

Box 2. 
Biodiversity underpins Economic activity, human health and wellbeing.

GDP treats crime, divorce, and natural disasters as economic gain.
GDP counts all monetary transactions as positive. So, crime, divorce, and natural disasters, like fires 

and hurricanes, are all counted as economic progress.
GDP ignores the non-market economy of households and communities.
GDP ignores all activities that take place outside the market economy, including volunteer and home-

based work such as childcare and elder care.
GDP treats the depletion of natural capital as income.
GDP treats the depletion of both natural and man-made capital as income rather than depreciation. So 

the more a country depletes its natural resources the more it adds to GDP.
GDP increases with polluting activities and then again with clean-ups.
GDP counts pollution as a double benefit to society by first including the economic activity that leads to 

pollution and then the cost of clean-ups.
GDP takes no account of income distribution.
GDP ignores income inequality. In the U.S. GDP has grown more than seven-fold since 1980 [24]. GDP 

presents this growth as a benefit to all, yet the country’s three richest men now own more wealth than the 
bottom half of the country combined [25].

Box 1. 
What’s wrong with GDP? [23].
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Nevertheless, in an effort to redress this shortcoming, economists have devel-
oped an alternative measure called the genuine progress indicator (GPI) which 
subtracts the value of natural capital used in production as well as the costs of 
negative externalities from GDP [37].

GPI also attempts to address other limitations of GDP by broadening the conven-
tional accounting framework to include the benefits of volunteering and household 
labor as well as the impact of a variety of other factors, including crime, health care, 
income distribution, and leisure [37]. In effect, the GPI aims to serve as an indicator of 
sustainable welfare by focusing on the value of two basic things: activities that actually 
make us better off and those that are likely to be sustainable over the long term [37, 38].

Not surprisingly, GPI tells a rather different story than GDP of the recent history 
of economic growth. In an exhaustive study of the difference between the two 
indicators Kubiszewski, et al. [39] looked at 17 countries for which GPI data are 
available over the period 1950–2005. As shown in Figure 3, whereas GDP/capita 
rises continuously over this period, GPI/capita levels off in the late 1970s and begins 
to decrease slightly thereafter.

3.2.2 Alternative indices

Despite the theoretical appeal of the GPI, it too has limitations. Uncertainties 
about what costs and benefits to include and how they are valued tend to make 
these kinds on indices ill-defined. There are also unavoidable problems with trying 
to summarize how well a society or economy is doing using a single number.

These issues have given rise to specialized indices (e.g., of ecological health or 
happiness) as well as a dash-board approach involving selected indicators that allow 
societies to better track the things they really aspire to.

One specialized index (the Living Planet Index) measures the state of global 
biodiversity based on population trends of vertebrate species from around the 
world. As shown in Figure 4, the most recent index shows an average 68% decline 
in the abundance of 4,392 mammal, bird, fish, reptile, and amphibian species from 
1970 to 2016 [40]. Some groups are doing much worse. Freshwater populations 
have declined by an average of 84%, with regional declines as high as 94% (in Latin 
America). These startling reductions underscore the extent to which GDP as a 
standalone indicator is masking the impacts of economic growth.

Figure 3. 
GDP vs. GPI (genuine Progress indicator), 1950–2005 [39].
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An alternative to using a single index is the so-called dash-board approach, 
involving what are sometimes called sustainable development indicators. This 
approach seeks to go beyond measuring simply material wealth to focus on a broad 
range of indicators of the quality of life and environmental health.

One example of this approach is the Better Life Initiative [41] developed by the 
Organization for Economic Cooperation and Development (OECD), a group of 
37 mostly rich countries. This initiative recommends 11 indicators that the OECD 
suggests as essential to well-being in terms of material living conditions (housing, 
income, jobs) and quality of life (community, education, environment, governance, 
health, life satisfaction, safety and work-life balance) [http://www.oecdbetter-
lifeindex.org/#/45555545544].

At present, these indicators – which have been developed for all 37 OECD 
member countries – reflect only current well-being but in the future the organiza-
tion expects to complement these with indicators describing the sustainability of 
well-being over time.

3.2.3 Concepts over numbers

A common shortcoming of all the above indicators is complexity. One reason for 
the power of GDP, despite its flaws, is simplicity. Up is good, down is bad, and even 
though a single, modified index like the GPI shares in this advantage, its usefulness 
as a measure of progress (or peril) is much diminished if it is unlikely to be accepted 
as a standard.

In response to this dilemma, some have opted for advancing concepts rather 
than numbers to help inspire and guide in the development of policies that will 
ultimately be needed to move us in the right direction. Two ideas worth mentioning 
in this regard are the steady state economy and doughnut economics.

The idea of a steady state economy is most closely associated with the work of 
economist Herman Daly, one of the co-founders of the journal Ecological Economics. 
According to Daly, a steady state economy seeks to respect the bounds of sustain-
ability by keeping GDP and resource use stable [42]. As measured by GDP, an econ-
omy is either growing, stable or in recession. Since neither economic growth nor 
recession is sustainable, a steady state economy is the only sustainable prospect and 
is therefore the “only appropriate policy goal for the sake of sustainability” [42].

Figure 4. 
The global living planet index (LPI) shows a 68% average decline between 1970 and 2016 [40].
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Proponents of the steady state emphasize that it should not be confused with 
economic stagnation which, they say, is the result of a failed growth economy 
whereas a steady state economy seeks to balance the lack of traditional growth with 
efforts to distribute wealth so as to broaden economic security [43].

Doughnut economics, the creation of economist Kate Raworth, is in many ways 
a popularized version of Daly’s steady state economy. Both authors reject the idea 
that perpetual growth is a viable option and instead call for maximizing social wel-
fare within the physical and ecological limits of the planet. According to Raworth, 
the goal of economic activity should be to “meet the needs of all” while respecting 
planetary boundaries [44]. Raworth uses a doughnut, i.e., a disc with a hole in the 
middle, as her visual framework in which the inner ring represents society’s social 
foundation and the outer ring its environmental ceiling (Figure 5). Between the 
two is what Raworth calls an “environmentally safe and socially just space in which 
humanity can thrive” [44].

4. Policies to take us there

The above discussion of how we define and measure sustainability, of course, 
begs the question of how we get from here to there. Clearly, a part of the answer 
lies in the measures and definitions themselves. We cannot correct problems if our 
measures conceal them, and we will never achieve sustainability if we do not define 
it as an explicit objective.

Nevertheless, this still leaves the difficult work of developing policies to help 
promote more sustainable outcomes. Experience and the existence of market 
failures suggests that we cannot leave solutions to the market alone. That said, it 
would be a mistake to underate the potential for productively using market forces in 
our search for solutions. Policies based on economic incentives in particular offer an 
extremely powerful and effective set of options.

Two examples in areas that matter to biodiversity are conservation agreements 
and carbon pricing. Both illustrate how incentive-based policies can help provide 
simple, cost-effective, and scalable solutions to environmental problems.

Figure 5. 
The doughnut of social and planetary boundaries [image credit: Kate Raworth and Christian Guthier] [44].
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4.1 Conservation agreements

Conservation agreements are performance-based agreements in which resource 
owners commit to a concrete conservation outcome – usually the protection of a 
particular habitat or species – in exchange for benefits designed to give them an 
ongoing incentive to conserve [45]. The type of benefits provided vary but can 
include technical assistance, support for social services, employment in resource 
protection, or direct cash payments.

One of the great advantages of this approach is that the terms of agreements 
are flexible and can therefore be tailored to a particular setting. This flexibility 
makes conservation agreements a very scalable approach that can be implemented 
on private and indigenous lands outside traditional protected areas as well as on 
lands managed by national governments. In addition, whereas the creation of a 
traditional park or protected area requires a long, complex political process, conser-
vation agreements, as a market-based approach, make park creation more akin to 
a standard business transaction, and this, in turn, makes park creation much more 
rapid and efficient.

Since conservation agreements are a voluntary approach that addresses the 
underlying costs of conservation they are more politically acceptable than forced 
buyouts or eminent domain and are also often less expensive than other approaches 
since they focus on opportunity cost which in many cases is extremely low, particu-
larly in developing countries [46].

Conservation agreements were first piloted in 2001 in the context of a timber 
concession in Guyana [45]. Since then, they have been implemented in a wide 
variety of settings in roughly 20 countries around the world [47]. Examples include 
agreements focused on particular species as well ecosystems such as coral reefs, 
mangroves, and in the Solomon Islands, the largest uninhabited island in the South 
Pacific [47, 48].

4.2 Pricing carbon

Carbon pricing is another example of an incentive-based policy that relates to 
biodiversity. While this approach does not target biodiversity directly, it is perhaps 
the most important single policy affecting all life on Earth. When it comes to 
conservation, and so much else, unless we effectively tackle climate change very 
little else will matter.

Although there are many ways of putting a price on carbon, by far the simplest 
and most effective is a tax imposed on fuel suppliers (e.g., oil and gas producers). 
Once taxed, fuel suppliers raise their prices and in this way the higher prices ripple 
through the whole economy. There is no way to evade the tax and there is nothing to 
monitor or enforce (other than whether energy producers pay their taxes). Across 
the economy the cost of energy-intensive goods and services would rise giving both 
businesses and consumers an incentive to conserve.

One of the many advantages of a carbon tax is that it ensures that emission 
reductions are achieved at least cost to society. The reason is that unlike regulations 
that require everyone to adopt a particular technology or reduce their emissions 
by a certain amount, carbon taxes allow for the fact that some entities can reduce 
their emissions at a lower cost than others. This flexibility offers the opportunity for 
substantial cost savings.

Regulations alone, for example, can be twice as expensive as a carbon tax per 
ton of carbon abated while reducing far fewer emissions [49]. Similarly, subsidies 
(e.g., for electric vehicles) are unavoidably wasteful since they cannot target those 
who will only be motivated to buy because of the subsidy. If a tax credit of $7,500 
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convinces only one in four people to buy a hybrid electric vehicle, for example, the 
effective cost of the incentive is four times the subsidy or $30,000 – more than the 
price of many plug-in hybrids [50]. Such subsidies also tend to disproportionately 
benefit high-income households and while hybrids themselves emit less carbon than 
conventional cars, if the source of power used to charge them comes from coal they 
will raise carbon emissions rather than reduce them [51].

In addition to being less expensive, carbon taxes have several other important 
advantages. To begin, the cost of the tax is clearly known ahead of time. If the cost 
varies, as is true with cap and trade – the program used in several U.S. states – it 
makes it difficult for business (and consumers) to plan and therefore undercuts 
incentives to make long-term investments in efficiency.

Other options for pricing carbon are also more administratively burdensome 
and less transparent and often address only a subset of emissions. Cap and trade, for 
example, typically covers only electric utilities, which in the U.S. leaves out nearly 
three-quarters of total carbon emissions [52].

Most carbon tax proposals also now involve offsetting rebates so they do not dis-
advantage the poor who spend a larger percentage of their income on energy. Many 
proposals, in fact, would leave the majority of households better off with the tax 
than without it. In effect, such a “tax” would pay people for doing the right thing.

An important adjunct to a carbon tax is a UN program called REDD – Reducing 
Deforestation and Forest Degradation. REDD is a global effort designed to break 
with historic trends of increasing deforestation and greenhouse gas emissions by 
offering countries a financial incentive for forest conservation [53]. Since defor-
estation is the second largest anthropogenic source carbon emissions any realistic 
plan for addressing climate change must include efforts to halt the loss of tropical 
forests [54].

REDD takes advantage of the fact that reducing emissions anywhere on the 
globe has the same beneficial impact on slowing climate change. Reducing emis-
sions through REDD therefore offers a means for offsetting emissions of industries 
that have no other option for meeting their climate commitments. For this reason, 
airlines around the world who have committed to being net-zero emitters in com-
ing decades are expected to be major future funders of forest conservation through 
REDD [55].

Happily, protecting tropical forests is one of the least cost ways of reducing 
carbon emissions [56, 57]. REDD therefore has the potential for simultaneously 
reducing the cost of fighting climate change while providing a powerful incentive 
for protecting biodiversity.

4.3 A lack of environmental support

Given their advantages for conservation one might well expect that the three 
policies discussed above would be popular with environmentalists. In fact, all three 
policies have faced significant environmental opposition. Conservation agreements 
have received a great deal of favorable media attention but apart from modest 
investments by the organization that first developed them, they have largely been 
ignored by the international conservation community. This is in part a reflection 
of the fact that “paying for conservation” is regarded by many as a foreign concept, 
or worse, a dangerous precedent that “commodifies” nature and risks making all 
conservation efforts more expensive.

But it also reflects an important underlying incentive that shapes the conserva-
tion establishment. After years of strong popular support, the budgets and staff 
of all the major international conservation organizations have grown to the point 
where conservation has become an extremely expensive undertaking, one that 
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depends critically on continued success in fundraising. And that, in turn makes for 
resistance to changes in tactics that would funnel money away from existing staff 
(even to laudable objectives like providing resource owners with an ongoing incen-
tive to conserve). In the language of economics, the opportunity cost of support-
ing this kind of incentive-based conservation is the funding not going to current 
operations.

Carbon taxes have suffered from a similar lack of support. Part of the problem 
in this case is that taxes in general are an unpopular approach. But they have also 
suffered from competing agendas and a basic lack of understanding as illustrated by 
the fate two carbon tax bills in the U.S. state of Washington. The first was a revenue 
neutral bill that included tax cuts and rebates to offset the impact of higher prices 
from the carbon tax. This bill was defeated by an unusual coalition of oil interests 
and environmentalists. The later felt that the money collected by the government 
should be used to offset the impact of the tax on the poor (even though that is 
exactly what the rebates would have done) and to fund investments affecting 
climate, communities, and racial equity [58].

To accommodate these concerns, the second bill included no offsetting rebates 
and instead called for using the tax revenue to support a dedicated fund focused 
on the environment and social justice. In addition, the bill called for reducing the 
carbon tax by half to lessen its impact on prices. In effect, these changes made the 
revised bill both more regressive and less effective in reducing carbon emissions. 
Despite these “improvements”, this bill was also defeated, this time by voters who 
objected to the added tax and the fact that it was being used to fund what the Seattle 
Times called a grab bag of “special interest payouts” [59].

The UN REDD program has also faced environmental objections, in this case 
based on concerns over the long-term security of emission reductions in developing 
countries and the fact that offsets allow polluters to avoid reducing their own emis-
sions by paying for cheaper emission reductions elsewhere [60].

5. Summary and conclusion

The past two centuries of economic growth have provided the world with 
many benefits. Our lives are longer and healthier with more leisure and shorter 
workweeks. Childhood diseases that afflicted our parents are largely a thing of 
the past. The creative explosion of the last few decades has yielded advances 
in medicine, the arts, technology and more. All these things are the benefits of 
economic growth.

There are, however, downsides to economic growth that put our past progress 
and the future of life in jeopardy. Although global economic policy is still strongly 
wedded to growth in GDP there is increasing recognition that this is not a sustain-
able situation. Blindly promoting ever more growth without seeking to address 
market failures and impacts on the environment is clearly a prescription for trouble. 
The question is how to moderate these impacts while still maintaining a focus on 
advancing economic security and the quality of life.

Part of the answer to this question is in developing better indicators of how 
economic activity is affecting the things we care about. Having a global standard 
measure like GDP that ignores the value of nature and counts both pollution and 
clean up as progress is certain to steer us in the wrong direction. Dethroning GDP 
and work on replacements are worthy endeavors. Measures of impact, though, even 
at their best, are better at informing us of the need for change than in incentivizing 
specific changes. They still leave us with the hard work of developing appropriate 
policies for the future.
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How we proceed in this regard will make a difference. Unconstrained markets 
are not likely to produce a happy ending, but this does not mean that we should 
ignore the potential for using markets and incentives in our search for solutions. 
The same forces that are driving us in the wrong direction can be harnessed and 
channeled in directions that will greatly enhance the potential for sustainable 
outcomes.

This is particularly true in the case of policies designed to address threats to 
biodiversity. Indeed, in the case of two important policies, carbon taxes and conser-
vation agreements, ignoring this potential is likely to come at a price. Compared to 
a carbon tax, standards and subsidies could double the cost of dealing with climate 
change and rejecting the use of incentives in conservation agreements and REDD 
could jeopardize whether forests are saved at all.

The good news is that we have some extremely simple and powerful tools at our 
disposal. A single, small change in the tax code can reorient the entire economy 
away from carbon. And conservation agreements and REDD can be flexibly imple-
mented almost everywhere they are needed. While funding these efforts will not be 
inexpensive there is ample global willingness and ability to pay for conservation and 
no shortage of those in a position to conserve who are willing to accept payment.

The challenges are great, but many of the tools needed to address them are at 
hand. We need only choose to put them to use.

© 2021 The Author(s). Licensee IntechOpen. 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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Urban Ecosystem: An Interaction 
of Biological and Physical 
Components
Hassanali Mollashahi and Magdalena Szymura

Abstract

Urban ecosystems are composed of biological components (plants, animals, 
microorganisms, and other forms of life) and physical components (soil, water, 
air, climate, and topography) which interact together. In terms of “Urban Green 
Infrastructure (UGI)”, these components are in a combination of natural and 
constructed materials of urban space that have an important role in metabolic 
processes, biodiversity, and ecosystem resiliency underlying valuable ecosystem 
services. The increase in the world’s population in urban areas is a driving force to 
threat the environmental resources and public health in cities; thus, the necessity 
to adopt sustainable practices for communities is crucial for improving and main-
taining urban environmental health. This chapter emphasizes the most important 
issues associated with the urban ecosystem, highlighting the recent findings as a 
guide for future UGI management, which can support city planners, public health 
officials, and architectural designers to quantify cities more responsive, safer places 
for people.

Keywords: urban green infrastructure, connectivity, ecosystem services, 
biodiversity, urban microbiome

1. Introduction

1.1 Urban ecosystem

Urban areas are composed of natural and constructed systems where the human 
population is more concentrated, and there are complex interactions between 
socioeconomic factors and biophysical processes [1, 2]. In a city, an ecological pro-
cess often occurs in habitat patches, which are connected by corridors in a matrix 
of streets and buildings. The major ecological processes between/among habitat 
patches include immigration and dispersal agents, also, ecological corridors that can 
act as links or barriers for dispersal ability [2].

Due to transport networks cities are often the entry points of many alien species 
[3]. Moreover, in contrast with non-urban areas, urban ecosystems have different 
physical and chemical properties, which highly influence species distribution and 
ecosystems functioning [4, 5]. As a whole, urban areas have been usually consid-
ered novel in relation to their non-urban counterparts, which are comprised of a 
variety of fragmented habitats [4]. Overall, in this novel ecosystems the restoration 
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ecology, conservation, biodiversity, ecosystem services, and climate change have 
been the most discussed topics in literature [6].

1.2 Urban green infrastructure

A bibliographic analysis of urban sustainability indicates that the topic of 
green infrastructure started to be in the attention of scientists in 2010, when, the 
awareness of issues associated with climate change was raised and the assessment 
of urban ecosystem services was more considered. During a period of five years 
(2010-2015), topics related to health and well-being were more interesting, and 
the motor theme of conversation became the priority of the scientists studying the 
importance of green infrastructures. This demonstrates the significant importance 
of green infrastructure and its association with sustainability [7, 8].

The term “Urban Green Infrastructure (UGI)” refers to engineered and non-
engineered habitat structures in connection with natural and semi-natural areas 
and other environmental features, which are designed to deliver a wide range of 
services from nature to humans. Green infrastructure comprises different kinds of 
components (for example, parks, green roofs, urban forests, road verges) which 
according to several number of parameters (e.g., spatial scale, dimension, location) 
are categorized [9, 10].

The “Green Infrastructure” can perform several functions in the same spatial 
area. In contrast to gray (or conventional) infrastructure which usually has one 
single objective, GI is multifunctional which means it can promote win-win solu-
tions or “small loss-big gain”, delivering benefits to a wide range of stakeholders and 
the public at large [10].

In line with Europe’s 2020 strategy, it can act as a catalyst for economic growth 
by inward investment and generating employment, reducing environmental costs, 
and providing health benefits among others. This can contribute to the recovery 
of Europe’s economy by creating green businesses and innovative approaches, 
representing around 5% of the job market. For instance, the Hoge Kempen National 
Park (6,000 ha) which is located in the eastern part of Belgium, the investment to 
carry out improvement projects is raised up to €90 million and generating €24.5 
million per year in revenues from sustainable tourism alone. In Sweden, 10,000 m2 
of green roofs were installed and an open storm-water system was built to improve 
the environment both for people and nature, the entire project cost around €22 
million but the benefits that have been derived from this investment are already 
tracking up; for example, decreasing in rainwater runoff rates by half, significant 
saving energy by residents, increasing the biodiversity by half, unemployment has 
fallen from 30–6%, and turnover in tenancies is decreased substantially [10]. More 
example is Canada where the economic value of 13 ES in Canada’s Capital Region 
(Ottawa-Gatineau region) amounts to an average of 332 million dollars, and to a 
total economic value of over 5 billion dollars, annualized over 20 years [11].

1.3 Ecosystem services

Improving the knowledge about the importance of urban ecosystem services 
(ESs), and their value especially in the current trend of world urbanization is 
necessary. Thus, the role of city planners and other disciplines and their collabora-
tion to integrate new findings associated with ESs is necessary [12]. ESs, directly 
and indirectly, influence human life and thus the economic activities. For examples, 
the maintenance of soil fertility can secure food production, and/or providing clean 
air and water through the absorption of pollutants by plants, and our mental and 
physical health may depend on the accessibility to green spaces [13].
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1.3.1 Categorization of ecosystem services (ES) at the urban level

We only consider the ecosystem services classified by the Mapping and 
Assessment of Ecosystems and their Services (or MAES), Urban ecosystem, 4th 
report (May 2016). This classification takes into account merely the ecosystem 
services which are more important and happen in urban areas. These ecosystem 
services (ESs) are including (i) provisioning services in which the food and water 
are the most valuable ones, (ii) regulating services including the regulation of air 
quality, flood and water flow regulation, also, noise and temperature reduction plus 
pollination, (iii) the cultural ecosystem services such as recreation, education and 
cultural heritage [14].

There is criticism this classification in which the supporting services is not 
taken into account. Those supporting services are so-called intermediate ecosys-
tem services and comprise the habitats for species and maintenance of genetic 
diversity [15].

Apart from the above-mentioned classification system, the three other clas-
sifications are also available but they consider the assessment of ecosystem services 
on much big scale than cities. These three classifications are as follows; (1) CICES 
(the Common International Classification of Ecosystem Services), (2) The MA (the 
Millennium Ecosystem Assessment), and (3) TEEB (the Economics of Ecosystems 
and Biodiversity) [16–18].

1.4 Biodiversity

The urban area often contain threatened species. The spatial structure of the 
urban landscape, especially patches features (e.g., patch size and their connectivity) 
are correlated with species richness and biodiversity [19].

More than three-quarters of Earth species are characterized to be extinct at 
short time intervals which is unprecedented. Mammalia, birds, and amphibians 
are the groups of animals that have become more popular for the assessment by 
scientists [20], while insects species have been poorly studied, despite their vital 
role in ecosystems and in turn well-being. Biodiversity loss of insects is reported as a 
worldwide phenomenon, (typically in Great Britain and other European countries), 
where four main drivers of this condition have been presented [21, 22]. Habit lost 
and fragmentation which is made by the human is considered as the main factor of 
global biodiversity loss, and then pollution, biological factors, and climate change. 
In the case of mammals and birds, habit change plays the same role in the reduction 
of their species [23–25].

1.4.1 Biological factors

Human settlement and infrastructure development is a threat to protected 
species and negatively impact on the many of the at-risk species [26]. Among those 
species, beneficial insects like honeybee colonies, birds, and mammals are more 
endangered. For example, beehives are at risk of collapse by mite parasites and viral 
infection. Thus the necessity of conservation strategies is a need in urban wildlife, 
where the species encounter anthropized environments that differ from the natural 
landscape. With this in mind that many species characteristics such as dispersal 
ability, sex, even body mass influence the species movement to urban areas. 
Passerine birds are a good example; where the urban colonization rate of these birds 
is associated with the color dichromatism [27, 28].

If we consider two groups of specialized and generalist species, the first group 
(specialized) tend to be more susceptible and poor in adaptation to the habitat 
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changes in novel conditions as they have a special host, and their ability to recover 
quickly is less; thus, these species are more at risk of extinction. The second group 
(generalized species) are more adaptable to climate change and can successfully 
colonize the new environment/urban setting in a short time, showing plasticity, 
adaptability, and having access to a wide range of food and shelter requirements. 
Other factors such as invasive species has been reported to show cascading effects 
on the ecosystem and influence the species communities, and the diversity of many 
organisms, especially insects. For example, cattle grazing and recreational activities 
negatively impacted the distribution of a dragonfly (Ecchlorolestes peringueyi) in 
South Africa [25].

1.4.2 Habitat change

Human activities like industrialization, and agricultural intensification, have 
changed the habitat structure of natural landscape, causing the reduction in food 
resources and shelter sites for many specialist species. Moreover, urbanization, 
causing the disappearance of many habitat specialists and their replacement with 
a few generalists adapted to the artificial human environment. Providing habitat 
quality and management contribute to biodiversity maintenance. A good example 
of habitat management is presented by Britain government where the area of flower 
grasslands was increased for the target populations of bumble species [25, 29].

1.4.3 Pollution

There are several factors causing environmental pollution, declining biodiversity 
loss. Fertilization and pesticide application mostly occur in agricultural settings. In 
the case of urban settings, industrial sites, transportation, and sewage increase soil 
contamination by the heavy metals in green infrastructures, which can reduce not 
only belowground biodiversity but also influences the vegetation structure of lawns 
and grasslands patches [25].

Several studies reported the existence of neonicotinoid residues that contami-
nated the honey samples from Apis mellifera hive collected from European honey 
samples. Neonicotinoids (e.g., Clothianidin, Imidacloprid, and Thiacloprid) have 
been identified from urban habitats, suggests the reconsideration of pesticide 
application in urban areas. Thus, due to urbanization and agricultural intensifica-
tion the awareness should be raised about chronic toxicity and exposure of bees and 
other beneficial insects and consequently human health [30]. Fipronil is a pyrazole 
insecticide and is widely used in agricultural areas against larval Culex species. The 
toxicity of Fipronil has been found in urban runoff waters in California and showed 
acute toxicity to aquatic invertebrates in south-eastern Australia, suggested to cause 
disruption to aquatic ecosystems [31, 32]. The toxicity impacts of insecticides such as 
imidacloprid, bifenthrin, and fipronil are detected, causing the reduction in survival 
and feeding ability of black tiger shrimp (Penaeus monodon), which were also dis-
tributed in urban waterways [33]. Moreover, many other kinds of insecticides (e.g., 
Pyrethroid) have high toxicity on aquatic insects, crustaceans. Aquatic environments 
are more at risk of disruption where pesticide residues from agricultural and urban 
runoff are the major cause of biodiversity declines. Bifenthrin was found from urban 
runoff in river water, affecting the most important prey species for American River 
Chinook salmon which can cause a significant reduction in their abundance [34, 35].

In Germany, over the 27 years of study, about 80% of the flying insect biomass 
losses were caused by increases in pesticide application [36]. In a study in Paris, 
urbanization made a significant reduction in the population of the bird species 
called “House Sparrows” [37].
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1.4.4 Climate change

Urban areas are under the pressures of population growth, urbanization and 
suburbanization processes, which interact with the climate, leading to the establish-
ment of the urban climate. Urban climate is generally characterized by some par-
ticular features such as heat islands effects, dryness, urban flooding, cold, humidity 
and pollution, which can significantly affect human health [38]. Abiotic stress such 
as heat waves, drought, and flooding are the three most important factors, having 
not only socio-economic impacts but also constrains on global food security [39].

1.4.4.1 Urban climate, the heat-related phenomena, and its impact

The urban heat and its extreme impacts on social and environmental aspects on 
urban residents together with climatic change arising from global warming, allevi-
ating agricultural crops, influencing the resiliency of the urban greenery and there-
fore a risk for human health. The heat-related phenomena are related to heatwaves 
and drought which produce negative effects as heat-related illness and heat-related 
mortality [40–42]. Triggering certain types of diseases have been reported due to 
hydro climatic treat and long-term exposure to heat-related stresses, for example; 
respiratory, gastrointestinal, caused by low humidity, high temperatures and lack of 
water for personal hygiene, and household cleaning [43].

1.4.4.2 Urbanization and sponge city concept

Water flooding is a serious problem in many cities of China. The concept of 
sponge city was developed for the first time in China in 2014 in order to deal with 
urban flooding and to attenuate urban runoff, and improve the purification in the 
concept of urban sustainability. The concept is being developed to make use of ‘blue’ 
and ‘green’ spaces in the urban environment to encourage stormwater management 
and control [44].

“The sponge city concept aims to (i) adopt and develop LID (low impact develop-
ment) concepts which improve effective control of urban peak runoff, and to temporarily 
store, recycle and purify stormwater; (ii) to upgrade the traditional drainage systems 
using more flood-resilient infrastructure (e.g. construction of underground water storage 
tanks and tunnels) and to increase current drainage protection standards using LID 
systems to offset peak discharges and reduce excess stormwater; and (iii) to integrate 
natural water-bodies (such as wetlands and lakes) and encourage multi-functional 
objectives within drainage design (such as enhancing ecosystem services) whilst providing 
additional artificial water bodies and green spaces to provide higher amenity value”. 
The integrating of mentioned targets with the management approaches envisaged 
to gradually solve urban water issues, providing esthetic services and other benefits 
for urban populations, and that to improve urban habitat based on nature-based 
solutions to maintain the biodiversity in cities environment. The sponge city 
concept has a lot of influence on the approaching socio-ecological issues, bringing 
together the ideas from different disciplines to tackle many challenges linked to 
water-related issues across the world [45].

1.4.4.3 Global warming and insect’s decline

Global warming stimulates the decline of many beneficial insects, for example, 
wild bees and butterflies. However, global warming shows contrasting trends on 
the population density of butterflies in Finland. Despite this, the general trend of 
the world’s insect population exhibiting around 50 percent reduction. Likewise, the 
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insect populations which are adapted to the cold climate have declined (e.g. dragon-
flies, stoneflies, and bumblebees), showing a general reduction in population density 
of pollinators such as wasps, ants, and beetles in Mediterranean regions [25, 46].

1.5 Connectivity

Connectivity is demonstrated to be a proxy for biodiversity, where species and 
other ecological flows are able to move through a landscape and gain diversity 
in their genetic structure, stabilizing the ecosystem. As a result of urbanization, 
habitat fragmentation leading to the extinction of the threatened species, making 
the network between urban green infrastructure more important. Therefore, mod-
eling the connectivity between different urban patches in an urban area through 
designing green corridors is stated to be a realistic direction. Connectivity has two 
elements; structural and functional connectivity in which the structural connectiv-
ity is a useful indicator of functional connectivity, providing information on how 
to create a better connectedness of urban green spaces [47]. Different methods have 
been used to analyze the connectivity in an urban landscape. The graph theory 
method is the most useful tool by which the two concepts of inter and intra-patch 
connectivity is taken into account. This method is a robust metric, enabling to 
prioritization of the importance of each patch in the entire system [48].

1.5.1 Connectivity indices

Connectivity has three indices; (i) Number of links (L) between/among habitat 
patches (node) which provide information about the geographical distance between/
among patches, showing the physical structure between patches, (ii) number of 
components (NC), where a component is a set of patches/nodes which are connected 
by links; a patch itself is also considered as a component, and (iii) the integral index 
of connectivity (IIC), which was proposed by Pascual-Hortal and Saura [48, 49]. The 
connectivity raises when the NL is higher and the NC is lower. Considering IIC, the 
degree of connectivity within a landscape can be estimated, and also the contribu-
tion of each patch into entire landscape connectivity which is the most useful tool, 
providing significant conceptual improvements in the decision process for planning 
[50–52]. The IIC shows the importance of every single patch in the overall connectiv-
ity which is based on graph structure and binary connection model, which means 
two patches are connected or not. Assessing this index is based on delta/d (dIIC) 
or the differences in the IIC value and ranges from 0 to 1 for each patch, indicating 
the importance of each patch with a higher value in the overall connectivity of the 
analyzed landscape. The dIIC value has three fractions and each fraction additively 
leads to the overall value. The three fractions are including dIICintra or intra-patch 
connectivity, dIICflux or inter-patch connectivity when a patch is directly connected 
to the other one; dIICconnector or stepping stone, which means if a patch/node contrib-
ute to the connection of other patches [53].

1.6 Urban microbiome

Microorganisms are a vital component of nature and can be found everywhere 
or so-called ubiquitous, from the human gut to natural ecosystems like oceans. They 
belong to bacteria, fungi, viruses, and micro-eukaryotes [54, 55]. In terms of envi-
ronment, soil microbial communities are a key factor in the biochemical processes 
that support plant growth and other ecosystem services of GI features [56, 57]. At 
the urban level, the first assessment of subsurface microbial communities in a truly 
urban site was investigated in 1992 [58].
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Edaphic variables are the factors related to the soil properties (e.g., soil pH) 
that affect the diversity and geographical distribution of microorganisms like soil 
bacterial communities; soil with lower pH (>4.5) has lower bacterial diversity 
[59]. As, in urban areas, the soil physical (moisture and texture) and chemical 
properties (pH, solid minerals, and organic matter) can influence microorganism 
communities [60, 61]. Notably, bacterial diversity is significantly correlated with 
human population density (as a proxy of anthropogenic activity) [62], indicating 
co-occurrence of human settlements and species-rich regions [63]; the reason for 
this relationship is unknown.

The results of human activities including heavy metals and other pollutants 
such as pesticides, fertilizers, salt, exposure to petroleum products impact the soil 
ecosystem, as these activities and products can alter the structure of soil bacteria 
communities and have a strong effect on their abundance and diversity [64–66].

Different urban soil types and their locations show that the Phyla Acidobacteria 
and Actinobacteria, are the most dominant soil bacteria [67]. On the other side, 
the most abundant fungi are related to the genera Glomus and Rhizophagus. The 
identified taxa are able to survive in distributed habitats and are associated with key 
ecosystem services (for example, decomposition and N cycling) [68].

Knowing microbial communities in GI features is important because it can 
help to guide urban planning for the purposes of improving urban biodiversity 
or bioremediation as a guide for future GI management. Identifying and under-
standing the dynamics of microbial communities in urban environments is thus 
essential for managing microbes beneficially in the context of urban sustainability 
[69]. Recently and in 2016 the project of Metagenomics and Meta-design of the 
Subways and Urban Biomes (MetaSUB) have started to characterize the composi-
tion of the microbial inhabitants of urban environments across the world. The 
aim of this international project is to support city planners, public health officials, 
and architectural designers and to quantify cities more responsive, safer places for 
people [70].

Growing the world’s population accelerates the increase of pollutants and 
consequently can jeopardize the people’s life by being exposure to pollutants. 
This can also proliferate the spread of pandemic and pathogenic microbiome. 
Therefore, it is imperative to adopt sustainable practices and enhance the health 
of the urban environment, considering the implementation of surveillance 
programs, discovering the genetic characterization and functional diversity of 
microbes in the cities [71, 72].

2. Conclusion

This chapter attempts to address the important concepts related to urban eco-
system. Urban areas are composed of natural and constructed systems. In a city, an 
ecological process including immigration and dispersal agents often occur in habitat 
patches, which are connected by corridors. Urban ecosystems have different physi-
cal and chemical properties, which highly influence species distribution, ecosys-
tems functioning, and provide ample ecosystem services, representing sustainable 
tourism, saving energy, increasing the biodiversity, reducing environmental costs 
and providing health benefits for residents. Nowadays, however, urban develop-
ment threatens human health and some elements of biodiversity, which is mainly 
caused by climate change especially urban heat island, environmental pollution, 
and habitat fragmentation. Green corridor is proposed to be pragmatic approach in 
connectedness of different groups of habitat structures and in turn genetic diver-
sity. Subsurface microbial communities are also associated with major biochemical 
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process which support plant growth and ensure key ecosystem services involving 
nitrogen cycling, biodegradation, and decomposition.

In an increasing urbanized world, adopting sustainable practices for communi-
ties are crucial for improving and maintaining urban environmental health. This 
could be helpful to guide urban planning for the purposes of improving urban 
biodiversity or bioremediation as a guide for future GI management. To do this, 
researchers from different disciplines, both in national and international collabora-
tions can address many environmental issues and consequently human well-being 
in cities. To explore next, multidisciplinary, interdisciplinary, transdisciplinary 
projects are required to untangle the current challenges associated with biodiversity, 
ecosystem services, and climate change in urban areas.
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The Diversity of Endophytic 
Aspergillus
Vo Thi Ngoc My and Nguyen Van Thanh

Abstract

In plants, endophytic fungi and plant are closely related, endophytic fungi 
can use substances in plants as nutrients to survive. In return, they bring many 
benefits to the plant, playing an important role in protecting the host plant against 
the harmful effects of insects, harmful microorganisms or environmental dis-
advantages. Recently, secondary fungi metabolites, especially endophytic fungi, 
are gaining interest because they can produce many bioactive metabolites with 
antibacterial, anticancer and antioxidant properties. Some endophytic fungi are 
noted as Aspergillus, Penicllium, Fusarium due to the production of many metabo-
lites for biological effects such as antibacterial, antiviral, anticancer, etc. in which 
Aspergillus species product many compounds have properties antibacterial such as 
terrequinon A, terrefuranon, Na-acetyl aszonalemin, etc.

Keywords: endophytic fungi, Aspergillus, endophyte, secondary metabolites, 
biological activity

1. Introduction

1.1 Endophytic microorganisms

Endophytic microorganisms are microorganisms that live in the plant tissue 
beneath the epidermal cell layers without harming or infecting the host plant, 
endophytic microorganisms that live in the intercellular space of tissues and thereby 
they can invade living cells [1].

1.2 Endophytic fungi

Endophytic fungi account for a high percentage of the current group of endo-
phytic plant microorganisms. They are considered a source of many new sub-
stances, including many active substances with interesting biological effects. These 
fungal forms can be detected incidentally in the deep tissues of normally growing 
host plants. They are endogenous to the host plant and, thanks to their strong bio-
synthetic capacity, are able to produce a large number of metabolites. This may lead 
to the emergence of new bioactive substances and promises to develop production 
on an industrial scale. In addition, the substances produced by endophytic fungi are 
considered as an agent to help balance the microflora on the host plant to prevent 
pathogens [2, 3].
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1.3 Relationship between endophytic fungi and plants

Endophytic fungi can be easily isolated from a surface-sterilized piece of plant 
tissue. The number of endophytic fungi found was also very variable when examining 
different plant samples, this number can range from one to several hundred strains.

The presence of endophytic fungi in plant tissues can be explained in many 
different ways. But perhaps the most plausible is the hypothesis that endophytic 
fungi arose from some plant pathology in the evolution of plants. The tree also has 
a microflora, in which there are strains that exist dormant and cause disease only 
when the tree is old and weak or facing adverse living conditions. The interaction 
between the host plant and the pathogenic microorganism during long-term devel-
opment has resulted in genetic mutations from the pathogenic microorganisms to 
yield useful strains of endophytic fungi without causing disease [1].

Between endophytic fungi and host plants there is a symbiotic relationship, 
mutualism or mutualism, etc. The symbiotic or mutualistic relationship between 
endophytic fungi and plants is shown quite closely. At times they are closely linked 
as a single individual and contribute to the distinctive character of the tree.

Endophytic fungi promote ecological adaptation of host plants. In some plant 
species with endophytic fungi, it has been found that they have increased drought 
tolerance or tolerance of aluminum toxicity in water sources, in habitats, etc. In 
addition to protecting plants against a number of factors detrimental to the host 
such as herbivores or insects, many natural products produced by endophytic fungi 
have also been observed, monitored and concluded on the ability to prevent, inhibit 
or kill many different pathogens that invade plant tissues. That is also the reason 
why some endogenous fungal strains can produce phytochemicals that give the host 
plant a unique and distinctive character [3, 4].

For example: in the early 1990s, a novel taxol-producing endophytic fungus, 
Taxomyces andreanae, was isolated from Taxus brevifolia. This set the stage for a 
more comprehensive examination of the ability of other Taxus species and other 
plants to yield endophytes producing taxol. There is an endophytic fungi strain that 
produces taxol, an important active substance of great significance in the field of 
medicine.

1.4 Basic principles for selecting plants to isolate endophytic fungi

Young plant tissues are more suitable for isolating endophytic fungi than mature 
tissues because adult tissues often contain many different types of fungi, making 
isolation difficult. Collected plant samples should be stored at 4°C until endophytic 
fungi are isolated, and isolation should be carried out as soon as possible to avoid 
airborne bacterial contamination.

To obtain endophytic fungi with biological activity, it is necessary to select plant 
species that are outstanding in terms of biology, age, endemism, botanical history, 
and habitat of the host plant. Many studies have shown that medicinal plants and 
plants living in special environments are frequently studied to screen for endo-
phytic fungi that produce antibiotic substances [1].

1.4.1 Plants live in unusual biological environments

With these plants, the unusual environment and harsh natural conditions force 
the tree to survive, a special element is needed to make the plant highly resistant. 
And one would expect that factor to be beneficial endophytic fungi [4].

For example: showed that an aquatic plant, Rhyncholacis penicillata, which lives in 
harsh aquatic environment which may be constantly wounded by passing rocks and 
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other debris, resists infection by common oomyceteous fungi that cause disease. 
The possibility that endophytes associated with this aquatic plant may produce 
antifungal agents that protect the plant from attack by pathogenic fungi is feasible. 
A novel antioomycetous compound, oocydin A was discovered from the endophytic 
strain Serratia marcescens from this plant.

1.4.2 Plants are used as folk medicine

A number of plants have been used according to folk experience, from genera-
tion to generation for wound healing, antifungal, antibacterial, etc.

For example: A study of endophytic fungi producing novel bioactive sub-
stances in Brazil. It is a plant named “Mexican Sunflower” - Tithonia diversifolia 
(Asteraceae) that is often mentioned with many interesting points. For a long time, 
based on oral experience, people have used this plant to cure a number of diseases 
such as malaria, diarrhea, viral fever, hepatitis and to heal open wounds. In addi-
tion, extracts from T.diversifolia with anti-inflammatory, amoebic, antispasmodic, 
antifungal, antibacterial, and antiviral activities were also mentioned. Based on that 
information, scientists have isolated and isolated Phoma sorghina, an endogenous 
fungus from the leaves of this “Mexican sunflower”. From this, six anthraquinone 
derivatives were obtained from fungal metabolites, half of which are new known 
substances [1].

1.4.3 Ecologically specific plants

Plants with unusually long lifespans, growing in areas of great biological change, or 
living in ancient soils are also ideal research subjects to provide endogenous fungi new. 
Plants surrounded by plants infected with the pathogen, but not infected, are more 
likely to harbor endophytic fungi with antimicrobial activity than other host plants.

For example: 2008, Tuntiwachwuttikul et al., found an endogenous fun-
gal that was active against pathogens on banana plant Colletotrichum musae 
(Phyllachoraceae) [5].

1.4.4 Endemic plants

Endemic plant species that have a normal lifespan, or occupy a certain area 
of   land in the wild. Chaetomium globosum isolated from leaves of endemic plant 
Maytenus hookeri distributed only in Yunnan regions, China produces chaetoglobo-
sin B which inhibits tuberculosis bacteria [5].

1.5 Diversity of endophytic fungi

Endophytic fungi are very abundant, according to a study by Matsushima in 1971 
conducted on some angiosperms and conifers in North America and Panama, which 
suggested that most of the endophytic fungi belong to the Ascomycetes class [4].

2008, Huang et al. also found endogenous fungi present in 27/29 surveyed 
medicinal plants. The frequency of occurrence of endophytic fungi is relatively 
high, mainly the genera Fusarium (27%), Colletotrichum (20%), Phomopsis (11%), 
Alternaria (9%), Aspergillus (5%), etc. Figure 1.

According to the statistics of scientists studying three plant families in Southeast 
Arizona - USA, forests in North Carolina and Northern forests shows that:

• Surveying the host plant representing the Fagaceae family obtained 44 endog-
enous fungal strains in which the genus Sordariomycetes predominated.
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• Surveying Pinus ponderosa trees representing the Pinaceae family obtained 111 
endogenous fungal strains, in which the genus Leotiomycetes predominated.

• Surveying plants Cupressus arizonica and Platycladus orientalis representing the 
Cupressaceae family obtained 42 strains, in which the genus Dothideomycetes 
prevailed [4].

1.6 Endogenous fungi produce biologically active substances

Many endogenous fungi in plants have been isolated, they have the ability to 
produce biologically active substances such as antibiotic, antibacterial, antifungal, 
tumor suppressor, antioxidant and other biological activities.

1.6.1 Endogenous fungi with antibacterial and antifungal properties

Many studies on antibacterial and antifungal activities are produced from endog-
enous fungi, mainly belonging to the following groups: alkaloids, peptides, steroids, 
terpenoids, phenols, quinines and flavonoids, etc. These compounds account for only 
a part small in the total number of active substances produced by endophytic fungal 
species, they are clearly an excellent and novel potential source for the production of 
new antibiotics. This holds great promise for solving the problem of drug resistance in 
bacteria because these antibiotics are novel and highly active compounds Table 1.

Besides, Phomopsis is an endogenous fungus that produces phomopsichalasin, 
representing the first group of compounds of cytochalasin type.

1.6.2 Endogenous fungal tumor suppressor

Since 1990, Taxomyces andreanae was first isolated from T. brevifolia, this fungus 
produces paclitaxel - an inhibitor of achromatic spindles during cell division, with 
a mass spectrum similar to paclitaxel extracted from Taxus. Subsequently, several 
paclitaxel-producing fungi have been isolated from many plants and other Taxus 
species Table 2.

Figure 1. 
Strains of class Ascomycetes isolated from leaves of angiosperms and conifers in North America and Panama 
(source: Selim KA et al., 2012).
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1.6.3 Endophytic fungi that are active against insects

Many studies have demonstrated the importance of endophytic fungi in the 
production of insect repellents, which have many implications for crop protection 
and increase in agricultural yields Table 3.

Endophytic fungi Isolation source Antibiotic Antimicrobial effects Ref.

Pestralotiopisis 
microspora

Torreya axifolia Pestalopyrone
Hydroxypestalopyrone

Plant antibiotics [4, 6]

Pestralotiopisis 
jesteri

Trees that grow 
in the rivers 
of Papua New 
Guinea

Hydroxyl jesterone Antifungal plant 
disease

[7]

Colletotrichum 
gloeosporioides

Artemisia 
mongolica

Acid colletotric Antimicrobial
Helminthosporium 
sativum

[4]

Colletotrichum sp. Artemisia annua Metabolites Antibacterial, anti-
fungal that causes 
diseases for humans 
and plants

[4]

Muscodor albus Cinnamomum 
zeylanicum

Volatile matter Inhibits bacteria and 
fungi

[4]

Fusarium sp. Selaginella 
pallescens

CR 337:
New pentaketide

Candida albicans [4]

Acremonium zeae Zea mays L. Pyrrocidines A, B Fungi [4]

Cryptosporiopsis 
quercina

Tripterigeum 
wilfordii

Cryptocandin
Cryptocin

C. albicans
Trichophyton spp.
Botrytis cinerea
Pryriaria oryzae

[4]

Alternaria sp.
Nigrospora oryzae
Papulospora sp.

8 types of 
medicinal plants 
found in 3 
different regions 
of western India

Extract from fermented 
juice

C. albicans [4]

Chaetomium 
globosum

Lead of Ginkgo 
biloba

Chaetoglobosin A 
and C

Mucor miehei [4, 6]

Talaromyces sp. Mangroves 7-epiaustdiol
Stemphyperylenol 
Secalonic A

P. aeruginosa
Sarcina ventriculi

[4, 7]

Table 1. 
Antibiotic effects of some endogenous fungal species.

No. Endophytic fungi Isolation source Ref.

1 Pestalotiopsis microspora Taxus wallichiana [8]

2 Pestalotiopsis guepini Wollemia nobilis [8]

3 Seimatoantlerium tepuiense Maguireothamnus sprciosus [8]

Table 2. 
Some endophytic fungi producing paclitaxel.
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Endophytic fungi Isolation source Compounds Activities Ref.

Nodulisporium sp. Bontia daphnoides Nodulisporic Insecticide, against larvae 
of green flies, flies, etc

[4]

Muscodor vitigenus Paullina 
paullinioides

Napthalene Except for bed bugs [4]

Table 3. 
Anti-insect effects of some endophytic fungal species.

Endophytic fungi Isolation source Metabolites Biological impact Ref.

Pestalotiopsis 
microspora

Terminalia morobensis Pestacine
Isopestacine

Strong 
anti-oxidant
Anti-fungal

[9]

Cephalosporium sp.
Microsphaeropsis 
olivacea

Trachelospermum 
jasminoides
Pilgerodendron uviferum

Graphislactone A Stronger 
antioxidant than 
BHT and ascorbic 
acid

[10]

Xylaria sp. Ginkgo biloba Phenolic, 
flavonoid

Strong 
anti-oxidant

[10]

Phyllosticta sp. Guazuma tomentosa Metabolites Strong 
anti-oxidant

[10]

Table 4. 
Antioxidant effects of some endophytic fungal species.

Endophytic fungi Isolation source Metabolites Biological impact Ref.

Pseudomassaria sp. Plants in 
the African 
Rainforest

Nonpeptidal
(L-783,281)

Lowers blood sugar with 
a mechanism similar to 
insulin but taken orally

[4]

Fusarium 
subglutinans

Trypterygium 
wifordii

Subglutinol A
Subglutinol B

Decreased B and 
T lymphocytes 
(immunosuppression)

[4]

Penicillium sp. Limonium 
tubiflorum

NF-B inhibitor Reduce the incidence of 
cancer

[4]

Pestalotiopsis 
microspora

Torreya taxifolia Acid torreyanic Anti-cancer agent [4]

Fusarium solani Camptotheca 
acuminata

Camptothecin Anti-cancer compounds [4]

Curvularia lunata Niphates olemda Cytoskyrin Antimicrobial
Potential agent for cancer 
treatment

[4]

Fusarium sp. Kandelia candel New isoflavone Inhibits the growth of 
Hep-2 and Hep G2 cancer 
cells

[4]

Phomopsis sp. Musa acuminata Hexaketide
γ-lacton
Oblongolides Z

Anti-herpes simplex virus 
type 1

[4]

Phomopsis sp. Excoecaria 
agallocha

Phomopsis-H76 
A, B and C

Formation of vessels in the 
sub-intestinal vasculature

[4]

Table 5. 
Endogenous fungi producing other biologically active substances.
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1.6.4 Endogenous fungi with antioxidant activity

Antioxidants are substances that react with free radicals generated during oxida-
tion, thus preventing or slowing down this process. Antioxidants prevent and treat 
diseases such as cancer, cardiovascular (atherosclerosis, hypertension, ischemia), 
diabetes, neurodegenerative diseases (Parkinson’s disease), arthritis and aging, 
etc. Endophytic fungi in higher plants are a source of many new antioxidant active 
substances Table 4 [11, 12].

1.6.5 Endogenous fungi produce other biologically active substances

Endogenous fungi are also known as a source of many other biological metabo-
lites, such as anti-inflammatory, antidiabetic, hypoglycemic, immunosuppressive, 
etc. used to prevent rejection in organ transplants and can be used to treat autoim-
mune diseases such as rheumatoid arthritis, insulin dependent diabetes also known 
from endogenous fungi.

Endophytic fungi of the genus Chaetomium produce chaetoglobosin, which is a 
cytochalasin analog that inhibits actin polymerization. The genus Chaetomium is able 
to produce cytostatic metabolites including chaetomin, chaetoglobosin A, C, D and 
G, chaetoquadrin, oxaspirodion, chaetospiron, orsellide and chaetocyclinon Table 5.

2. Introduction of the endophytic Aspergillus

Aspergillus is a large genus of fungi and one of the most studied, according to 
Thom and Church in 1918, the genus is divided into 18 groups, 132 species and 18 
orders. They account for a large proportion in the natural environment and are 
easy to culture in the laboratory. The economic importance of several species has 
attracted much research on Aspergillus. Furthermore, this common genus of fungi 
is involved in many industrial processes including production of enzymes (such as 
amylase), chemicals (such as citric acid) and food (such as soy sauce) are one of the 
plant endogenous fungal genera known for its ability to produce many biologically 
active substances with many practical applications [13].

2.1 Classify

Aspergillus was first classified in 1809 by the Italian priest and biologist Micheli 
by observation under a microscope. Nowaday, “Aspergillum” is also the name 
for asexual spores that form the common structure for all species of the genus 
Aspergillus; about a third of species in the genus have a sexual reproduction stage. 
According to the classification:

Kingdom: Fungi
Division: Ascomycota
Class: Eurotiomycetes
Order: Eurotiales
Family: Trichocomaceae
Genus: Aspergillus

2.2 Characteristics of Aspergillus

The characteristics of color (black, brown, yellow, red, white, blue, etc), growth 
rate, edge of mushroom cluster and surface texture of mushroom cluster vary 
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depending on species and growing conditions. The mycelium of Aspergillus belongs 
to the group of colorless, segmented, branched hyphae that can produce many 
enzymes and some toxins. Aspergillus mycelium is vigorous and produces many 
spores attached to a long vertical spore stalk, which grows from a special cell located 
in the trophic fiber called a foot cell [14, 15].

The spore-bearing head includes the spores: spore, flask, vesicle and spore stalk. 
The properties of each component vary from species to species and are characteris-
tics that help identify species. Most species have the same shape, size, and color of 
spore-bearing heads as the cluster Figure 2.

Some common Aspergillus species: A. aculeatus, A. candidus, A. flavus, A. foetidus, 
A. fumigatus, A.terreus, A. lentus, A. nidulans, A. niger, A. oryzae, etc.

2.3 Ecological characteristics and distribution

Aspergillus is very aerobic, found in most oxygen-rich environments, usually 
growing on the surface of a substrate. Normally, fungi grow on carbon-rich sub-
strates such as monosaccharides (glucose) and polysaccharides (amylase).

Aspergillus is widely distributed in the environment and can grow almost 
anywhere, especially in places with high humidity. Aspergillus grows by saprophyte 
on decaying plants, compost, and humus. Most Aspergillus species can live on a vari-
ety of substrates such as feces, human tissues, and ancient parchment. Aspergillus 
species grow well and produce many spores at a temperature of about 23–26°C. 
However, there are some species such as A. terreus, Acronurus carneus, A. jcheri 
which thrives at 35°C or A. fumigatus which grows well at 45°C even up to 50°C. 
Temperature also affects the shape of the attachment spore tip. A. janus species 
produces two different types of attached spore heads, the ratio of these two forms is 
affected by temperature, at 18–20°C, most of the spore heads are white, clubhead-
shaped, and long spore stalks; but at 30°C, most of the spore heads are dark green, 
spherical, and short spore stalks.

2.4 Some biologically active substances produced by endophytic Aspergillus

Apergillus sp. has the ability to produce many biological active substances such as 
antibacterial, antiviral, cytotoxic and antioxidant activities, etc. Table 6.

Figure 2. 
Structure of the asexual reproductive organs of Aspergillus (source: Doddamani, 2012).



57

The Diversity of Endophytic Aspergillus
DOI: http://dx.doi.org/10.5772/intechopen.99717

Endophytic fungi Isolation source Metabolites Biological impact Ref.

A. flavus Solanum 
lycopersicum L.

Chlorophyll, 
flavonoids, 
carbohydrates, 
phenolics, total 
proteins contents

To improve the growth 
and the secondary 
metabolites contents 
of tomato

[16]

A. flavus Sonneratia alba Kojic acid Antibacterial 
(Staphylococcus aureus, 
Escherichia coli)

[17]

A. flavus IBRL-C8 Cassia siamea Lamk The ethyl acetate 
extract

Antifungal (C.
albican)

[18]

A.flavus Viscum album Lectin Anti-cancer MCF7 [19]

A. flavus (SS03) Moringa oleifera 
Lam.

Fenaclon, (R)(−) 14 
methyl-8-hexadecyn-
1-ol, Trans-β-farnesene 
(E)-β-farnesene,
9-Octcadecene,1,1, 
Dimethoxy

Antibacteria  
(S. aureus, Bacillus, 
Candida tropicalis)

[20]

A. flavus
Nigrospora 
sphaerica

Tropical Tree 
Species of India, 
Tectona

Duroquinone, 
Adamantine 
derivative, 
Dodecanoic acid, 
tetradecanoic acid, 
pentadecanoic acid 
and Myristic acid

Insecticidal [21]

A. flavus
A. niger

Acacia nilotica The ethyl acetate 
extract

Antifungal 
(Pythiummyriotylum, 
Rizoctoniasolani)

[22]

A. carbonarius
A. niger

Zea mays
Arachis hypogea

The ethyl acetate 
extract

Anticancer
Promoted plant 
growth

[23]

A.niger CSR3 Cannabis sativa Gibberellins, 
indoleacetic acid

Antibacteria [24]

A.fumigatus R7 Linoleic acid Antimicrobial and 
cytotoxic activities

[25]

A.fumigatus riparian plants 
Myricaria laxiflora

(Z)-N- 
(4-hydroxystyryl)
formamide (NFA)

Improves drought 
resistance in rice as an 
antioxidant

[26]

A.fumigatus Cocos nucifera Flavonoid, terpenoid 
and saponin

Antibacteria 
(Pseudomonas 
aeruginosa, E. coli, 
Bacillus subtilis, S. 
aureus)

[27]

A.fumigatus Copaifera multijuga The compounds into 
the fermentation broth 
under specific culture 
conditions

Antibacteria 
(Mycobacterium 
tuberculosis H37Rv 
strain (ATCC 27294))

[28]

A.fumigatiaffinis Tribulus terestris A new antibacterial 
polyketide (−) 
palitantin

Antibacteria 
(Enterococcus 
faecalis UW 2689, 
Streptococcus 
pneumonia)

[29]

A. terreus
KC 582297

The seaweed The ethyl acetate 
extract

Antimicrobial [30]
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2.5 Isolation of biologically active endophytic fungus Aspergillus

In many plants, the microflora is entirely endophytic fungal. This suggests that 
endophytic fungi may have a more favorable biological interaction than endophytic 
bacteria with respect to host plants. The strains of endogenous fungi with active 
substances are very diverse in both morphology and reproduction, and some strains 
have very special forms of reproduction.

Identification of Aspergillus strains by ITS gene sequencing method and search-
ing on BLAST SEARCH gave similar results as the morphological method, contrib-
uting to the confirmation of strains with high biological activity which the subject 
isolated was Aspergillus [16].

Aspergillus spiecies isolated from plants have been shown to be able to produce 
many secondary metabolites with valuable biological effects such as anticancer, 
antiviral, antimicrobial compounds. Strains of Aspergillus isolated from galangal, 
turmeric, tangerine, and kumquat plants could produce metabolites with high 
activity against S. aureus and MRSA.

Endophytic fungi Isolation source Metabolites Biological impact Ref.

A.terreus
(JAS-2)

Achyranthus aspera The ethyl acetate 
extract

Antibacterial, 
antifungal and 
anti-oxidant

[31]

A. terreus Ambrosia 
ambrosoides

Terrequinon A 
Terrefuranon
Na-Acetyl 
aszonalemin

Anti-cancer [32]

A. terreus Brickellia sp. Dehydrocurvularin
11-methoxycurvularin 
11-hydroxycurvularin

A.japonicus EuR-26 Euphorbia indica L. Improved plant 
biomass and other 
growth features under 
high temperature 
stress (40∘C)

Modulate host plants 
growth under heat 
stress

[33]

A.nomius EF8-RSM Aloe vera Western 
Ghats of Karnataka 
India

The ethyl acetate 
extract

Increases biomass 
production, increases 
synthesize different 
enzymes

[34]

A. iizukae Silybum marianum Silymarin (Silybin A 
(1), silybin B (2), and 
isosilybin A (3))

[35]

A.aculeatus Rosa damascena 
Mill.

Secalonic acid Anticancer (TNBC) 
cells.

[36]

A. tamarii Opuntia ficus-indica 
Mill

The ethyl acetate 
extract

Against Aedes 
aegypti and Culex 
quinquefasciatus

[37]

A.clavatonanicus 
MJ31

Mirabilis jalapa L. Seven antibiotics Antimicrobial (B. 
subtilis, Micrococccus 
luteus, S. aureus)

[38]

A.aculeatinus Tax-6 Taxus yew barks Taxol Antitumor [39]

Aspergillus sp. Ficus carica The ethyl acetate 
extract

Antimicrobial (P. 
aeruginosa)

[40]

Table 6. 
Endophytic Apergillus sp. producing other biologically active substances.
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Conditions affecting the biological activity of the endophytic fungus Aspergillus

• pH: Importantly affects the growth, metabolism of fungi, enzyme activ-
ity, intermediate products, dissociation, dissolution, etc., thus affecting the 
biosynthesis of active ingredients antibacterial of fungi.

• Temperature: Like other microorganisms, the temperature of the environment 
also greatly affects the growth and development of fungi.

• Oxygen concentration: Oxygen concentration is very important and necessary 
for the survival and growth of aerobic microorganisms.

• Carbon source-nitrogen source: The choice of carbon and nitrogen sources 
greatly affects the activity of secondary substances. Different carbon sources 
such as dextrose, lactose, sucrose, fructose, starch, molasses and glycerol 
are believed to be suitable carbon sources for metabolism in various fungi. 
Organic and inorganic nitrogen sources such as NaNO3, yeast extract, meat 
extract and soybean meal, NH4NO3, (NH4)2SO4, etc. can help increase biologi-
cal activity in fungi [2, 41, 42].

All the optimization was performed based on % inhibition of bacterial growth 
when challenged with 10 μg/μl metabolite concentration. Among different media 
used, potato dextrose broth (PDB) and sabouraud’s dextrose broth (SDB) proven 
to be better media for growth of fungus as well as metabolites production 1% yeast 
extract and 4% dextrose resulted in higher cell inhibition. Ethyl acetate served as 
good extracting solvent [19].

• Addition of vegetable oil to the environment: Vegetable oil can be used to 
supplement the carbon source during lovastatin production in Aspergillus. 
Palm oil and soybean oil significantly increased the biomass and lovastatin 
production of A. terreus [43, 44].

• Trace elements: Fe and Zn are necessary for the biosynthesis of some antibiot-
ics. It is possible that these two minerals have a positive effect on the antibiotic 
biosynthesis of Aspergillus.

• Salt concentration: Salt concentration affects the antibacterial activity of 
Aspergillus. For example, strain A. terreus has strong antibiotic activity in the 
range of NaCl salt concentrations from 0 to 1%. When the salt concentra-
tion is above 1%, the antibiotic activity of this strain decreases and at a NaCl 
concentration of 6%, A. terreus strain is no longer capable of biologically active 
substances. A. terreus is not only of research interest in terms of antimicrobial 
activity, but it is well known for its ability to produce lovastatin. According to 
the study of Pawlak et al. in 2012 on optimal conditions for lovastatin pro-
duction of A. terreus, the authors determined that ventilation is essential for 
aerobic biological response [45].

Endophytic fungal populations of the genus Aspergillus have been isolated from 
many plants and have been shown to produce a wide range of biologically active 
substances including antifungal, antibacterial, anticancer, etc. In addition to the 
characteristics of resistance to MRSA and S. aureus as published by many stud-
ies, some strains of A. terreus isolated from soil or from plants have a spectrum of 
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effects on a number of other bacteria such as E. coli, P. aeruginosa, Streptococcus 
faecalis. This shows the potential to study antibacterial compounds of Aspergillus.

2.6 Determination of biological activity of secondary compounds

In the world, there are many studies on the role and application of biologically 
active substances produced by endogenous fungi. Some endophytic fungal 
strains have the ability to produce important antibiotics to prevent the invasion 
of pathogenic organisms to host plants, which are significant in the control of 
plant diseases and insect pests. Some endogenous fungi are able to synthesize 
biologically active substances used as anticancer drugs, produce tumor 
suppressor antibiotics, immunostimulants, and antioxidants, and have biological 
activities. These compounds mainly belong to the groups of alkaloids, steroids, 
flavonoids and terpenoid derivatives and other substances, etc. Endogenous 
fungi also perform a resistance mechanism against plant diseases by producing 
substance with antibacterial activity. Screening for antimicrobial compounds 
from endogenous fungi is a way to kill resistant bacteria in humans and plants. 
In addition, the natural metabolites of endogenous fungi also help to protect 
natural resources and meet the requirements of pharmaceutical production from 
plant origin by fermentation. Many biologically active substances are produced 
by endogenous fungi during growth and development. Finding and discovering 
those active ingredients is the goal that biopharmaceutical researchers are 
constantly reaching for.

2.7  The interaction between the host plant and the endophytic fungus 
Aspergillus

There is a complex relationship between endophytic fungi and host plants, the 
interaction between host and endophytic fungi can be endogenous or symbiotic 
depending on genetic predisposition, developmental stage, nutritional status and 
environmental factors.

Commensalism helps the endogenous fungi to survive by being supplied with 
nutrients without affecting the host plant. Mutual beneficial relationships of 
endophytic fungi and host plants through the provision of energy, nutrients, shelter 
as well as protection under environmental stress. On the other hand, endophytic 
fungi indirectly benefit from host plant growth by producing secondary metabolites 
that help host plants adapt to abiotic factors such as light, drought and stress such as 
herbivores, insect and nematode attacks or pathogens.

Schulz and Boyle in 2005, the authors proposed that the endophysis of endo-
phytic fungal is a balanced antagonism between host and endophytic fungi, and 
provided endogenous virulence and protective capacity of the balanced host plant 
showed no significant symptoms.

Once the host-endophytic interactions become imbalanced, or disease in the 
host plant or host defense tissues kills the pathogenic endophytic fungi. Whether 
the interaction is balanced or unbalanced depends on the host-endophytic condi-
tion, virulence of the fungi, host defenses, toxicity, environment, and nutritional 
status and growth stages of the host plant and endophytic fungi.

Therefore, commensal relationships require a balance between the defense 
responses of the host plant and the nutritional requirements of the endophytic 
fungi. In agreement with the 2006 study by Kogel et al., endophytic fungi share 
structural similarities with pathogens and both have many similar virulence fac-
tors, such as production of Metabolites and exoenzymes are required to infect and 
colonize the host plant, so endophytic fungi are subject to self-recognition, the host 
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plant can respond to defensive responses as a disease agent. In addition, the cell 
wall of endogenous fungi is often associated with the production of macromolecu-
lar compounds in plants. Thus, endogenous fungi avoid or overcome nonspecific 
resistance to invasion by programming the invading cells to harbor pathogenic 
structures and to maintain integrity in the host cell for a long time [4, 46].

3. Conclusion

Isolation of endophytic fungi from medicinal and other plants may result in 
methods to produce biologically active agents for biological utilization on a large 
commercial scale as they are easily cultured in laboratory and fermentor instead of 
harvesting plants and affecting the environmental biodiversity.

© 2021 The Author(s). Licensee IntechOpen. 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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Abstract

The objective of this work was to estimate the quantity of carbon stored by four 
main clones of rubber tree cultivated in South Cameroon: GT 1, PB 217, PR 107 and 
RRIC 100. The forest inventory method was used to measure trees morphological 
parameters, the latter used to calculate carbon storage using the allometric equation of 
Wauters et al., (2008). The main morphological parameters measured were: leaf area 
index (LAI), circumference (C), diameter at breast height (DBH) and total tree height 
(h). Comparing the morphological parameters of clones two by two using a Dunn test, 
we observe significant differences in the circumference, the diameter and even very 
significant in the leaf area index, but not in the height. The clones GT 1, PR 107, PB 
217, and RRIC 100 stored on average: 111.05 tC / ha, 150.18 tC / ha, 165.25 tC / ha, and 
187.25 tC/ha respectively. A significant difference was established between the means 
of carbon storage of the clones GT 1 and PB 217 (p = 0.0488) on one hand and, that 
of the clones GT 1 and RRIC 100 (p = 0.0240), on the other hand. These results are an 
estimation of models, further research can be undertaken for exact measurements.

Keywords: carbon storage, rubber tree, clones, HEVECAM, Cameroon

1. Introduction

According to the IPCC (Intergovernmental Panel on Climate Change), since the 
industrial revolution, the concentrations of greenhouse gases (GHGs) in the atmo-
sphere have only increased and carbon dioxide (CO2) constitutes 76.7% of this increase 
[1]. Mitigating global warming is a major concern and inevitably constitutes one of 
the major challenges of the present century [2]. Negotiations during the conferences 
of the parties (COP) of the UNFCCC (United Nations Framework Convention on 
Climate Change), led in 2012 during the COP 18 in Doha, to an objective of reduc-
ing GHG emissions by at least 18% during the period 2013–2020, compared to the 
level of the 1990s [3]. During the COP 21, the President of the Republic of Cameroon 
(PRC) asserted that Cameroon ratified the UNFCCC in 1994 and pledged to reduce 
its GHG emissions by 32% by 2035 compared to 2010 [4]. Thus, reliable estimates 
of the quantities of carbon stored by the various plant formations are necessary in 
order to be able to count them in the reduction of GHGs. The purpose of quantifying 
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carbon storage is therefore to evaluate efforts to reduce CO2 emissions and fight against 
global warming [5, 6]. Studies for estimating the amounts of carbon stored has long 
been limited to natural forests neglecting the storage potential of planted forests and 
agricultural plantations [7]. However a study conducted by Makundi in African forest 
plantations revealed that, they stored nearly 40 million tonnes of CO2 per year. Those 
tonnes of CO2 could be credited with REDD + (reducing greenhouse gas emissions 
from deforestation and forest degradation, promoting conservation, forest manage-
ment) in Africa [8]. In Cameroon, Hevea brasiliensis plantations are estimated at more 
than 52,000 ha planted and in full extension [9]. However, there would be very little 
research on the carbon storage potential of these plantations [10]. In addition, existing 
studies on the estimation of carbon storage by Hevea brasiliensis have not taken into 
account the clonal differences [10, 11]. So this study fills the gap in a neglected sector 
of research on carbon storage in Cameroon. The results of the latter could be used in 
the implementation of the reduction of GHG emissions due to REDD+ through the vil-
lage plantations of Hevea brasiliensis, and allow Cameroon to meet its commitments to 
reduce GHG emissions. This research is based on the question of whether the amount 
of carbon stored by Hevea brasiliensis varies between clones. The general objective of 
this work was to estimate the amount of carbon stored by four cultivated clones of 
Hevea brasiliensis. Specifically, the study aimed to: determinate some morphological 
parameters of the clones cultivated at HEVECAM; estimate the aboveground biomass 
(AGB) and estimate the carbon stored by the different clones.

2. Material and methods

2.1 Material

The study was carried out in HEVECAM plantation located in the Southern 
region of Cameroon, Niété subdivision (2° 40’North, 10° 03′ East) (Figure 1). 
Established in 1975, but the examined trees was 24 years. These plantations are the 
largest plantations of Hevea brasiliensis in Cameroon. It is also the government larg-
est cultivation project of Hevea brasiliensis and the largest “development society” in 
South Cameroon [13]. HEVECAM was acquired by several groups, including Corrie 
Maccoll Limited, the American group to which it currently belongs.

The climate is equatorial of the Guinean type, marked by four seasons: a long 
dry season (from November to February with a peak in December); a small rainy 
season (from March to May with the peak in May); a short dry season (from June 
to mid-August); and a long rainy season (mid-August to November); The average 
annual rainfall is 3000 mm and the average annual temperature is 27° C. The relief 
is between the southern plateau and the coastal plain. The altitude varies between 
20 and 300 m. The population is cosmopolitan, made up mostly of nationals from 
the far North, North and South West regions of Cameroon.

The HEVECAM plantation occupies approximately 22,000 ha, subdivided into 
17 villages (numbered from V 1 to V 17). Each of these villages has blocks divided 
into plots. This research took place in V 10 and V 15. The choice of villages was 
based on the presence in the village and the suitable age of the clones retained in the 
study. Four clones was chosen for this study, because of their performance in this 
area: PB 217, GT 1, RRIC 100 and PR 107.

2.2 Methods

The estimation of the storage potential was made using the forest inventory 
method because it was the most suitable for this study [14]. This method consists in 
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recording the morphological parameters of standing trees and calculating the car-
bon stored using allometric equations relating the parameters to the carbon stored. 
Sampling was done according to the method proposed by [15]. Indeed, 4 temporary 
plots each measuring 25 m x 25 m were installed for the four clones to be studied (ie 
one plot per clone). Plots of this size are recommended, as they are more effective 
in a monoculture system such as Hevea brasiliensis plantations [15]. In addition, this 
size is recommended for trees with a diameter between 20 and 50 cm, as is the case 
in this study [15]. In each of these four plots, measurements were taken on 10 trees, 
so a total of 40 trees was used for the study. Ten trees were chosen because 8 to 10 
trees are sufficient for taking measurements in a plot of this size 25 m x 25 m, and 
that this is fairly representative of a hectare of plantation [15].

Overall, there were 4 samples plots each with 45 trees planted in a row, 6 m 
between rows and 3 m between trees in the same row, for a density of 555 trees/ha. 
In all, 4 plots, data were collected on 40 randomly selected trees. The data collected 
were: the DHB at 1.5 m height because it had to be above the bled panel; the height h 
of the tree using a clinometer.

2.2.1 Diameter at breast height measurement

The diameter was obtained from the circumference measured at 1.5 m from the 
ground using a tape and a 1.5 m pole [16].

2.2.2 Height measurement

This is the total height of the tree from the foot to the terminal bud of the tree. It 
was measured using a Steren clinometer [17]. The operator stands at a distance (B) 
as close as possible to the estimated height of the tree. Then, through the dioptric 
viewfinder of the clinometer, he aims to turn at the top and then at the base of 
the tree. On each side, he notes the graduation to the right of the dial. This is the 
tangent of the angle of inclination expressed as a percentage (%). Let α be the angle 

Figure 1. 
Location of the HEVECAM plantation. Source [12].
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of inclination with the foot of the tree, β the angle of inclination with the top of the 
tree and B the distance between the operator and the tree. The height h of the tree is 
given by the formula:

 ( )tan tan= +h B α β  (1)

h and B in meters, α and β in degrees.

2.2.3 Leaf area index determination

LAI was determined using the logistic regression model proposed by [18], 
express by the following formula:

 21.482

0.474ln 1.225
ln1
6.327

−= +
 

+  
 

LAI
D

 (2)

D is the DBH in cm; LAI is a dimensionless quantity.

2.2.4 Quantifying living aboveground biomass

The above – ground biomass (AGB) is the mass of the entire upper part of the 
plant which includes: the trunk, branches and leaves. It was calculated on tree scale 
using the allometric equation proposed by Dey et al. [19], then converted to the 
hectare using the planting density of the plantation.

 2,2490,0202C=AGB  (3)

(C) is the circumference at 1.5 m from the ground in cm.(AGB) the above-
ground biomass in Kg/tree.

This model was preferred because it is suitable for our research for three main 
reasons: It is specific to Hevea brasiliensis and not generic to several species like the 
majority of models; in addition, the use of the circumference instead of the diameter 
reduces the errors that can occur in the calculation of the diameter; moreover, this 
model allows that by measuring the circumference at 1.50 m from the ground, one 
avoids the bleeding panel generally located at 1.30 m from the ground [19].

2.2.5 Calculation of the stored carbon by the different clones

The estimate of stored carbon was carried out according to one of the methods 
propose by [20]. In fact, we determine the average carbon stock per tree and by 
multiplying by the density, we get the carbon per hectare. To do this, we used the 
allometric equation specific to Hevea brasiliensis proposed by [20].

 ln 5,147 2,392 ln= − +CS C  (4)

C represents the circumference measured at 1.5 m the ground and CS the total 
carbon stored expressed in Kg/tree.
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This model was preferred over the others for two main reasons: first, it is specific 
to the species Hevea brasiliensis and the trees used to establish this equation are 
practically the same age as those in the present study [20].

2.3 Statistical analyzes

The data were processed (ordered, classified and grouped) by the Excel software 
from which an input mask was obtained and later analyzed using R software. The 
main tests performed is the Dunn test. It made it possible to identify pairs of clones 
whose variables are significantly different [21].

3. Results

3.1 Determination of morphological parameters of clones

When comparing the morphological parameters of clones two by two using 
a Dunn test, we observe significant differences in the circumference, the 
diameter and even very significant in the leaf area index, but not in the height 
(Table 1).

3.2 Estimation of aboveground biomass and carbon storage

The diagram shows that the RRIC 100 clone store the most carbon, i.e., 187.11 
tC /ha and GT 1 the less carbon (111.04 tC/ha) (Figure 2). By performing a 

Figure 2. 
Average quantities of above-ground biomass and carbon stored as a function of clones.

RRIC 100 PB 217 GT 1

DBH GT 1 0,014* 0,032*

LAI GT 1 0,001** 0,010*

PR 107 0,467

Meaning of the codes: ‘*’ = significant; ‘**’ = very significant.

Table 1. 
Dunn’s test of morphological parameters.



Biodiversity of Ecosystems

72

two-by-two comparison using a Dunn test (Table 2), a significant difference 
is observed (0.001 < p < 0.05) between two pairs of clones: PB 217 and PR 107 
(p-value = 0.0488); GT 1 and RRIC 100 (p-value = 0.0240). The other comparisons 
show non-significant differences.

4. Discussion and conclusion

4.1 Discussion

4.1.1 Morphological parameters of the studied clones

In this research it was established that there is a very significant difference 
between the leaf area indices of the studied clones. The RRIC 100 clone has the 
highest LAI, ie 4.98, a value different from that obtained by [22], who obtained for 
the same clone, a leaf area index of 3.37. The difference between these values could 
be explained by the differences in the age between the trees, 20 years for [22] and 
24 years for the present study. In addition, [22] used a direct measurement method 
using a leaf area meter. Concerning circumferences, a study by [23] on the GT 1 
clone obtained an average of 100 cm, which is different from the obtained 75 cm for 
the GT 1 clone in this study. Once again, the age difference between the trees of the 
two studies could justify the difference in the results, as the circumference increases 
with the age of the trees. Trees in the study of [23] were slightly older (33 years) 
than the trees in the present study. On the other hand, [6] obtained an average DBH 
of 24.9 ± 0.7 for 25-year-old trees. Although the study [6] does not give details on 
the clones studied, it is noted that this diameter is substantially equal to the mean 
diameter of the GT 1 clone (24.01 ± 5.07) of the present study.

4.1.2 Quantity of aboveground biomass and stored carbon

AGB is between 197 and 333 tC / ha, and stored carbon between 111.05 and 
187.25 tC / ha. The RRIC 100 clone stored more carbon than the other four clones 
and the difference is significant or even highly significant with the other clones [24]. 
Obtained 214 tC/ha, a value closer to what we obtained in this work (333 tC/ha). The 
trees in this study are 24 years old and in the studies of [24] they were 31 years. It is 
therefore understandable why the results we obtained are closer to those in [24], in 
view of the approximation of age.

Compared to other ecosystems, rubber plantations can store more carbon than 
secondary forests of the same age, which the storage capacity varies with the age 
between 91.75–256.5 tC/ha, according to [25].

p-value p-value Signification

GT 1 PB 217 0,0488 *

GT 1 PR 107 0,0961 Ns

GT 1 RRIC 100 0,0240 *

PB 217 PR 107 0,760 Ns

PB 217 RRIC 100 0,774 Ns

PR 107 RRIC 100 0,553 Ns

Meaning of the codes: ‘*’ = significant; Ns = not significant.

Table 2. 
Dunn’s test of the carbon stored by the different clones.
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4.2 Conclusion

The question behind this work was to know whether the carbon storage poten-
tial of the Hevea brasiliensis species varies among clones. To answer this question, 
it was necessary on one hand to determine the morphological parameters related to 
carbon storage and on the other hand to quantify the biomass and then the storage 
potential of 4 Hevea brasiliensis clones. From the four clones studied, it was estab-
lished that there is a significant difference in the means of carbon stored between 
the GT 1 and RRIC 100 clones on the one hand and between GT 1 and PB 217 on 
the other hand. The clone RRIC 100 exhibits the greatest average carbon stored 
(187.11 tC/ha) These results are an estimation of models, further research can be 
undertaken for exact measurements.

© 2021 The Author(s). Licensee IntechOpen. 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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Chapter 6

Elucidation of Some Ecological 
Traits of Carabids (Coleoptera: 
Carabidae) Inhabiting Kakuma 
Campus Grassland, Kanazawa 
City, Japan
Shahenda Abu ElEla Ali Abu ElEla, 
Wael Mahmoud ElSayed and Nakamura Koji

Abstract

Although adult feeding habits and food requirements are currently and reasonably 
well known for many coleopteran species, still some carabid species are with peculiar 
feeding guilds. Although many studies have shown a relationship between morphol-
ogy of mandibles and feeding behavior in different taxal group, still many aspects 
concerning the feeding behavior of carabids are promising. An assemblage of carabid 
species was collected from Kakuma Campus grassland in Kanazawa City, Japan. These 
species were represented by five subfamilies and nine tribes where the highest num-
ber of tribes (3 tribes) was confined to subfamily Harpalinae. The collected carabid 
assemblage was subjected to mandibular analysis and being categorized into two main 
groups; carnivorous and omnivorous species. Homologies among mandibular charac-
teristics and functional adaptations of the mandible were also proposed to explore how 
the interaction network of carabids can affect their behavior in different habitats.

Keywords: Cleoptera, Carabidae, manidbles, morpho-ecological, feeding guild, 
carnivourous, omnivorous

1. Introduction

Coleoptera possess relatively well-known taxonomy and ecological functions, 
specialized habitat requirements and considered as one of the most diverse groups 
of insects [1–3]. It was declared that Carabidae is a megadiverse species in coleop-
teran family with around 33,920 valid species world-wide [3]. They are one of the 
dominant aboveground invertebrates in diverse pastures and natural grasslands, 
and possess high abundance and species diversity at soil surface [4–6], thus they are 
functionally important group [5, 6].

Ground beetles are known for their long legs and powerful mandibles which 
enable them to be voracious predators, important for the biological control of insect 
pests on farms [6, 7]. The adult beetles hunt primarily on the soil surface, but will 
occasionally climb into the foliage in search of food [7].
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While many of these species’ diets are known, particularly among the 
Carabinae, the majority of species showed unknown feeding preference [6]. 
Attempts using morphological characteristics of the mandibles to investigate the 
feeding preference of different species of carabids have been made [6–12].

The subject of what carabids eat is not new, and numerous researchers have inves-
tigated the feeding habits and preferences of a diverse number of carabids [6, 12]. 
Their studies have offered information on the feeding habits and carabids’ feeding 
preferences [12].

The current study tries to find an answer for the original question: do mandibu-
lar morphological characters of adult carabid beetles could give a prediction on 
their feeding preferences?

Based upon feeding observations by Forbes, as probably the first to examine and 
describe the mandibles of carabids, who surmised that carabids were herbivorous as 
well as carnivorous [13]. Other researchers have supported these observations and 
well establishing carnivory, granivory and herbivory feeding behavior by carabids 
[14–22]. However, many carabid species may have seasonal diets, being carnivorous 
during part of the year and largely granivorous or herbivorous at other times [20].

In general, carabid mandibles are mostly similar [23], they were described as 
“three sided pyramids” and Jeannel [23] was one of the first who developed the 
nomenclature for the teeth and ridges (Figure 1). Indeed, the terminology was 
then reviewed and expanded by Acorn and Ball [10]. They described the array of 
teeth and elevations observed on the mesial margins of the mandibles as a series 
of parallel ridges separated by occlusal grooves. The terebral ridges posterior to 
the incisors shear; the retinacular teeth and ridges, may also shear, or, act as a 
compacter [10]. The variable basal region may have one or more teeth or ridges for 
additional reduction of food, or have a flattened basal face. A basal face may or may 
not support a basal brush. The basal brush of hairs may be extensive, or, confined 
to a few hairs, that help transfer the food to enter the mouth through the pharynx. 
Generally in the current study, based on personal observations, the left mandible 
was comparatively the dominant mandible being longer and sliding over the dorsal 
side of the right mandible, although, within the species, there were some observed 
exceptions (Figure 2).

Figure 1. 
Diagram of the right mandible of a carabid beetle model showing the main parts: a: Incisor width, b: 
Mandibular length (l), c: Mandibular base width (w), d: Incisor area, e: Molar area, f: Mandibular width, g: 
Abductor muscle attachment to the mandible, h: Molar width showing grooves inside the mandible, i: Incisor.
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Based on collaborative work, we investigated the ecological traits and specifi-
cally the feeding guilds of carabid beetles (Coleoptera: Carabidae) in the grasslands 
ecosystem located in Kakuma Campus within Kanazawa University, Kanazawa City, 
Ishikawa prefecture, Japan.

2. Materials and methods

2.1 Study area

The survey of carabid assemblage was conducted in Kakuma Campus grass-
land - 36.546 N & 136.708 E - within Satoyama area of Kanazawa City, Ishikawa 
Prefecture, Japan. Kanazawa city is located on the area facing Japan Sea being 
boarded by the Japan Alps, Hakusan National park and Noto Peninsula National 
Park. Kanazawa city sits between two rivers - Sai and Asano Rivers - covering an 
area of ca. 467.77 km2. Satoyama, as a part of Kanazawa; covers an area of ca. 74 ha 
and is located at 150 m altitude, 5 km southeast from the city center. The area com-
prises various habitat types ranging from secondary forests dominated by Quercus 
serrata, Quercus variabilis, Phyllostachys pubescens, and Cryptomeria japonica.

2.2 Sampling protocol

Specimens were collected primarily from unbaited pitfall traps. At the sampling 
site, 15 unbaited pitfall traps were installed as trapping tools and spaced about 1 m 
apart along a transect running north to south through the center of each survey 
site. The total number of traps in all sampling habitats was 75. In most excursions, 
sampling of carabids was performed during the days in the middle of the month 
especially sunny days. Traps were installed in the soil to cover the period from early 
May till late November, 2019.

The traps consisted of white polyethylene beakers (13.5 cm deep, Ø 9 cm). These 
beakers were primed with 10% ethylene glycol and we added few drops of ordinary 
detergent to reduce surface tension. Three wooden sticks were drilled around each 
pitfall trap (11 cm below the upper brim) and a plastic beaker cover was mounted 

Figure 2. 
Difference in mandibular characteristics between predatory carabid (A) represented by Synuchus Synuchus 
crocatus (bates) showing large and sharp pointed blade-like incisor area compared to an omnivorous carabid  
(B) represented by Anisodactylus punctatipennis (Morawitz) which showed short, blunt and partially 
concealed mandibles.
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above each trap to prevent flooding by frequent rainfall and to minimize the 
damage that could be caused to the traps by the falling leaves or small twigs. The 
disturbance caused by placing the pitfall traps was minimized and the vegeta-
tion around the traps was kept intact. The ‘digging in’ effect was thus considered 
negligible and the traps were set immediately [6, 24, 25]. Traps were left open for 
two consecutive days and in the third day; each trap was emptied from its content 
and the specimens caught were preserved in Renner’s solution (40% ethanol, 30% 
water, 20% glycerin, 10% acetic acid) [26]. Preserved specimens were then brought 
back to the laboratory for identification, counting and sorting. To reduce the vari-
ability caused by sampling error, only one of the authors (W.M.E.) was responsible 
for making counts in this study.

2.3 Identification and nomenclature

Carabids were identified to species level and the used nomenclature was in 
accordance with the key given by Nakane [27]. In addition, the collected species 
were compared with already identified museum specimens in Kanazawa University 
for further confirmation. Collected specimens of carabids were deposited and 
cataloged in Kanazawa University repository room. These specimens were kept 
in special boxes containing small sachets enclosing naphthalene-coated tablets 
for further specimen protection against moths and other destructive pests. These 
sachets were checked regularly and renewed whenever needed.

2.4 Abundance code

Carabid species were categorized into three abundance codes according to the 
cumulative number of collected specimens during the study period. These abun-
dance code are: Rare ≤5, O: 5 < Occasional ≤15 and A: Abundant >16 individuals.

2.5 Body size

Morphometric measurements of collected carabid species using Vernier® caliper 
micrometer (precision ±0.10 cm) were performed. Measurements were performed 
from the tip of the labrum to the extremity of the pygidium and carabids were 
classified into three body size groups: small (≤ 5 mm), medium (5 mm < body 
length < 15 mm) and large species (≥15 mm).

2.6 Mandibular analysis and characteristics

All specimens were dissected retaining the head capsule possessing the attach-
ing mandibles. The head capsules were mounted on double-sided tape on slides 
trays. The head capsules were then precisely dissected retaining the mandibles 
for further analysis and to take images. Mandibles were lightly brushed with 80% 
ethanol then by distilled water in an effort to remove most of the soil particles 
and debris adhered to the mandibles. After air-drying, specimens were examined 
under Stereo-fluorescence microscope (Nikon® SMZ800 series) equipped with 
digital camera and TFT LCD Nikon® monitor where illumination was provided 
from double gooseneck illuminator (Olympus® HLL-301). Syncroscopy Auto-
Montage system was taken for photography (Kanazawa University, Laboratory of 
Biodiversity). All mandibular images were saved and stored as jpeg files for mor-
phological measurements using Image J 1.45 software.

The mandibles were identified morphologically as left and right mandibles 
when viewed dorsally with the head forwarded to the top of the examining slide. 
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The main measurements were taken of both mandibles: length (l) and width (w) 
and compared as ratios (l/w). Measurements were performed in millimeter (mm). 
Mandibular length was considered from the exterior edge of the dorsal mandibular 
condyle to the farthest point of the mandibular incisor. On the other hand, the man-
dibular width was measured from the exterior edge of the dorsal mandibular condyle 
to the point where attachment for the abductor muscle could be observed (Figure 1).

2.7 Feeding guild

From the structure and morphological adaptations of the mandibles, two 
guilds were mainly assigned: predators (sharp incisors and long terebral ridge) and 
omnivorous species (dull incisors with short terebral ridge) [6]. Our analyses of 
mandibular morphology were compared with previous literature whenever data are 
available.

The feeding guild was predicted from mandibular morphology (Figure 1) and 
compared with previous reports whenever information were available.

3. Results

3.1 Carabid assemblage

A total of 120 individuals of different carabid species belonging to 17 species 
were recorded from Kakuma Campus grassland. These individuals belonged to 
five subfamilies and eight tribes (Table 1). Subfamily Harpalinae proved to pos-
sess the highest number of tribes (3 tribes: Anisodactylini, Harpalini and Zabrini) 
compared to other observed subfamily in the study area. On the other hand, two 
subfamilies (Carabinae and Zabrinae) harbored only a single tribe each (Carabini 
and Callistini, respectively). Subfamily Pterostichinae proved to harbor the highest 
number of individuals (69 carabid individuals) and this was followed by subfam-
ily Zabrinae (33 individuals). The least number of carabids (2 individuals) was 
confined to Subfamily Bembidiinae. The highest number of species in one tribe was 
observed in Callistini (4 species) (Table 1).

In general, Kakuma Campus grassland revealed that the study site relatively pos-
sessed poor carabid assemblage. According to the cumulative number of individuals 
of each carabid species; the assemblage showed that rare species were the dominant 
code where this code comprised ca. 47.1% of the assemblage (Table 1). On contrary, 
the Abundant code (A) comprised ca. 11.76% of carabids co-occurring in Kakuma 
Campus grassland (Table 1).

3.2 Body size

There was a large difference between the number of carabid species with medium-
sized bodies and those of other sizes. The majority of carabid species had a medium-
sized body. There were 9 medium-size carabids out of 17 species, representing ca. 53% 
of the total observed species. Large and small-sized species were rare (only 3 species, 
representing ca. 17.6% of the total observed species) as indicated in Table 1. Thus, 
generally on the habitat level, grassland in Kakuma Campus showed a predominance 
of species with a medium body size (Table 1). On the other hand, on the subfamily 
level, medium-size carabids were distributed among three subfamilies (Harpalinae, 
Pterostichinae and Zabrinae) as indicated in Table 1. It was observed that small-size 
carabids were rare in term of number of individuals and were distributed in only two 
subfamilies (Subfamily Bembidiinae and Harpalinae) and it was apparent that the 
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small-size carabids were singleton species (Table 1). On the other hand, the number 
of large-size carabids fell in the middle of this continuum with five large-size species 
could be observed and distributed in three subfamilies (Table 1) representing almost 
the third of the total catch (29.4%, Table 1).

3.3 Feeding guild

Out of the 17 recorded sampled species; 11 species (64.7%) were carnivorous 
species while only 6 species (35.3%) were omnivorous (Table 1). Most of the 
carnivorous were belonging to three subfamilies (Carabinae, Pterostichinae, and 
Zabrinae) with the maximum number of species (5 species) belong to subfamily 
Pterostichinae. On the other hand, omnivorous species were confined to only two 
subfamilies (Bembiidinae and Harpalinae) with the highest number of omnivorous 
species were recorded in subfamily Harpalinae (Table 1). In general, 19 individuals 

Taxa Individual Ecological traits*

I II III

Subfamily Bembidiinae
Tribe Bembidiini
Bembidion koikei (Habu et Baba)
Tribe Tachyini
Tachyura nana (Gyllenhal)

1

1

R

R

S

S

Omn

Omn

Subfamily Harpalinae
Tribe Anisodactylini
Anisodactylus punctatipennis (Morawitz)
Anisodactylus sadoensis (Schauberger)
Tribe Harpalini
Harpalus sinicus (Hope)
Tribe Zabrini
Amara congrua (Morawitz)

3
10

3

1

R
O

R

R

M
M

M

S

Omn
Omn

Omn

Omn

Subfamily Carabinae
Tribe Carabini
Carabus dehaanii punctatostriatus (Bates)
Leptocarabus procerulus (Chaudoir)

6
3

O
R

L
L

Car
Car

Subfamily Pterostichinae
Tribe Platynini
Synuchus Synuchus crocatus (Bates)
Synuchus Synuchus cycloderus (Bates)
Synuchus Synuchus dulcigradus (Bates)
Tribe Pterostichini
Pterostichus polygenus (Bates)
Pterostichus yoritomus (Bates)

19
13
11

16
10

A
O
O

A
O

M
M
M

L
M

Car
Car
Car

Car
Car

Subfamily Zabrinae
Tribe Callistini
Chlaenius costiger (Chaudoir)
Chlaenius ocreatus (Bates)
Chlaenius pallipes (Gebler)
Haplochlaenius costiger (Chaudoir)

5
7
6
5

R
O
O
R

L
M
M
L

Car
Car
Car
Car

*Ecological trait:
I- Abundance code (R – rare, O – occasional, F – Frequent, A – abundant).
[R: Rare ≤5, O: 5 < Occasional ≤15, A: Abundant >16].
II- Body size: S: Small, M: Medium and L: large (see text for more details).
III- Feeding category: Car: Carnivorous, Omn: Omnivorous.

Table 1. 
List of carabid species inhabiting different grasslands of Kakuma campus with their subfamily, tribe, 
abundance and ecological trait.
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of carabid were observed to be omnivorous, whereas the carnivorous feeding habit 
was possessed by 101 carabid individuals.

Typical carnivorous species were characterized by forward-projecting man-
dibles, sharp incisors used to pierce and capture prey and a long terebral ridge used 
to kill and slice prey into pieces (Figure 2). Omnivorous species, on the other hand, 
had a wide molar region for crushing seeds but incisors were blunt and the terebral 
ridge was short as the shown example, Anisodactylus punctatipennis (Morawitz), in 
Figure 2. Thus, omnivorous species have features that are advantageous for seed 
feeding but reduce the efficiency of feeding on prey.

4. Discussion

The Carabidae is considered one of the six largest families in the order Coleoptera 
and largest family in the suborder Adephaga, with ca. 33,920 valid species world-wide 
[3]. Some studies estimated that there are 30,000 specie [28] while other studies 
estimated that the number of carabid species may reach 40,000 species in the world 
[29]. Carabids have been extensively collected and studied because they exist in a wide 
range of habitats and can be relatively abundant, and are often agriculturally pertinent 
[1, 6]. In the present research, however, Kakuma Campus grassland showed a relatively 
poor assemblage of carabid species. Similar studies, declared that in one-year studies 
20–35 species are found in the qualitative structure of ground beetles of cultivation 
fields in Central Europe Basedow et al. (1976) and Thiele (1977) [30, 31]. Moreover, in 
the Subcarpathian region, 54 Carabidae species were recorded with the average num-
ber of carabids species per site was 15 species [32], and the review publication reported 
a relatively low number of carabid species in which 12 12 species were recorded in one 
site out of 21 identified species in total studied sites [32].

Kakuma Campus grassland, as a part of Satoyama, was subjected to relatively 
low anthropogenic disturbances over a considerable time. These disturbances were 
focused mainly on regular monthly mowing. Prior excursions in the selected site 
revealed that the area is relatively with poor carabid diversity parameters com-
pared to other sites within Satoyama, for example Kitadan area within Satoyama 
landscape [6]. However, more data are required to clarify more aspects concerning 
carabid assemblage (some of the data on other sites concerning this project were not 
published yet for comparisons).

Diverse studies showed that there is a long history of success in using carabids to 
signal environmental change [4, 8, 33–35]. Moreover, changes in landscape such as 
fragmentation [36, 37], recreational use [38], urbanization [39, 40], forest manage-
ment [35, 41].

We assume that poor carabid assemblage as being represented by dominant rare 
species and relatively scarcity of abundant species in Kakuma Campus grassland as 
a result of regular mowing which led to relatively poor assemblage [42]. This view 
could be supported by other related studies which suggested that carabids could 
been used as indicators of large-scale environmental changes [43], and predictors of 
future landscape changes [4, 44].

Moreover, worth noting that fragmentation of continuous habitats, as the case of 
Satoyama, into many small patches or relatively small habitats as a result of anthro-
pogenic impact such as urbanization and/or cultivation may affect the co-occurring 
carabids making some populations highly isolated [4, 45, 46].

In the present study, carabid species possessed diverse morphological traits 
which were focused mainly on body size and mandibular characteristics. There 
were numerous investigations dealing with morphological traits of carabids and 
their life strategies among different habitats [47–57].
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The co-occurring carabids were predominated by small and medium-size spe-
cies and large-size species were the least dominant. Other studies support our find-
ings in which they suggested that large-bodied carabids were missing from many 
small islands and generally less abundant when present, with the opposite true for 
smaller-bodied species (Bell et al. 2017). Similar findings have been reported for 
carabids in relation to size of forest patches [10, 44].

Nonetheless, some studies stated that the prevailing tendency towards a rela-
tively higher number of both small~medium size carabids is a typical phenomenon, 
characteristic of habitats that are subjected to external factors [58, 59].

Feeding guild was an additional important trait used to analyze the structure 
of carabidofauna [6, 32]. The collected carabids were dominated by carnivorous 
species. A similar study revealed that zoophages (predators or carnivours in other 
terms) were predominant in the entire assemblage [32].

Diverse studies ranked carabids into three main categories according to their 
pattern of food intake: oligophagous predators, polyphagous predators and 
phytophages. Granivory habit was, consequently, confirmed by a wide-range of 
diverse studies [8–10, 16–18, 22, 29, 30, 60–66]. Other studies stated that enormous 
number of carabid individuals may exist in farm fields, in communities of carnivore 
and granivores and, more in deed, obligate omnivore guilds [67].

Typical carnivorous species were characterized by forward-projecting man-
dibles, sharp incisors used to capture and pierce the prey. The mandible was with 
a long terebral ridge used to kill and slice prey into pieces. Diverse studies showed 
that the diet of carabids included Collembola, earthworms, nematodes, slugs, 
snails, aphids, eggs and larvae of Diptera and Coleoptera, Lepidoptera pupae and 
seeds of herbaceous plants [2, 20, 68, 69]. Hence, carabids are crucial predators in 
agricultural landscapes feeding on a wide-range of preys [70].

Beetles use their mandibles for prey capture and the forces created by the man-
dible tips are used to hold prey and pierce the integument [71, 72].

Omnivorous species, on the other hand, had a wide molar region for crushing 
seeds but incisors were blunt and the terebral ridge was short [6]. Thus, omnivorous 
species have features that are advantageous for seed feeding but reduce the effi-
ciency of feeding on prey [6, 12].

Although adult feeding habits and food requirements are currently and reason-
ably well known for many carabid species, still some carabid species with peculiar 
feeding guilds. Some morpho-functional studies have shown a relationship between 
morphology and feeding behavior in the larval stage [73]. Some morpho-ecological 
types were defined in the European temperate zone and places most Harpaline 
and Zabrine, especially the larval stage, with a phytophagous diet pattern into the 
morpho-ecological types [73]. Nevertheless, these types were minimized into two 
simpler main categories: a – spermophagous (seed predators); b – c-shaped harpal-
ines, excluding the subtribe Ditomina [74].

Ultimately, the apparent similarities between these mandibles and the jaws of vari-
ous mammals are remarkable to consider [10, 31]. The incisor area of the mandibles of 
beetles is related to the cutting incisors encountered in rodents and lagomorphs. The 
posterior molars of most mammals, on the other hand, are geared to adapt the func-
tion of grinding function requiring cusps occluding into basins. This does not appear 
to be the case in the carabids reviewed here (based on personal observations).

The study of mandibular traits in carabids is obvious to be of significant interest, 
since they may be beneficial in systematic research and can be linked to feeding 
patterns employing simple functional explanations [6].

The gathered data on the comparatively small sample of surveyed carabid taxa 
give only a hint concerning the whole story of evolution of mandibular morpho-
functional characteristics in adult carabids.



85

Elucidation of Some Ecological Traits of Carabids (Coleoptera: Carabidae) Inhabiting Kakuma…
DOI: http://dx.doi.org/10.5772/intechopen.101658

We hope that other studies will find the morpho-functional studies of carabid 
mandibles.

It is hoped that more researchers will find the study of mandibles is rewarding 
and will contribute to the advancement of our knowledge. The study offered here 
opens the door for more studies to analyze more mandibles from more carabid taxa. 
We believe that carabidologists would benefit greatly from these studies in their 
efforts to understand the evolution and adaptations of carabid beetle taxa.

5. Conclusion

In conclusion, further studies would benefit from the examination of additional 
carabid taxa since making a general connection between mandibular morphological 
dentition and dietary pattern - generally feeding guild- is far from precise evalua-
tion. Other evolutionary relative lineages among Carabidae are required in order to 
better address their precise feeding guilds. From that view, incorporation of man-
dibular morpho-ecological features studies together with phylogenetic analysis are 
recommended. Consequently, further examination of the gut contents of carabid 
taxa in conjunction with laboratory investigations and precise observations of 
feeding behavior in diverse habitats could be employed as confirmation cues for not 
placing carabids in an ambiguous feeding guild. To summarize, studies merely on 
morphological characteristics of carabid mandibles are difficult to interpret with-
out an understanding of the functional consequences of variations in mandibular 
configurations in different carabids habitats. This would reveal some hidden aspects 
that could not be deduced from the morphological characters of the mandibles if 
they were adopted alone.
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Chapter 7

Comparison of the Effectiveness 
of Different Tags in the Sea Urchin 
Paracentrotus lividus (Lamarck, 
1816)
Noelia Tourón, Estefanía Paredes and Damián Costas

Abstract

The marking of sea urchins was implemented with the main objective of being 
able to individually identify the urchins in the natural environment once released. 
In addition, it’s very useful to monitor individuals in studies of growth, movements, 
development, population dynamics, etc., that develop in the natural environment. 
Numerous different marking methodologies have been tested for sea urchins, either 
by physical marking (external and internal labels) or by using chemical marking 
methods consisting of the use of fluorochromes, which adhere to the calcified 
structures of the urchin. In this work, 5 different physical marks were used to mark 
400 urchins of the Paracentrotus lividus species, which were kept for a month at the 
ECIMAT facilities in Toralla island. The efficacy of the methods used in each case 
was analyzed, comparing the survival rate and the tag retention rate of the tagged 
urchins obtained with each tagging methodology.

Keywords: sea urchin, marking, tag, retention rate, survival

1. Introduction

The impoverishment of the health of coastal ecosystems in general increases due 
to overfishing, which has generated a rapid decrease in resources with repercussions 
on the economic sustainability of the global fishing sector, also leading to a decrease 
in biodiversity and a reduction in the food security [1].

The ecological importance of sea urchins is crucial, since they are the major regu-
lators of the biomass of macroalgae on the seabed, which proliferate uncontrollably 
in habitats where sea urchin populations are depleted or completely disappeared 
[2–6], producing an imbalance in coastal ecosystems that affects the capture of other 
fishery products. The sea urchin is very sensitive to extraction due to the low popu-
lation densities that it presents to the preference of individuals to inhabit shallow 
waters [7–9], and other factors such as human contamination or disease [10].

On the other hand, its economic importance has increased significantly in recent 
decades, due to the increase in demand for this product in the world market; con-
versely, the global catch of sea urchin from fisheries decreased from 117,000 tonnes 
in 1998 to 69,202 tonnes in 2014 [1]. This decrease was mainly due to the reduction in 
catches of the large world producers, such as Chile and the United States [11, 12], to 
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counteract the overexploitation to which sea urchins were being subjected, although 
these measures were not effective for the recovery of natural populations.

Sea urchins’ gonads have been used as food since Roman times. Some species 
of sea urchins have been exploited commercially as food resources since the sev-
enteenth century, being a highly valued resource in the market, where the highest 
quality gonads are a “gourmet” product that can reach a value of $ 300/kg. Asian 
countries are the major producers of sea urchins, with a total volume of 73,000 T 
per year [13], which in economic terms represents a total of between 200 and 300 
million dollars [13].

In Europe, the most commercially important species is Paracentrotus lividus, 
Galicia is the main producing region of this species, with a total of 695 T of the sale 
in the fish markets during 2019 and an average sale price of € 8.28/kg, reaching 
peaks of up to € 24/kg of sea urchins [14].

As a consequence of this overfishing and the need to restore depleted natural 
populations, aquaculture production of the main commercial species has increased 
greatly in recent years [15–17], carrying out large-scale restocking tasks in different 
regions affected by the overexploitation of natural sea urchin banks around the world.

In order to monitor the urchins released to the natural environment and thus carry 
out subsequent studies on the effectiveness of the repopulation performed (survival, 
population dynamics, temporal evolution, etc.), it is necessary to identify the indi-
viduals released through the use of different types of individual brands. The tags used 
must be as less invasive as possible, so that they do not affect the growth or movement 
of individuals in the environment, and must present the maximum percentage of 
survival and retention rate possible for later recovery of the marked specimens.

There are various methods for marking sea urchins that have been studied and 
tested over the years in different species. Some of these studies are listed below, 
classified according to the type of marking used.

In general terms, the marking studies carried out with sea urchins were based on 
the use of five types of marks: 1) external labels or other markers of different shapes 
and colors inserted in the spines [18–23]; 2) tags anchored by a perforation of the 
urchin’s test [18, 24–29]; 3) passive integrated transponder (PIT) tags [30]; [13, 31] 
coded wire labels or CWT [31]; 5) marking using fluorochromes, such as tetracy-
cline or calcein [32–39]. All the methods used have advantages and disadvantages. 
The physical marking techniques of urchins, both external and internal, generally 
have low survival or retention rates of the mark, especially, when released to the 
natural environment, and may also affect the growth of marked sea urchins, and 
are not viable for the marking of small individuals [40].

The tags that performed the best so far in terms of survival and retention rate of 
the mark are the passive integrated transponder tags (PIT Tags), which consist of a 
cylinder fitted with a copper antenna and a microchip programmed with a number 
of identification (they contain millions of unique codes for the identification of the 
marked specimens), although they are not suitable for marking urchins with a test 
diameter less than 25 mm, and their effectiveness varies according to the species of 
sea urchin that is marked, reducing the survival rate of tagged urchins once released 
to the natural environment [41].

Chemical labeling with fluorescent substances works just as well as other physi-
cal labeling methods, also allowing the marking of large numbers of urchins of any 
size by immersing individuals in fluorochrome baths [42] or polyfluorochrome 
[42], although they present a significant disadvantage with respect to other marking 
techniques, being necessary the sacrifice of marked urchins to detect the mark, which 
makes it unfeasible to study the evolution of juveniles released for restocking pur-
poses of overexploited areas. The objective of this work is to analyze the efficacy of 5 
different physical marks for the identification of individuals of the species P. lividus.
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2. Materials and methods

A. In June 2020, 400 juvenile urchins (P. lividus) were received from the coast of 
Cangas do Morrazo (Pontevedra, Galicia): 42° 16′40 ″ N 8° 47′23 ″ W, with an 
average of size 20 mm in diameter and an average weight of 5.4 g.

The urchins were distributed in boxes of 50 liters of capacity, at a density of 
20 urchins per box, with seawater filtered in an open circuit, continuous aeration, 
and feeding “ad libitum” with brown macroalgae of the genus Laminaria sp. The 
duration of the experiment was 1 month (started on June 23, 2020, ended on July 
24, 2020). Five types of different tags were used for sea urchins:

Figure 1. 
Different techniques for mechanical marking of sea urchins: a) Hallprint adhesive stickers; b) insertion of 
T-Bar tags through the peristomial membrane; c) insertion of T-Bar labels by drilling the aboral region of the 
test; d) insertion of galvanized wire through the peristomial membrane; e) injection of a mini transponder 
(Trovan brand) through the peristomial membrane; f) injection of PIT Tag (Hallprint brand) through the 
peristomial membrane.
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1. Colored stickers (Hallprint brand): FPN 8x4 (glue on shellfish tag), in 3 differ-
ent colors (green, purple, and beige) with individual numbering.

2. T-Bar labels (Hallprint brand): TBA (standard anchor T-Bar tag), in three 
 different colors (green, purple, and beige) and individual numbering.

3. Minitransponder (Trovan brand): 1′4 x 8 mm, high-performance ISO FDXA 
glass, with IM-200 1.4 Mini Tradi injector.

4. Pieces of galvanized wire (3–4 mm long and 1 mm thick).

5. PIT Tags (Hallprint brand): FDX Food-safe polymer (2.18 x 11.4 mm).

All the treatments with three replicas per tag and a consistent control of 
unmarked urchins.

The stickers were adhered to the urchin’s test with the help of Loctite glue 
(Figure 1), in an area of   the test where the spines of that area were previously 
sectioned, and the area was dried with absorbent paper. The galvanized wire 
sections were introduced into the coelomic cavity through the peristomial 
membrane of the urchin; Trovan Minitransponders and Hallprint PIT Tags were 
also introduced through the peristomial membrane of the urchin using a specific 
injector for each type of tag. The T-Bar labels were introduced in two ways into 
the urchins, half of the labels were introduced through the peristomial mem-
brane and the other half through a hole drilled in the aboral half of the test with 
the help of a needle.

B. The 270 surviving urchins from the captive tagging experiment were housed in 
a tray belonging to the polygon of rafts of the San Xosé de Cangas do Morrazo 
Fishermen’s Association (Figure 2), on October 9, 2020, with an average size 
of 18 mm in diameter and an average weight of 2.98 g, in order to obtain the 
recapture rate of the marks in the natural environment.

The coordinates of the raft are as follows:
Latitude Lenght.
Vertex A 42° 16′ 31” N 08° 43′ 53” W.
Vertex B 42° 16′ 43” N 08° 43′ 30” W.
Vertex C 42° 16′ 42” N 08° 43′ 15” W.
Vertex D 42° 15′ 49” N 08° 43′ 22” W.
Vertex E 42° 15′ 35” N 08° 43′ 59” W.

Figure 2. 
a) Urchins housed in the raft’s lantern; b) urchins taken from the lantern; c) Trovan Minitransponder reader; 
d) metal detector.
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The urchins were fed fortnightly with brown algae of the genus Laminaria sp.
The duration of the experiment was 5 months (started on October 9, 2020, 

ended on April 9, 2021).

3. Results

A. Below, you can see the survival and retention rates of the brand obtained with 
each type of tag employed.

As can be seen in Figure 3, the survival obtained was high with all the tags used, 
except with the T-Bar labels inserted through a hole drilled in the aboral half of the 
test, since this perforation did not calcify and produced the death of more than 50% 
of the marked urchins.

The retention rate obtained with each tag in captive conditions varied greatly, 
being insignificant in the case of the colored stickers and T-Bar labels introduced 
through the peristomial membrane of the urchin, which was totally expelled 
after a few days, and very high in the case of wire sections (93.33%) and Trovan 
Minitransponders (83.33%), which suggests the adequacy of these two types of 
marks for marking of individuals of P. lividus in captive conditions.

In the case of the Hallprint stickers, it was observed that the urchins detached 
them with the help of the spines and pedicels, presenting the lowest retention rate 
of the mark together with the T-Bar labels and the Hallprint PIT Tags, therefore, 
these marks are not suitable for the identification of urchins released into the wild.

Another drawback observed was that the glue produced abrasion injuries in the 
area of   the urchin’s test where it was applied (Figure 4), leaving important sequelae 
to the urchins marked with this technique, although it did not cause the death of the 
marked individuals.

A Chi-square test (p-value < 0.05) was performed to statistically compare the 
efficacy of the tags used, resulting in significantly lower survival in urchins labeled 

Figure 3. 
Percentage of survival and retention rate of the urchin’s tag with the different tags employed.
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aborally with T-Bar labels, while the retention rates of the wires and the Trovan 
Minitransponders were significantly higher than those of the rest of the tags employed.

B. Results obtained with the different labels after housing the marked urchins for 
5 months in a culture structure (Figure 2a) suspended from a tray belonging 
to the polygon of rafts of the San Xosé Fishermen’s Association, in Cangas do 
Morrazo (Ría de Vigo).

Recapture rate:

• PIT Tags Trovan: 71%

• PIT Tags Hallprint: 15%

• Stainless steel wires: 0%

• Stickers: 0%

• T-Bar labels: 0%

Total Survival rate: 99,14%

In the second part of the study performed with the urchins housed in a lantern 
suspended from the raft in the natural environment, very high survival rates were 
obtained, the total survival rate being 98.89% of the urchins housed in the raft.

The mark-recapture rates obtained were very low after 5 months, except in 
the case of the Trovan Minitransponders, with which a recapture rate of 71% 
was obtained, and a mark retention rate of 100% in recaptured urchins, which 
makes them the most appropriate type of tag for monitoring sea urchins of the 
Paracentrotus lividus species, both in captive conditions and in the natural environ-
ment and in short- and long-term studies.

4. Discussion

There are different marking techniques for sea urchins, developed over the last 
decades, both physical (external and internal) and chemical (different fluoro-
chromes). The characteristics that an effective tag must meet for the identification 
of individuals released to the natural environment are the following: high survival 
rate of the urchin, high retention rate of the tag for at least a few months, ease of 
detection on the seabed for divers, ease of identification of tagged individuals, 

Figure 4. 
Abrasive lesions on the urchin’s test caused by the glue used to fix the Hallprint stickers.
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speed of tag application (in order to tag as many sea urchins as possible in a short 
period of time), and low cost.

Mechanical marking techniques in sea urchins, either by placing external labels 
of different types or by intraperistomial insertion of internal labels, have the 
disadvantage of generally presenting low rates of tag retention [18, 43], which may 
also affect the survival of the marked population. Furthermore, they are not viable 
to mark small-sized urchins [40] and must be adapted to the morphology of the 
species to be marked, since there are important differences in the effectiveness of 
the marks depending on the size of the species, the length of thorns, etc. Tuya et al. 
[44] used fishing hooks attached to a cork buoy by means of a line to mark long-
spined urchins of the Diadema antillarum species, obtaining a very high retention 
rate of the mark between 80 and 90% of marked urchins. Due to the low retention 
rate generally obtained with external labels, labels inserted in the test began to be 
used with variable success [25, 26]. Lees [45] tagged Strongylocentrotus purpuratus 
with stainless steel wire and obtained a 92% loss of tagged urchins after 9 months in 
the wild. Neill [21] marked sea urchins with anchor tags designed for marking fish 
and provided with a specific numbering, obtaining a very low survival rate from 
11 days after the urchins were released to the natural environment.

The half-life of a cohort of Centrostephanus coronatus tagged with stainless steel 
wire introduced through the test was only 15 days [22]. Duggan & Miller (2001) 
marked individuals of the Strongylocentrouts droebachiensis species with both 
external and internal (anchor) tags, attached to the urchin’s test by means of a hole 
drilled in the test with the help of a needle, which caused a mortality of more than 
50% of marked urchins within 1 month. Other authors who used anchor tags in the 
test [22, 25, 29, 46, 47] obtained a higher survival rate of urchins, although long-
term survival terms in the natural environment remained low.

Passive Integrated Transponder Tags or PIT Tags are currently the most effective 
physical marking method in sea urchins, in relation to the uniqueness of the mark 
and its external readability, and do not affect the growth of urchins in the long term 
[30]. These labels have the advantage that they contain millions of unique codes, 
whereas, with chemical marking techniques such as the use of polyfluorochromes, 
only 4096 unique codes would be generated. Their main disadvantage is that they 
cannot be used to mark urchins smaller than 25 mm in diameter without causing the 
death of the individual.

The chemical marking method (through the use of fluorochromes) in sea 
urchins is also effective, also allowing the marking of a large number of urchins of 
any size by immersing individuals in fluorochrome baths [42]. This method is based 
on the incorporation of chemicals that bind to calcium, such as oxytetracycline, 
alizarin, calcein, etc., applied at the time of marking, which binds to the skeletal 
structures of various marine organisms [48]. Marking occurs through immersion, 
injection, or feeding.

This method has several advantages over other techniques used: 1) a large 
number of individuals can be marked at high speed in the natural environment; 2) 
minute growth increases can be detected; 3) very small individuals can be tagged by 
immersing them in baths containing the fluorochrome.

The main disadvantages of this technique are: 1) urchins must be slaughtered 
to detect the mark; 2) sample preparation is laborious and time-consuming; 
3) the increase in test diameter cannot be directly measured, but is estimated 
from the growth increments of the individual skeletal structures; 4) in the case 
of skeletal resorption occurs in tagged urchins, negative growth would not be 
detectable.

The need to euthanize the tagged individual to detect the tag makes this tagging 
method unsuitable for the identification of large numbers of specimens released 
into the wild for repopulation purposes.
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5. Minimum marking size

After verifying that the two tags that gave the best results in terms of survival 
and retention rate of the tag were the wires and the Trovan Minitransponders, 
consistent tests were carried out on marking juvenile urchins of different sizes, 
in a range of 10–30 mm in diameter, in order to determine the minimum size that 
juvenile urchins must have in order to be marked successfully without presenting 
mortality, obtaining a result of 13 mm in minimum diameter in the case of Trovan’s 
Minitransponders (8 mm in length), and only 11 mm in diameter for 4–5 mm long 
galvanized wire sections. These minimum marking sizes are lower than those found 
in the literature for physical labels, which are generally not less than 20 mm in 
diameter without excessive mortality, and is in the range of 10 to 15 mm in length of 
the urchins that de la Uz et al. [49] marked with coded wire tags (CWT), allowing 
the monitoring of juvenile P. lividus individuals from 5 to 6 months of age.

6. Conclusion

The results obtained in this work allow us to conclude that Trovan’s 
Minitransponders are an appropriate brand to monitor sea urchins of the P. lividus 
species in short and long-term studies, both in captivity and in the natural environ-
ment, presenting a high rate of retention and recapture in culture structures, and 
they are also suitable for marking juveniles of P. lividus from 13 mm of test diameter, 
with an approximate age of 5–6 months.

© 2022 The Author(s). Licensee IntechOpen. 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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Abstract

Agroecology is the application of ecological principles to agricultural systems 
and practices and the application of social justice principles to whole food systems. 
Agroecological farming, an unfamiliar concept to those who treat agriculture and 
ecology as separate subjects, refers to farming for producing food, employment and 
economic benefits in addition to cultural, social and environmental services and ben-
efits. Additionally, agroecology empowers farming communities, as the key agents of 
change, and addresses the root cause of problems of unsustainable agricultural systems 
in an integrated way and provides holistic and long-term solutions to transform the 
food and agricultural systems. As agroecology is at the forefront of transforming farm-
ing and food system sustainability, the present chapter specifically explores the state 
of Indian traditional farming agroecosystems, evidence collected under the ongoing 
Indian UNEP-GEF project “Mainstreaming agricultural biodiversity conservation and 
utilization in agricultural sector to ensure ecosystem services and reduce vulnerability”. 
We discuss traditional Indian farming in view of FAO’s 10 principles of Agroecology 
which is key to help policymakers, practitioners and stakeholders, in planning, manag-
ing and evaluating agroecological transitions.

Keywords: agroecology, agrarian reforms, traditional Indian agroecosystems, 
agroecological transitions, sustainable agriculture

1. Introduction

Agroecology, barely recognized a decade ago within official circles, has taken a 
central stage now in global discussions on food system, environment, and develop-
ment [1–7]. Agroecology offers an alternative and viable strategy for transforming 
food systems to deliver fair outcomes for farmers, society, and the environment 
[8]. Its holistic view of agroecosystems facilitates ecological and social levels of 
coevolution, structure, and function [8]. In particular, agroecology is acquiring a 
new relevance on reconstructing the post-COVID-19 agriculture, one that is able to 
avoid widespread disruptions of food supplies in the future by territorializing food 
production and consumption of healthy and sustainably produced foods [9].

The Food and Agriculture Organization (FAO) of the United Nations asserts 
that agroecology can help alleviate hunger and poverty as well as contribute to 
meeting other sustainable development goals [3]. Agroecological practices such as 
crop diversification, intercropping, agroforestry, mixed crop-livestock systems, soil 
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management measures, and farmer-to-farmer networks have been reported to have 
positive food security and nutrition outcomes [7]. To facilitate the adoption and 
transition towards agroecological production systems, various efforts have helped 
to condense and integrate the various principles and elements put forward as key 
enablers of agroecology as a social movement and science [2, 6, 10, 11, 12].

Here, we use the FAO [11] approved 10 Elements of Agroecology to identify 
how traditional Indian farming systems contribute to each element and discuss the 
knowledge gaps and next steps needed to further advance adopting these principles 
in the Indian context. We mobilize the evidence collected from the UNEP GEF project 
“Mainstreaming agricultural biodiversity conservation and utilization in agricultural 
sector to ensure ecosystem services and reduce vulnerability”. The project’s evidence 
comes from four contrasting agroecosystems (Figure 1) specifically selected to 
cover unique crops and associated diversity adapted to diverse agricultural practices, 
weather pattern and socioeconomic systems. The UNEP-GEF project will directly 
support India’s contribution to the CBD’s Strategic Plan and the Aichi Targets adopted 
at the 10th Conference of the Parties (CoP) of the CBD, by working with farmers to 
document existing cultivars, and trial and scale crop diversification strategies (as one 
of agroecology principles) to enhance agronomic, ecological, and social outcomes [13]. 
Overall, we aim to offer a fundamentally different vision of the way India can produce 
and consume food, while contributing to the creation of equitable food systems.

2. Traditional world agriculture and the Indian agroecosystems

More than half of the world’s cultivated land is still farmed by traditional and 
subsistence methods [11, 14]. This type of farming is usually better adapted to 

Figure 1. 
The four unique agroecosystems of India being studied presently under the UNEP-GEF project and the extent of 
agricultural area in India.
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local conditions and has been benefitted from centuries of cultural and biological 
evolution. Small holder farmers have inherited or developed such complex farming 
systems that have helped them meet their subsistence needs for centuries, even 
under adverse environmental conditions with scarce and locally available resources, 
without depending on purchased inputs. In traditional subsistence farming, nearly 
all of the crops or livestock raised are used to maintain the farmer and the farmer’s 
family, leaving little, if any, surplus for sale or trade.

The small holder farmers have designed practices that optimize productivity 
in the long term rather than maximize it in the short term [15]. Inputs originate 
locally and the farm work is performed by family labours or animals that are 
fuelled from local sources. Smallholder farmers, working within these energy and 
spatial constraints, have learned to recognize and use locally available resources 
for agricultural production [16]. Traditional farmers are innovative, and often 
manage and value a plethora of products and characteristics of the farming system 
(e.g. resilience, food availability), beyond the yield of only one commodity. The 
productivity comparisons between Green Revolution and traditional agriculture 
systems have, therefore, been misleading and biased. In order to remedy deficien-
cies in modern agriculture, many scientists in developed countries are now showing 
enhanced interest in traditional agriculture, especially in small-scale mixed crop 
systems. The wealth of traditional farmers’ practical experiential knowledge needs 
to be transferred to farming system productions before it is lost forever.

India represents nearly 7–8% of the recorded species and is one of the 17 
recognized mega-diverse countries of the world, with a large landmass and var-
ied ecosystems [17]. It represents four of the 36 globally identified biodiversity 
hotspots, designated by Conservation International [18]. Besides, there are 22 
recognized agrobiodiversity hotspots [19] that harbor the diversity of native and 
naturalized crops, their wild and weedy relatives, and crop associated biodiversity 
in agroecosystems.

The smallholder farming in all recognized agrobiodiversity hotspots of India is 
mainly subsistence and highly labour-intensive. Agriculture, however, is still the 
biggest land use and the biggest employer in India. Nearly 55% of the population 
rely on agriculture and allied activities for their livelihood [20]. Smallholder and 
marginal farmers account for 86.2% of all farmers in India.

3.  The 10 elements of agroecology and the traditional Indian farming 
scenario

The 10 elements of agroecology emanated from the FAO regional seminars 
on agroecology and are intended to help guide countries to transform their food 
and agricultural system. The elements have been grouped under three categories 
as shown in Figure 2 [11]. These 10 Elements of Agroecology are interlinked and 
interdependent, and are a guide for policymakers, practitioners and stakeholders in 
planning, managing and evaluating agroecological transitions, as an analytical tool.

Kumar [21] provides an insight into the agrarian history of pre-green revolution 
India and the reasons contributing to the adoption of “productivity-oriented” green 
revolution agriculture, largely unaddressed in the contemporary literature. Das [22] 
defines it as a tragedy that the green revolution model of agricultural development 
has made such headway that it is almost impossible to do away with the concept 
and practice of ‘increasing production’ of all sectors of agriculture at the cost of 
the environment, economy, ecology, nutrition, diversity, etc. A country with a 
tradition of paddy rice and millet cultivation adopted a new agricultural develop-
ment strategy based mainly on wheat. The multi-crop model existing in different 
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agroecological conditions has been neglected at the cost of environment and socio-
economy, adopting a monocrop model heralded by the green revolution. The green 
revolution increased agricultural production around the world with the planting 
of mainly high yielding wheat and rice varieties that depended on applications 
of synthetic fertilizers, pesticides, irrigation and enhanced farm mechanization. 
The Green Revolution in India started in the late 1960s and with its success India 
attained food self-sufficiency within a decade.

The blind adherence to increasing food production without considering trade-
offs or synergies with other outcomes is now being challenged [21], and enabling 
India to envision alternative futures that address the needs of farmers, society and 
nature. The self-sufficiency in two cereals, wheat and rice, in India came at the cost 
of another form of dependence - the import of rock phosphate for fertilizers and 
petroleum for irrigation pumps and tractors. Dependence on these non-renewable 
and fast depleting sources of energy and minerals also made agriculture a carbon-
emitting sector impacting the climate. The country did not stop being vulnerable; 
it became vulnerable to a different set of interests. With this, deeper ecological and 
existential questions have emerged [22].

In the following sections, we use data collected on the UNEP-GEF project 
to investigate how well FAO’s elements of agroecology are embedded into tra-
ditional farming landscapes in the four agroecologically contrasting regions of 
India, described above (Figure 1). This includes data collected through explor-
atory surveys with farmers across four representative agroecosystems based on 
participatory focus group discussions and observational surveys, between 2017 
and 2020 [23, 24]. Farmer surveys indicate that about 80% of households have 
crop-livestock mixed farming across the four Indian agroecosystems, while the 
remaining 20% are engaged either in crop production or livestock production 
alone (Table 1). Livestock, therefore, are integral sector of all traditional farm-
ing agroecosystems. Farmers indicated that the purpose of crop production is 
mainly for home consumption (subsistence) and only the surplus produce is 
for sale.

Figure 2. 
The 10 elements of agroecology from FAO [11].
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3.1 Diversity

Biological diversity is essential to life, providing the raw material for evolution 
and strengthening ecological stability. This also applies to crop diversity as without 
it, crop improvement is impossible [25]. Traditionally, farmers worldwide, have 
been selecting, improving, developing, protecting and using a wide range of species 
adapted to the often harsh or difficult pedo-climatic conditions through ingenious 
practices, unfortunately, these knowledge, practices and species are disappearing 
fast [26]. The novel agroecosystem designs appropriate to smallholder farmers are 
reported to have been modeled on successful traditional farming systems [27].

Deploying and protecting currently available biodiversity in production land-
scapes, contributes to a range of production, socio-economic, nutrition and envi-
ronmental benefits. Diversification has been a common and key to agroecological 
transition ensuring food and nutrition security and sustainable management of nat-
ural resources in all the traditional Indian agroecosystems researched in the recent 
past [23, 24]. Traditional production systems in India are highly diverse, character-
ized by polyculture farming; crop-livestock small-scale mixed farming; greater 
farmer household production and dietary diversity; use of traditional agriculture 
innovation practices, etc. The benefits of diversification extend to human diets. 
Consuming a diverse range of food resources are important in contributing macro- 
and, micro-nutrients and, other bioactive compounds to human diets [28]. On-farm 
conservation have been reported to result in a number of interlinked elements that 
supports agricultural biodiversity as part of a dynamic system [29].

Multiple strategies exist to diversify production systems. For example, agro-
forestry systems organize crops, shrubs, and trees of different heights and shapes 
at different levels or strata, increasing vertical strata with different habitat and 
resources [30] for biodiversity, climate mitigation and yields. Intercropping com-
bines complementary species to increase spatial diversity. Crop rotations, often 
including legumes, increase temporal diversity and soil fertility by fixing nitrogen. 
Crop-livestock systems in all agroecosystems rely on diversity of local breeds 
adapted to specific environments, that also largely contribute to household cash 
economy and soil fertility and labour relief [31]. Similarly, traditional fish polycul-
ture farming systems follow the same principles to maximizing diversity [32].

In the project sites, in average, traditional systems at the community level 
maintain three varieties per crop (Table 2). Surprisingly, 55% of land is occupied by 
rare landraces (i.e. traditional variety) despite the current lack of economic or social 

Main agricultural activity (response of mean % households)

1. Mainly crop production 8.52

2. Mainly livestock production 10.60

3. Mixed (crop and livestock) 80.88

Purpose of crop production (response of mean % households)

1. Producing only for sale —

2. Producing mainly for sale with some own consumption 8.32

3. Producing mainly for own consumption with some sales 68.84

4. Producing only for own consumption 22.84

Sourced from: Bisht et al. [23].

Table 1. 
Main agricultural activity and purpose of crop production in traditional Indian farming agroecosystems.
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recognition of these conservation efforts. The crop landrace species and varietal 
diversity remains high, although 20% of species and 7% of varieties are considered 
locally extinct. Crop species and varietal diversity has been maintained with the 
active intervention of local farmers. The traditional landraces differing in morpho-
logical characteristics, offer farmers other valued benefits including taste, texture, 
cooking quality, resistance to biotic/abiotic stresses and others besides yield per se. 
For example, in the project sites, we found each agroecosystem has a unique crop/
species combination for multiple uses including food, but also medicinal, incense 
and perfume which have a cultural and social value (Table 3).

Crop diversity loss and agroecosystems homogenization have major conse-
quences for provision of ecosystem system services as well as food system sustain-
ability [33]. Agroecology can help reverse these trends by managing and conserving 
agrobiodiversity, and responding to the increasing demand for a diversity of 
products that are eco-friendly and nutritious. The ‘fish-friendly’ rice produced 
from rice ecosystems, particularly in tropical and subtropical Asia including India, 
can be cited as an example here, which values the diversity of aquatic species and 
their importance for rural livelihoods [34].

Conservation is especially important in the case of disappearing, specially 
adapted varieties, calling for renewed efforts to support farmers as custodians 
of biodiversity and genetic resources [35]. Hence, the importance of policies for 
agroecological transition that enables, recognize and strengthen the collaboration 
between holders of indigenous knowledge and mainstream scientific research. This 
close collaboration will facilitate co-producing knowledge that will guide locally 
relevant and adapted interventions for preserving diversity in the field, and land-
scapes and for food, nutrition, ecosystem services and resilience [36].

UNEP [37] outlines some of the key issues for consideration by policymakers 
to ensure the continued engagement of farmers in conservation and the use of 
agrobiodiversity. Recognizing better the role of farmers as libraries of traditional 
knowledge, custodians of natural resources and providers of nutritious foods and 
ecosystem services reflected in a better social status and quality of life could be a 
good starting point to encourage farmers to continue farming. This requires the 
support of policymakers, for developing the mix of mechanisms or incentives that 
will make farming an appealing, respected and well valued profession and way of 

Crop diversity variables Diversity measure Diversity 
estimates*

Crop species diversity Species richness 16.0

Within- species (genetic) 
diversity

Cultivar richness 47.8

Area share of common landraces Share of cropland (%) 46.0

Area share of rare landraces Share of cropland (%) 54.0

Loss of species diversity Species lost as a share of all known crop 
species** (%)

20.0

Loss of genetic (within species) 
diversity

Cultivars lost as a share of all known crop 
cultivars** (%)

7.0

*Diversity estimates were made per village, as a unit of study, based on 2–3 core villages each across four 
representative agroecosystems of the GEF project (Sourced from: Bisht et al. [24].
**Information on known crop species and cultivars is based on exploratory surveys.

Table 2. 
Major staple food crop species and within-species (genetic) diversity in traditional farming agroecosystems.
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Agroecosystem Main crops Main tree/shrub agroforestry 
species

Hill & mountain Rice (Oryza sativa), wheat 
(Triticum aestivum), minor 
millets (ragi, Eleusine coracana; 
barnyard millet, Echinochloa 
frumentacea); foxtail millet, Setaria 
italica), black-seeded soybean 
(Glycine max), urd bean (Vigna 
mungo), horsegram (Macrotyloma 
uniflorum), mustard (Brassica 
spp.), sesame (Sesamum indicum), 
pseudocereals (amaranths, 
Amaranthus spp.; buckwheat, 
Fagopyrum spp.), miscellaneous 
vegetables, temperate fruits, etc.

Main agroforestry species for high 
quality fiber are drooping Fig (Ficus 
semicordata), Grewia oppositifolia,  
G. asiatica etc., and for edible fruits 
are European nettle tree (Celtis 
australis,) Grewia oppositifolia, G. 
asiatica, Elephant ear Fig (Ficus 
auriculata), wild Fig (F. palmata), 
drooping fig (F. semicordata), willow-
leaf fig  
(F. nemoralis), wild Himalayan pear 
(Pyrus pashia), etc., beside several 
others.

Hot arid Pearl millet (Pennisetum glaucum), 
mung bean (Vigna radiata), 
sesame (Sesamum indicum) 
and cluster bean (Cyamopsis 
tetragonaloba)

Screw bean (Prosopis cineraria), 
Ziziphus nummularia, wild Caper 
bush (Capparis decidua), gum arabic 
tree (Acacia senegal).

Central tribal plateau Rice (Oryza sativa), wheat 
(Triticum aestivum), pigeon pea 
(Cajanus cajan), mung bean 
(Vigna radiata), urd bean, soybean 
(V. mungo)

Forestry species: gum arabic tree 
(Acacia nilotica), river tamarind 
(Leucaena leucocephala), English 
beechwood (Gmelina arboria), North 
Indian rosewood (Dalbergia sissoo, 
Pongame oiltree (Millettia pinnata), 
and as fruit trees: Malabar plum 
(Syzygium cumini), common guava 
(Psidium guajava), drumstick tree 
(Moringa oleifera), Indian gooseberry 
(Phyllanthus emblica), custard 
apple (Annona reticulata), jackfruit 
(Artocarpus heterophyllus).
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living. For example, payment for ecosystem services (PES) can compensate farm-
ers for the services and conservation efforts they provide, beyond food. Similarly, 
market signals that makes cheaper traditional and nutritious food, against highly 
subsidized and less nutritious food can also incentivize the production, consump-
tion and profitability of traditional/indigenous crops, this off course should be in 
tandem with nutritional programs that highlight the nutritional, ecological, agricul-
tural and cultural value of traditional foods. Investing in conservation, protection 
and use of agrobiodiversity in field and plates is an urgent need across countries for 
enabling and facilitating agroecological transitions and production systems that 
provide nutritious food and ecosystem services. Investing, therefore, where the 
most agricultural biodiversity occurs, subsistence farming, is an important  
low-risk option.

3.2 Co-creation and sharing of knowledge

In traditional Indian farming contexts, we find limited responsiveness of 
modern science to societal needs [24]. The gap between experts’ knowledge and 
traditional innovations in actual farming situations were more pronounced when 
sustainability issues are being considered. Sustainability of traditional smallholder 
farming, therefore, requires a holistic approach and an interdisciplinary research 

Agroecosystem Main crops Main tree/shrub agroforestry 
species

North-eastern region Rice (Oryza sativa), tea (Camellia 
sinensis), vegetables, sugarcane 
(Saccharum officinarum), jute 
(Corchorus olitorius), cotton 
(Gossypium spp.), black gram (V. 
mungo), lentil (Lens culinaris) 
green gram (V. radiata), gram 
(Cicer arietinum), pigeon pea 
(Cajanus cajan), linseed (Linum 
usitatissimum), castor (Ricinus 
communis), sesame (Sesamum 
indicum), rapeseed & mustard 
(Brassica spp.), banana (Musa 
spp.), papaya (Carica papaya), 
orange (Citrus spp.), pineapple 
(Ananas comosus), areca nut (Areca 
catechu), coconut (Cocos nucifera), 
chili (Capsicum spp.), turmeric 
(Curcuma longa), ginger (Zingiber 
officinale), potato (Solanum 
tuberosum), sweet potato (Ipomoea 
batatas), etc.

Agar (Aquilaria agallocha), areca nut 
(Areca catechu), needlewood tree 
(Schima wallichii), java cassia (Cassia 
nodosa), kassod tree (Cassia seamea), 
white siris (Albizzia procera), betel 
(Piper betel), long pepper (P. longum), 
bamboos (Bambusa spp.), canes, 
timbers and other shade trees.

Sourced from: Bisht et al. [24].

Table 3. 
Main agroforestry species of the different Indian farming agroecosystems and multiple uses (fibers, food, fodder, 
medicinal, wood, incense/perfume).
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style. The need of a new knowledge base has been strongly felt for transition 
towards more sustainable agriculture [38]. Farmers greatly value local experiential 
knowledge which is not being optimally used and a better strategy to integrate vari-
ous forms of knowledge is needed [39].

Incorporating farmers’ experiential knowledge with formal agricultural 
knowledge is still being debated [40], as the agricultural knowledge system has 
always been very closely connected to the modernisation process in agriculture, 

Management areas and various management actions based on farmers’ indigenous knowledge (IK)

• Biodiversity conservation

 ○ Management of domesticated and wild farm biodiversity

 ○ Local community-level on-farm and off-farm vegetation management including forestry resources

 ○ Managing biodiversity in sacred groves/sacred landscapes

 ○ Cultivation of medicinal plants.

• Adaptation to climate change

 ○ The multiple and diversified livelihood skills of farmers is a source of resilience in times of uncertain 
weather and climate change.

 ○ Maintaining species and genetic diversity in fields provide a low-risk buffer in uncertain weather and 
the diversity in production landscapes is considered a necessity rather than a choice.

• Agroforestry

 ○ Indigenous knowledge on traditional agroforestry offers opportunities to farmers for sustainable 
management of resources and support socio-ecological and socio-economic benefits.

 ○ The traditional/cultural knowledge embedded within the rural communities in different agroeco-
systems is the inherent identity that is unique and diverse in all respects to traditional agroforestry 
management and conservation. It is reflected in their cultivation system, ethnobiology and health and 
nutrition management.

• Traditional medicine

 ○ Use of herbal medicines was reported by native farming communities of all Indian agroecosystems. 
Traditional medicines are used to cure different ailments. Herbal formulations were administered 
either internally or applied externally depending on the type of ailment.

• Customary resource management

 ○ Traditional knowledge, innovations and practices duly supported by spiritual beliefs and custom-
ary laws are developed and nurtured over many generations. The natural resource-based livelihood 
of native communities enable them to live within the natural limits of specific territories, areas or 
resources upon which they depend for livelihoods and wellbeing.

• Applied anthropology

 ○ Indigenous knowledge and institutions are contributing to more culturally appropriate and sustain-
able development. It is also based on the realization that native communities are not only more keenly 
aware of their needs than are outside development agencies but that those needs are culturally defined, 
demanding a substantive rather than a formal appreciation.

• Impact assessment

 ○ Indigenous knowledge can assist bring awareness about potential impact of a project and steps taken 
to prevent adverse effects to the existing environment but there are currently no guidelines on how 
indigenous knowledge should be integrated into impact assessments.

• Natural disaster preparedness and response

 ○ Indigenous knowledge can be transferred and adapted to other communities in disaster management, 
it encourages community participation and empowers communities in reducing disaster risk.

Sourced from: Bisht et al. [24].

Table 4. 
Farmers’ experiential knowledge and various management actions related to mainstreaming biodiversity in 
production landscapes.
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the ‘scientification’ of agriculture [41]. The science-based model advocating yield 
maximization, for example, often fail in actual farming situations and farmers 
normally find that experts’ knowledge is of limited practical value [42–44]. This 
gap between theory and practice becomes even more pronounced when sustainabil-
ity issues need to be considered and calls for a new mode of working that enables 
scientists to optimize knowledge within and for different local conditions. In order 
for agriculture to become sustainable and resilient, there is need of knowledge 
networking that facilitates knowledge exchanges, joint learning which facilitates the 
generation and innovation of new and more integrated solutions [39].

Agricultural innovations respond better to local challenges when they are co-
created through participatory processes. Data on farmers’ experiential knowledge 
and various management actions related to mainstreaming biodiversity across the 
four UNEP-GEF project production landscapes are presented in Table 4, collected 
through participatory focus group discussion meetings with farmers from 2 to 3 
core villages in each of the four representative agroecosystems. This shows that in 
traditional systems farmers’ experiential knowledge to agriculture cannot be seen in 
isolation, rather a whole range of interlinked management areas are as important.

Native farming communities in all Indian agroecosystems are especially vulner-
able to weather uncertainties and climate change [24]. The community level climate 
change adaptation plans are often rooted in Western scientific knowledge, largely 
ignoring traditional farmer innovations. Incorporating indigenous knowledge into 
Western science-based climate change adaptation plans is, therefore, an untapped 
opportunity for the policymakers to integrate into climate change adaptation plans 
and legislate accordingly.

Farmers’ knowledge is considered a better resource for managing ecosystems 
[45] that gives an insight on designing social systems that mesh better with ecosys-
tems. The differential farming styles are forms of adapting to diversity within local 
ecosystems. Farming styles are an outcome of ‘co-production’, that is the ongoing 
interplay and mutual transformation of the social and the technical [46], including 
evidently local ecosystems.

As agroecology depends on context-specific knowledge, hence agroecological 
practices should be tailored to fit the environmental, social, economic, cultural 
and political context [11]. The co-creation and sharing of knowledge at multiple 
levels (i.e. farmers, states, ecoregions, countries) plays a central role in the process 
of developing and implementing agroecological innovations to address challenges 
across food systems including adaptation to climate change. Currently, media can 
facilitate fast and massive knowledge interchange with a larger reach than tradi-
tional extension officers. Hence, co-evaluating agroecological practices (i.e. exten-
sion officers, universities, research institutions and farmers) across agroecological 
zones and social-economic context through simple online videos and tutorials 
verified and curated is a new strategy at its infancy for facilitating knowledge 
integration and farmer-to-farmer learning at the new pace and scale that is needed. 
Through the co-creation process, agroecology cross-pollinate traditional knowledge 
and global scientific knowledge.

3.3 Synergies

The IAASTD [47] concluded that the future of agriculture lies in biodiverse, 
agroecological based farming systems that can meet social, economic and envi-
ronmental goals while maintaining and increasing productivity. Agroecology 
is therefore increasingly recognized as the way forward for agriculture, capable 
of delivering productivity goals without depleting the environment and disem-
powering communities. The value of various ecosystem services to agriculture 
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is enormous and often underappreciated [48, 49]. Agroecosystems also produce 
a variety of ecosystem services, such as conservation of biodiversity, regulation 
of soil and water quality, carbon sequestration, and cultural services [50]. On 
the other hand, depending on management practices, agriculture can also be the 
source of numerous disservices, including loss of wildlife habitat, nutrient runoff, 
sedimentation of waterways, greenhouse gas emissions, and pesticide poisoning of 
humans and non-target species [51].

The trade-offs that may occur between provisioning services and other ecosys-
tem services and disservices should be evaluated in terms of spatial scale, temporal 
scale and reversibility. As more effective methods for valuing ecosystem services 
become available, the potential for ‘win-win’ scenarios increases. Under all sce-
narios, appropriate agricultural management practices are critical to realizing the 
benefits of ecosystem services and reducing disservices from agricultural activities 
[47]. Building synergies enhances key functions across food systems, supporting 
production and multiple ecosystem services.

Agroecology pays careful attention to the design of diversified systems that 
selectively combine annual and perennial crops, livestock, trees, soils, water and 
other components on farms and agricultural landscapes to enhance synergies in the 
context of an increasingly changing climate [11].

Building synergies in food systems delivers multiple benefits. By optimizing 
biological synergies, agroecological practices enhance ecological functions, leading 
to greater resource-use efficiency and resilience. Intercropping with pulses in tradi-
tional farming landscapes saves about USD 10 million in nitrogen fertilizers globally 
every year through biological nitrogen fixation [52] and substantially contributes 
to soil health, climate change mitigation and adaptation. Crop-livestock integration 
in traditional farming systems also highlights synergies as about 15 percent of the 
nitrogen applied to crops comes from livestock manure [53]. Integrated rice sys-
tems, in Asia, combine rice cultivation with the generation of other products such 
as fish, ducks and trees. The total area of land available for rice cultivation in India 
is about 43 million hectares (ha), of which an estimated 20 million ha is suitable 
for adoption of the rice-fish integration system, mainly in rainfed medium lands, 
waterlogged lands etc. By maximizing synergies, integrated rice systems signifi-
cantly improve yields, dietary diversity, weed control, soil structure and fertility, as 
well as providing biodiversity habitat and pest control [54].

At the landscape level, synchronization of productive activities in time and space 
is necessary to enhance synergies between social and nature rhythms. Pastoralism 
and extensive livestock grazing systems manage complex interactions between 
people, multi-species herds and variable environmental conditions, building 
resilience and contributing to ecosystem services such as seed dispersal, habitat 
preservation and soil fertility [55, 56]. In India, the beauty of pastoralist ways of life 
lies in their ability to convert the marginal resources in dry and arid regions; cold 
mountain meadows, and other regions to productive resources such as milk, meat, 
wool, and manure with marginal inputs.

While agroecological approaches strive to maximize synergies, trade-offs also 
occur in natural and human systems. Managing trade-offs is an endless process 
and innate characteristic of sustainable production systems, hence the urgent need 
of getting good at anticipating, managing and meditating trade-offs. Agroecology 
emphasizes the importance of partnerships, cooperation and responsible gover-
nance, involving different actors at multiple scales to promote synergies within the 
wider food system, and best manage trade-offs.

In India, a good example of actively seeking for synergies is the agroecological 
system of farming millets, in water deficient Tamil Nadu [57]. They ought to take 
into account not only water use, but also the whole gamut of political and ecological 
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issues that are connected to farming such as public procurement, land reform, 
minimum support price, subsidized credit, agricultural extension services, and so 
on. The publicly procured millet output is distributed through the public distribu-
tion system, government schools, and through the network of Amma canteens in 
the state. Amma canteens is a food subsidization programme, a first of its kind 
scheme, run originally by the Government of Tamil Nadu state in India. Its success 
has been an inspiration for many other states of India including Odisha, Karnataka 
and Andhra Pradesh, who subsequently proposed similar schemes.

3.4 Efficiency

Agroecological systems improve the use of natural resources, especially those 
that are abundant and free, such as solar radiation, atmospheric carbon and nitro-
gen. Innovative agroecological practices produce more using less external resources. 
Table 5 lists the inputs used in traditional Indian farming landscapes from across 
the UNEP-GEF study sites. Use of external resources or purchased inputs is mini-
mal in traditional agroecosystems.

Increased resource-use efficiency is an emergent property of agroecological systems 
that carefully plan and manage diversity to create synergies between different system 
components. A key efficiency challenge, for example, is that less than 50 percent of 
nitrogen fertilizer added globally to cropland is converted into harvested products and 
the rest is lost to the environment causing major environmental problems [11, 58].

By enhancing biological processes and recycling biomass, nutrients and 
water, traditional farming communities are able to use fewer external resources, 
reducing costs and the negative environmental impacts of their use. Reducing 
dependency on external resources will ultimately empowers farmers by increasing 
their autonomy and resilience to natural or economic shocks. Agroecology thus 
promotes agricultural systems with the necessary biological, socio-economic and 
institutional diversity and alignment in time and space to support greater efficiency. 
Nonetheless, technological, social and digital innovations remain a critical need 
for offering farmers timely information and reducing labour constraints in already 
heavily overworked farmers.

3.5 Recycling

More recycling means agricultural production with lower economic, social and 
environmental costs. In all traditional subsistence Indian agroecosystems, farming 

Agricultural inputs used in traditional farming agroecosystems*

Use of farmer varieties or traditional landraces (%) 80.5

Use of purchased inputs (%)

• Seeds 11.3

• Inorganic Fertilizer 6.3

• Pesticides —

Use of improved mechanized modern farming practices (%) 10.0

Area share of crops that have non-food uses (%) 6.3

*Percent of households in a village, as a unit of study. In total 2–3 villages each in four representative agroecosystems 
of the GEF project sites were surveyed.
Sourced from: Bisht et al. [24].

Table 5. 
Characteristics of inputs used in traditional Indian farming agro-ecosystems.
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is organic by default with negligible use of inorganic fertilizers and pesticides. 
Organic farming is primarily aimed at cultivating the land and raising crops in 
such a way, as to keep the soil alive and in good health by use of organic wastes and 
avoiding use of synthetic inputs (such as inorganic fertilizers, pesticides, hormones, 
feed additives etc.). The organic cultivation rely to the maximum extent feasible 
upon crop rotations, crop residues, animal manures, forest litter and other off-farm 
organic waste, and biological system of nutrient mobilization and plant protection. 
The default organic agriculture in all Indian agroecosystems is a unique produc-
tion management system which promotes and enhances agroecosystem health, 
including biodiversity, biological cycles and soil biological activity, and this is 
accomplished by using on-farm agronomic, biological and mechanical methods in 
exclusion of all synthetic off-farm inputs.

Recycling can take place at both farm-scale and within landscapes, through 
diversification and building of synergies between different components and activi-
ties. Agroforestry systems, for example, that include deep rooting trees can capture 
nutrients lost beyond the roots of annual crops [59].

Crop–livestock systems of all traditional Indian agroecosystems, promote 
recycling of organic materials by using manure for composting or directly as fertil-
izer, and crop residues and by-products as livestock feed. Integrating livestock plays 
a key role in nutrient cycling, accounting substantially of the economic value of all 
non-provisioning ecosystem services. Recycling organic materials and by-products 
offers great potential for agroecological innovations.

3.6 Resilience

Enhanced resilience of farmers, communities and ecosystems is key to sustain-
able food and agricultural systems. It is a well-accepted fact now that the high 
external input agriculture of India, with the spread of green revolution paradigm 
and technology, is unsustainable and has placed enormous strain on natural 
resource base of the economy. India’s agrarian issues are being discussed widely in 
policy circles and media but the solutions proposed by policy makers hardly seem 
to be addressing the deep structural malaise that has set in at the core of India’s 
agrarian economy [60]. In the north-western India, the core green revolution area 
is experiencing, massive groundwater depletion, high land degradation, decline in 
the levels of soil organic matter, soil erosion, loss of soil fertility without mention-
ing the countless impacts on human health and wellbeing. By revisiting India’s 
agrarian history and outlining the circumstances under which the green revolution 
model was adopted, Kumar [21] has sought to challenge the blind adherence of high 
productivity agriculture that are likely to open up ways to address the future needs 
of the country.

The search for solutions to problems that plague Indian agriculture must begin 
with fundamentally questioning the green revolution paradigm. Taking agroecology 
as its core, the alternative path calls for making a decisive shift from a production/
economic-centric approach of the green revolution paradigm towards an ecosys-
tem/social-centric approach for resilient farming system.

High crop species and varietal (within-species or genetic) diversity provides 
resilience by contributing to production stability and by enabling long-term adapta-
tion. Intercropping of varieties with varying water-use efficiencies stabilized yield 
in a drought-prone environment. Adaptation to long-term environmental changes 
may reflect both phenotypic plasticity and continued evolution [61]. Maintaining 
evolutionary processes ensures the generation of new combinations of genes in 
response to stresses and climatic variability [62]. Cultivation of varietal mixtures 
may confer enhanced resilience to biotic and abiotic stresses [63, 64]. Crop yield 
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increased by 2.2 percent overall were reported in cultivar mixtures with more 
functional-trait diversity in comparison to monoculture in a study examining the 
relationship between intraspecific diversity and yield in cultivar mixtures [65]. 
Cultivar mixtures also showed higher yield stability than monocultures, especially 
in response to annual weather variability over time.

Enabling agroecological adoption in India requires, therefore, promoting and 
safeguarding the free access of farmers to a range of diverse varieties will improve the 
resilience of production systems [66] by maintaining and supporting seed-exchange 
systems, and associated traditional knowledge. Farmers’ traditional knowledge, pref-
erences and practices, and social networks strongly influence the stress-prone and 
marginal production systems by enhanced use of genetic resources [67–69]. Informal 
seed-exchange systems are especially effective at maintaining high diversity, and 
participation in social networks has been demonstrated to facilitate access to genetic 
resources that can aid farmers in coping with crop failures, drought and environmen-
tal uncertainties [70]. On a landscape scale, diversified agricultural landscapes have a 
greater potential to contribute to pest and disease control functions [71].

3.7 Human and social values

Protecting and improving rural livelihoods, equity and social well-being is 
essential for sustainable food and agricultural systems. Across diverse settings, 
the traditional agricultural “living landscapes”, created by native peoples and local 
communities are the results of the dynamic interaction of people and nature over 
time. These landscapes, rich in agrobiodiversity as well as inherent wild biodiversity 
and cultural and spiritual values, embody human ingenuity and are continually 
evolving [72]. These landscapes and their associated management systems have 
much to teach us about sustainability and resilience in the face of global change.

Agroecology places a strong emphasis on human and social values. 
Agroecological approaches empower communities to overcome poverty, hunger 
and malnutrition by building autonomy and adaptive capacities to manage their 
agroecosystems. Agroecological approaches also promote human rights, such as the 
right to good and healthy food, and stewardship of the environment so that future 
generations can also live in prosperity.

Agroecology also seeks to address gender inequalities by creating opportunities 
for women or other minorities often left behind or ignored. Women make up almost 
half of the agricultural workforce in India. Besides household food security, nutri-
tion and health, women also play a vital role in conservation and sustainable use 
of biological diversity. Their contribution, however, remain unrecognized making 
them economically marginalized and vulnerable to violations of their rights [73].

Table 6 highlights the role of women as agricultural workforce and contribu-
tion of women in household cash income in different farming agroecosystems. 
Self-help groups (SHG) is bringing women together under a common platform. In 
addition to their farming skills, women are learning stitching, embroidery, patch-
work, weaving, food-processing (making use of their locally available resources), 
handicrafts, etc. Women enjoy the learning opportunity as well as the quality time 
spend together. Working for few hours a day for certain days (7–10) in a month, the 
women associated with the group are earning a decent amount, which represents 
in average about 10% of the household cash income. Participating in the SHG has 
helped them to gain self-respect and increase their say in decision making of family 
matters. Agroecology can, therefore, help open spaces for women to become more 
autonomous and empower them at household, community levels and beyond – for 
instance, through participation in producer groups. Women’s participation is essen-
tial for agroecology and women are frequently the leaders of agroecology projects.
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In many places around the world, rural youth face a crisis of employment. 
Agroecology provides a promising solution as a source of decent jobs. Agroecology 
is based on a different way of agricultural production that is knowledge intensive, 
environmentally friendly, socially responsible, innovative, and which depends on 
skilled labour. Meanwhile, rural youth around the world possess energy, creativity 
and a desire to positively change their world. What they need is stable, good and 
long-term support and opportunities.

Table 7 indicates probable areas where enhanced job opportunities at commu-
nity level exist in small-holder Indian farming. As a bottom-up, grassroots paradigm 
for sustainable rural development, agroecology empowers people to become their 
own agents of change.

3.8 Culture and food traditions

By supporting healthy, diversified and culturally appropriate diets, agroecol-
ogy contributes to food security and nutrition while maintaining the health of 
ecosystems.

The food we eat plays a huge role in our ability to keep our physical, mental, 
emotional and psychological health in balance. Further, it is being greatly recog-
nized now that without mental health there can be no true physical health. In spite 
of nutrition transition trends, it is widely acknowledged that the traditional farming 
agroecosystems rich in crop and livestock diversity and use of wild harvested foods, 
the food traditions are still prevailing in the life of rural households to a greater 
extent. This is indeed heartening that the traditional food habits are still playing a 
great role in contemporary food habits of the traditional Indian farming communi-
ties; therefore, the possibility of reversing the trends in favor of dietary diversifica-
tion from dietary simplification looks promising with enabling policies [74].

Culture and food traditions play a central role in society and in shaping human 
behavior as agriculture and food are core components of the human heritage. 
However, in many instances, our current food systems have created a disconnection 
between food habits and culture. This disconnection has contributed to a situation 
where hunger and obesity exist side by side, in a world that produces enough food to 
feed its entire population. Almost 800 million people worldwide are chronically hun-
gry and 2 billion suffer micronutrient deficiencies [75]. Meanwhile, there has been a 
rampant rise in obesity and diet-related diseases; 1.9 billion people are overweight or 
obese and non-communicable diseases (cancer, cardiovascular disease, diabetes) are 
the number one cause of global mortality, a pattern also followed in India [76, 77].

Agroecosystems Agriculture workforce Contribution of women SHG 
to HH cash income (%)Men (%) Women (%)

Hill & mountain agroecology 
(Uttarakhand)

36 62 15

Arid desert (Rajasthan) 56 78 7

Central plateau region (Madhya 
Pradesh)

54 80 8

North-eastern region (Assam) 51 72 12

Mean 49.3 (±9.0) 73.0 (±8.1) 10.5 (±3.7)

Sourced from: Bisht et al. [24].

Table 6. 
Agriculture workforce in different agroecosystems and contribution of women self-help groups (SHGs) to 
household (HH) cash income.
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Agroecology seeks to cultivate a healthy relationship between people, culture 
and food by rebalancing traditions and modern food habits. Cultural identity and 
sense of place are often closely tied to landscapes and food systems. As people 
and ecosystems have evolved together, cultural practices and indigenous and 
traditional knowledge offer a wealth of experience that can inspire agroecological 
solutions. For example, India is home to an estimated 50 000 indigenous variet-
ies of rice [78]- bred over centuries for their specific taste, nutrition and pest-
resistance properties, and their adaptability to a range of conditions. Culinary 
traditions are built around these different varieties, making use of their different 
properties. Taking this accumulated and tasty body of traditional knowledge as 
a guide, agroecology can help realize the potential of territories to sustain their 
peoples.

3.9 Responsible governance

Agroecology calls for responsible and effective governance to support the transi-
tion to sustainable food and agricultural systems. Table 8 indicates areas where 
largely default organic production of traditional Indian farming agroecosystems 
can be liked to “localized” marketing interventions through enabling marketing 
support. Transparent, accountable and inclusive governance mechanisms are 
necessary to create an enabling environment that supports producers to transform 
their systems following agroecological concepts and practices. Promoting commu-
nity supported agriculture (CSA); linking traditional farming with school feeding 
(MDM) and public procurement programmes; market regulations allowing for 
branding of differentiated agroecological produce, and subsidies and incentives 
for ecosystem services, etc. are some areas where a strong political will and policy 
support is required for sustainable farming and food systems.

Probable areas Job opportunities and policy support required

Organic farming • Production of organic agricultural inputs.

• Post-harvest farm - to - market supply chains.

• Linking organic farming to marketing interventions.

• Infrastructure development like cold stores to avoid 
post-harvest losses.

Agro-ecotourism • Linking ecotourism to traditional farming landscapes.

• Developing herbal farms, food parks, biodiversity parks, 
sacred grooves, fish farms, wild life parks, rural game 
parks in agricultural landscapes near to ecotourism sites.

• Training the local youths in hospitality management and 
environmental education.

Women-centric jobs, viz. embroidery, 
tailoring, weaving, patchwork, applique, 
handicraft, etc.

• Creating women-centric jobs by forming Self Help 
Groups (SHGs).

• Requisite skill development and making available all 
need-based equipment/resources at subsidized rates.

Management of Common Property 
Resources (CPRs)/ agroforestry species/ 
community forests

• Nursery raising and planting of agroforestry species.

• Planting diverse tree species and maintaining diverse 
economically important species at CPRs .

Sourced from: Bisht et al. [23].

Table 7. 
Probable areas/sectors where job opportunities at community level exist in small-holder Indian farming.
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Promoting Community-Supported Agriculture (CSA) Initiatives: In small 
holder Indian farming, CSA initiatives are considered a better approach for sustain-
able agricultural development [23]. Hence, CSA can gain and play a larger role 
on satisfying the local/regional nutritional and food needs, where consumers are 
becoming more concerned about the environment, health, and animal welfare, due 
to food scandals related to the industrialized and globalized food systems [79–81]. 
Also, alternative production systems such as organic agriculture, are distancing 
from its original ideology due to the high industrialization and long supply chains 
[82, 83]. Therefore, new and alternative arrangements bringing farmers and con-
sumers closer together and shortening supply chains, like farmers’ markets, farm 
shops, subscription box schemes, and CSA are supporting sustainable farming and 
consumption [84, 85].

Reinforcing solidarity, direct human relationships, mutual trust, small scale, 
and respect for the environment and life overall is key in the new economic and sus-
tainable models [86]. Most CSAs were initially based on vegetable production but 
a wide range of other agricultural produce is increasingly being covered now [87]. 
Therefore, the agroecological transition should strengthen and bring closer farmers 
and consumers to return to both production and food sovereignty, where farmers 
and consumers are empowered, autonomous, happy and where farmer’s key role in 
culture and society valued and recognized [88].

Linking traditional agriculture with school meal (MDM) programme: A 
crucial step in enhancing the nutritional standards of MDM in traditional farming 
agroecosystems of India, would be through the introduction of nutritionally rich 
local crops in the MDM menu [23].

Structured demand guarantees large yet predictable sources of demand to 
smallholder or marginal farmers, thereby giving them income security. A coopera-
tive model would be better as farmers would retain bargaining power in the supply 
chain. As for local schools in villages, the cooperatives themselves could supply 
the commodities based on the requirement, which is how it works in Brazil [89]. 
However, there is need of ensuring strict monitoring at every stage of procurement 

Linking organic farming to 
market-oriented initiatives

Actions at community level and policy support

Community Supported 
Agriculture (CSA) initiatives

• Facilitate forming village-level farmer cooperatives.

• Consolidation and pooling of farm land for collective farming.

• Awareness campaigns for popularizing the nutritional superiority of 
organically grown native crops among urban consumers.

• Mobilizing urban consumers become CSA members.

Linking organic food to school 
meal (MDM) programmes

• Empowering the local district administrations to make changes to 
menu of MDM served in government schools to suit the local tastes.

• Divert a substantial Ministry of Human Resource Development 
(MHRD) budget for local purchasing of native healthy food for MDM 
directly from small-holder native farmers.

Enhanced market access and 
value chain development for 
local plant food resources

• Make food-based approach as major initiative for household nutrition 
and health.

• Where there is no secure market for raw produce, build capacity of 
farmers for processing/packaging to enhance benefit from localized 
sale.

Sourced from: Bisht et al. [23].

Table 8. 
Linking organic farming to marketing interventions, community level actions and policy support.
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and payment. For a school meal scheme to be a success for both children and 
farmers, like Brazil’s PNAE, existing structural loopholes in both the education and 
agricultural sectors have to be plugged [90]. Eventually, such contracts could also be 
extended from school meals to include public colleges, offices and hospitals.

Enhanced market access and value chain development for local plant food 
resources: Enhanced “localized” market access and value chain development 
for local plant food resources can be an important initiative, making traditional 
agriculture in Indian agroecosystems sustainable [23]. The native crops from 
traditional farming areas have a greater potential for value chain development and 
other marketing interventions. There is enough scope for development of local and 
distant markets in which traditional varieties command a price premium. With 
enhanced awareness about the nutritional importance of local crops in the commu-
nity, in well-functioning markets, the native crop landraces can be competitive and 
have enough potential to provide commercial opportunities fetching a premium 
price (Table 9).

Off-farm employment for rural youth at community level: Farm and non-
farm employment opportunities at community level for rural youths is considered 
very vital to bring sustainability in agricultural production [23]. Policies that help 
to generate part-time, farm and non-farm employment at community level in rural 
areas can, therefore, help sustain small farms. Organic farming; agro-ecotourism; 
women-centric self-help groups (SHGs) for several non-farm jobs viz. embroidery, 
tailoring, weaving, patchwork, applique, handicraft, etc., and community man-
aged agroforestry/forestry interventions can generate enough jobs for rural youths 
for year-round employment. Non-farm income already accounts for a significant 
proportion of household income in rural India [91]. Hence, the Mahatma Gandhi 
National Rural Employment Guarantee Act (MNREGA) of India, aimed at enhanc-
ing livelihood security in rural areas at the community level for reducing out-migra-
tion of rural youth in search of off-farm employment elsewhere, but the scheme 
often failed due to misappropriation and subversion of funds in many states [24].

Promoting food-based approach towards community nutrition and health: 
Food-based approach towards community nutrition and health under overall 
eco-nutrition framework, needs to be promoted [92–94]. An econutrition model 
has been suggested for a healthy human nutrition that can be best achieved by an 

Agroecology Organic crops with high marketing potential

Hill & 
mountain

Common bean (Phaseolus vulgaris), soybean (local black-seeded, Glycine max), black 
gram (Vigna mungo), horse gram (Macrotyloma uniflorum), finger millet (Eleusine 
coracana), barnyard millet (Echinochloa frumentacea), buckwheat (Fagopyrum spp.), 
amaranths (Amaranthus spp.), aromatic (including basmati) and red rice (Oryza sativa).

Hot arid Coriander (Coriandrum sativum), fennel (Foeniculum vulgare), fenugreek (Trigonella 
foenum-graceum), mung bean (Vigna radiata), pearl millet (Pennisetum glaucum), sesame 
(Sesamum indicum).

Central tribal 
plateau

Sharbati wheat (Triticum aetivum); durum wheat (Triticum durum), pigeonpea (Cajanus 
cajan); Kodo-Kutki (Paspalum scrobiculatum and Panicum sumatrense); Basmati/aromatic 
rice (Oryza sativa), and organic cotton grown in different parts of central plateau region 
are in great demand nationally/ internationally.

North-
eastern 
region

Joha (aromatic) rice (Oryza sativa), ginger (Zingiber officinale), turmeric (Curcuma 
longa), chili (Capsicum spp.), oranges (Citrus spp.), black pepper (Piper nigrum) and 
pineapples (Ananas comosus).

Sourced from: Bisht et al. [24].

Table 9. 
Organically grown crops with high marketing potential grown in some Indian agroecosystems.
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approach to agriculture that is biodiverse. Integrating environmental and human 
health, focusing especially on the many interactions between agriculture, ecology, 
and human nutrition are being explored [95, 96]. A more radical transformation of 
agriculture will be required for development of sustainable agriculture by ensuring 
that ecological change in agriculture is only possible with comparable changes in the 
social, political, cultural, and economic arenas that help determine agriculture.

An inter-disciplinary collaboration is required to define priority research 
questions to co-deliver economic, environmental and health goals [97]. Food-based 
solutions to hunger, malnutrition and poverty are of global concern and must be 
addressed if food and nutrition security is to be achieved in a sustainable manner 
[98]. According to the HLPE [99], “A sustainable food system (SFS) is a food system 
that delivers food security and nutrition for all in such a way that the economic, 
social and environmental bases to generate food security and nutrition for future 
generations are not compromised”.

Promoting indigenous food sovereignty: Food sovereignty prioritizes local 
and national economies and markets and empowers peasant and family farmer-
driven agriculture, artisanal fishing, pastoralist-led grazing, and food production, 
distribution and consumption based on environmental, social and economic 
sustainability [100].

In traditional Indian agroecosystems, without any formal interventions, 
food sovereignty exists de facto. Re-introduction of indigenous food production 
practices will help restore food sovereignty to native communities [101]. The food 
sovereignty initiatives, world over, are community-led. There are reports that many 
tribal communities in USA, for example, are regaining control of their food supply, 
they are growing traditional foods and collaborating with the federal government to 
retain rights for hunting and gathering [102].

The subsistence farming agroecosystems of India are expected to set the stage 
for future research that demonstrates how the local foods contribute to a sustainable 
agriculture–food–nutrition strategy. In India, there is no formal awareness about 
indigenous food sovereignty movements and no formal partnerships with native 
farming communities doing their part to address the challenges linked to ensur-
ing indigenous food sovereignty. Formal Food Sovereignty Alliances need to put 
the traditional farming communities at the centre of decision-making on policies, 
strategies and natural resource management [103, 104].

3.10 Circular and solidarity economy

Circular economy is based on the principles of eliminating waste, continued use 
of resources and regenerating natural systems [105]. The solidarity economy refers 
to a wide range of economic activities that prioritizes social profitability over purely 
financial profits.

As per a recent tentative estimate by an Environmental Research and Action 
Group “CHINTAN” (www.chintan-india.org/sites/default/files/2019–09/ Food%20
waste%20in% 20 India.pdf), about 40% food produced in India is wasted. Despite 
adequate food production, it has been reported by the UN that about 190 million 
Indians remain undernourished. It is further estimated that the value of food wast-
age in India is around ₹92,000 crores (13,000 million USD) per annum. These are 
some bleak statistics, but they help us realize the magnitude of the problem of food 
waste, as much as inequity, in India. A substantial food waste along the food chain, 
accounting for more than 30% of the agricultural production, is also a big concern 
at the global level [106].

Prioritizing local markets and supporting local economic developments by creat-
ing virtuous cycles, agroecology seeks to reconnect producers and consumers through 
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a circular and solidarity economy [107]. Agroecological approaches help create more 
equitable and sustainable markets by promoting fair solutions based on local needs, 
resources and capacities. Shorter food circuits strengthen better producer-consumer 
linkages. It can increase the incomes of food producers while maintaining a fair price 
for consumers [107]. These include new innovative markets [108, 109] alongside more 
traditional territorial markets, where most smallholders market their products.

Regenerative agriculture is already gaining momentum in India. Application of 
circular economy principles is likely to make agricultural production more regen-
erative, creating a more diverse and resilient food system; preserving the integrity 
of the natural systems, and supporting rural livelihoods and incomes [110].

A broad range of circular economy opportunities exists for India to consider 
when shaping the future of its food system and agricultural activities until 2050. By 
capturing these opportunities, India could build a food and agricultural system that 
leverages the current small-farm structure to create a network of farmers, symbiotic 
in their practices and committed to regenerative approaches.

With on-going COVID-19 pandemic, it has forced us to revisit the way we tend 
to modify our agricultural practices. We need to sustain out food and nutritional 
security, farming with new technological developments vis-à-vis traditional 
agroecological methods need to be merged. In short, learnings from the past need to 
be married with the present practices while eyeing the future.

Kumbamu [111] critically examines and analyses place-based as well as network-
based strategies of alternative development organizations that claim to be building 
sustainable social and solidarity economies (SSE) in the political context of neolib-
eral globalization. While the Indian state and market forces are actively promoting 
the neoliberal agri-food system, alternative development organizations are working 
with farmers to build the SSE based on the principles of democracy, inclusiveness, 
reciprocity, cooperativism, and socioecological sustainability. Using a case study 
approach, the article analyses how SSE initiatives are aiming to reclaim control 
over the local agri-food sector. Specifically, the article examines how community 
development organizations mobilize farmers based on the principles of agroecology 
and the politics of seed and food sovereignties.

4. Conclusion

Agroecosystem management is at a crossroads today. The challenge that modern 
agriculture is presently facing is not to increase productivity but to strengthen the 
resilience of our food production in the face of ever increasing stress on the system. 
The major long-term trends and challenges faced, as highlighted in the FAO [75] 
report, will determine the future of food security and nutrition, rural poverty, the 
efficiency of food systems, and the sustainability and resilience of rural livelihoods, 
agricultural systems and their natural resource base.

With the present global climate change and the dwindling natural resource base, 
it will be difficult to continue growing food in a way that will support the future 
human generations. This is where agroecology comes in, which is the founda-
tion of sustainable agriculture and the best path forward for feeding the world. 
Agroecology provides robust set of solutions to the environmental and economic 
problems for design and management of sustainable farms.

The agroecological approach specifically aims to transform agriculture to build 
locally relevant food systems that strengthen the economic viability of rural areas 
based on short marketing chains, and both fair and safe food production.

Increasing dependence on hazardous pesticides and other purchased chemical 
inputs will degrade soil, pollute water and threaten the essential ecological services 
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to agriculture. By shifting farming policies and practice to embrace agroecology, we 
can create a food system - one rooted in productivity, resilience, equity and sustain-
ability to sustain this and future human generations.

Traditional farming practices as adopted by small holder Indian farming com-
munities in different agroecosystems showcase a better way forward that recognizes 
multifunctional dimensions of agroecological approaches to agriculture including 
use of locally available resources and indigenous knowledge and practices. The 
de facto organic biodiverse agriculture of different traditional Indian production 
landscapes demonstrates a bottom-up, grassroots paradigm for sustainable rural 
development empowering native farmers to become their own agents of change. 
This has power to protect and improve rural livelihoods, equity and social well-
being, considered essential for sustainable food and agricultural systems.

As agroecology requires a whole-systems approach based on traditional knowl-
edge, alternative agriculture and local food system experiences, blending modern 
science with farmers’ experiential knowledge is considered important for enabling 
agricultural innovations. Agricultural innovations respond better to local challenges 
when they are co-created through participatory processes. The local food movement 
and year-round employment opportunities for rural youth are key components to 
help bring about the much needed transformation to agroecological farming and 
food systems. Making agriculture more environmentally, socially and economi-
cally sustainable will, in turn, lead to overall rural development, critical to shifting 
India’s rural farmers out of poverty.
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Agroforestry System of Ethiopia
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Abstract

A woody plant functional trait that directly affects its fitness and environment 
is decisive to ensure the success of an Agroforestry practice. Hence, recognizing 
the woody plant functional traits is very important to boost and sustain the pro-
ductivity of the system when different plants are sharing common resources, like 
in Agroforestry system. Therefore, the objective of this paper was to understand 
how woody plant functional traits contribute to sustainable soil management in 
Agroforestry system and to give the way forward in the case of Ethiopia. The contri-
bution of woody plant species in improving soil fertility and controlling soil erosion 
is attributed by litter accumulation rate and the season, decomposability and 
nutrient content of the litter, root physical and chemical trait, and spread canopy 
structure functional trait. However, spread canopy structure functional trait is 
used in coffee based Agroforestry system, while with management in Parkland 
Agro forestry System. Woody species of Agroforestry system added a significant 
amount of soil TN, OC, Av.P, K, Na, Ca, and Mg nutrients to the soil. Woody plant 
species of Agroforestry system and their functional traits are very important to 
ensure sustainable soil management. Thus, further investigation of the woody plant 
functional traits especially the compatibility of trees with cops is needed to fully 
utilize the potential of woody species for sustainable soil management practice.

Keywords: woody plant, functional trait, sustainability, soil fertility, soil erosion, 
agroforestry system

1. Introduction

Woody plant functional trait, morphological-physiological-phenological 
characters that measured at an individual level and directly affects its fitness [1] 
and environment [2] is decisive to ensure the success of the Agroforestry practice. 
Agroforestry is indicated to be a prominent strategy to address land degradation, 
food security, and climate change challenges in Africa in general and in Ethiopia in 
particular too [3]. This is due to Agroforestry is a dynamic, ecologically based, natu-
ral resource management system that, through the integration of woody plants in 
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farm- and rangeland, diversifies and sustains smallholder production for increased 
environmental, economic and social benefits [4].

Land degradation is a common environmental problem in Ethiopia for many 
years back to date due to the natural capital of the land resource is declining from 
time to time [5–7]. The primary reason of land degradation is land exploration for 
agricultural purpose to feed the ever increasing population [5, 6, 8] and predicted 
to be continued with the current trend [9]. As a result, soil erosion, droughts, loss 
of biodiversity and food insecurity are challenging the daily life of the rural popula-
tion in Ethiopia [10, 11].

Therefore, integrated land use system such as Agroforestry system is very essen-
tial to combat land degradation and its consequences like soil degradation to ensure 
sustainable use of resources [12]. Hence, recognizing the woody plant functional 
traits are very important to boost and sustain the productivity of the system when 
different plants are sharing common resources like in Agroforestry system [13]. The 
canopy feature of woody plants, the height, diameter, specific root length and leaf 
area are among others refer to the morphological traits while the internal process 
and chemical composition of the woody plant denotes to physiological traits of the 
plant [14]. Phenology of woody plant species defines the timing of different phases 
of life cycle such as leaf shading and re-growing, flowering, fruiting and seed dis-
persal [15, 16]. Thus, these functional traits of woody plants in Agroforestry system 
are the core feature in supporting sustainable soil management. Wherein sustain-
able soil management refers to an optimum level of field soil health and productive 
capacity to provide ecosystem services such as provision of clean water, hydrologic 
and nutrient cycling, habitats for microorganisms and mesofauna, carbon seques-
tration, and climate regulation [17].

Hence, Agroforestry systems provide different ecosystem services. Different 
researchers confirmed that Agroforestry systems in Ethiopia endowed with highly 
diversified woody species [18–20]. The woody species diversity in Agroforestry 
system have indispensable role of natural forest conservation [21] as the farm-
ers use woods from the Agroforestry system than natural forest. Moreover, the 
Agroforestry practices are central for keeping biodiversity and soil fertility at 
levels which are similar to the natural forest [22]. Research from Southern Tigray 
in Ethiopia indicates that Agroforestry practice has decreased soil erosion of the 
area [23]. However, how woody plants’ functional traits support sustainable soil 
management has not been explored and reported in detail. Thus, in this review, 
how woody plants’ functional traits support sustainable soil management in the 
Agroforestry system are discussed from soil fertility improvement and soil erosion 
control perspectives.

2. Woody plant functional traits and sustainable soil management

2.1 Above ground woody plant trait

Woody plants improve soil fertility and control soil erosion through their litter, 
canopy and root systems [24]. Ref. [25] holds a similar opinion when he states that 
from litter perspectives, 100% of the respondent from Jabithenan District, North-
Western Ethiopia confirmed that Home garden Agroforestry system produce higher 
litter stock from weeds, grasses, and tree leaves than non-tree system. A similar 
finding by [26] reveals that in West Guji Zone, South Ethiopia, farmers noted that 
tree species that sheds its leave before the onset of rain and can easily decomposed 
are integrated in to farm land to increase the soil fertility. For example, Faidherbia 
albida and Ziziphus mucronata tree species are special fertilizer trees used to integrate 
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on cropland in the parkland Agroforestry system [27]. These trees shed their leaves 
before the onset of rain and regrow their leaves and flower during dry season [28]. 
Ref. [29] state that majority of trees contribute leaf litter fall to the system in the 
dry season. Ref. [30] holds a similar opinion when he states that litter accumulation 
rate and season of the leaves fall, the decomposability of woody plant leaf are very 
important aspects of functional trait for improving soil fertility of the system.

Regarding to canopy, [31] state the shape of the canopy of the woody plants and 
the size of the leaves are very crucial in minimizing soil erosion rate. Their major 
findings reveal that in the case of Bonga and Yayu-Hurumu districts, Southwestern 
Ethiopia, 98.2% of respondents preferred woody plants with thin and small leaves 
in decreasing the intensity of soil erosion than broader and larger leaves as cof-
fee shade. Additionally, spreading canopy nature of woody plants can reduce the 
energy of raindrops by intercepting rainfall than narrow one. Hence, protecting the 
soil surface against the impact of rainfall drops by intercepting runoff [32].

However, [28] states that trees such as Cordia africana, Croton macrostachyus, 
Acacia etbaica, Ficus thoninngii, Sesbania sesban and Leucena leucocephala has an 
adverse shade effect on crop production and managed through pruning to be used 
on agricultural land. In the parkland Agroforestry system, trees like Cordia afri-
cana, Croton macrostachyus, and Acacia tortilis have generally a negative effect on 
total aboveground biomass and grain yields of Maize in the case of Meki and Bako, 
Ethiopia [33]. Ref. [34] show that wheat is the most compatible crop when inte-
grated with Acacia albida under shade conditions followed by maize, while teff is 
highly susceptible to shading effect pointing the importance of lopping to minimize 
shade effect. Similarly, conventional agriculture with trees highly reduces crop yield 
in the equatorial savannah of East Africa [35].

Concerning tree phenology of leaf fall and flowering period of woody plants, 
[36] indicated that farmers especially women, have limited knowledge. Their 
finding also reveal that farmers have better knowledge on fruiting time of edible 
fruit tree species because it is related to their income generation for Lemo District in 
SNNPR Region.

2.2 Below ground woody plant trait (root trait)

From root morphological trait perspective, uses of mixture of plant species are 
advised on sloppy areas for soil and water conservation practices [37]. However, 
research in South Ethiopia, indicates that Salix subserrata is promising plant species 
for slope stabilization because it shows better root mechanical properties and has 
better root cohesion [38]. Nitrogen fixing ability of woody plants is the root chemi-
cal trait that centrally considered while integrating trees and shrubs in Agroforestry 
system to improve the soil nutrient [30, 39, 40]. Though tree species are used to 
improve soil fertility and combat soil erosion, there is limited knowledge regarding 
the root attribute of the woody plant species in the case of Ethiopia due to limited 
laboratory and well skilled manpower on the area [41, 42].

However, the belowground functioning of Agroforestry systems is still lacking, 
because numerous and complex site-specific interactions and trade-offs are at play 
[43]. For example, [44] state that the existence of F. albida tree highly improved N 
and P use efficiencies, leading to pointedly higher grain yields in wheat in the case 
of Mojo, the Central Rift Valley of Ethiopia. In contrast to this, Gravilia robust (G. 
robusta) (in Bugesera, Rwanda) and Acacia tortilis (A. tortilis) (in Meki, Ethiopia) 
trees lowered nutrient use efficiencies in maize, leading to significantly less maize 
grain yields compared with open fields receiving the same fertilization [44]. The 
research done on the effect of F. albida and A. tortilis on yield and biomass of wheat 
grown under canopies of both trees in Bora district Central Rift-valley, Ethiopia 
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by [45] pointed out significant difference in nutrient availability between under 
canopy and open plot leading to greater grain yield under the canopy. The effect of 
the F. albida (Del) and C. macrostachyus (Lam) tree species on soil fertility parame-
ters as well as grain yield of maize was significantly higher within the canopy of the 
tree than outside of the canopy in the case of umbulo Wacho watershed, southern 
Ethiopia [42]. Furthermore, [46] reported higher grain yield of sorghum (Sorghum 
bicolor) under canopy of Faidherbia albida Delile and Cordia Africana Lam trees 
species as compared to the open field in East Hararghe Zone, Oromia National 
Regional State; Ethiopia. Since these trees have the potential to improve soil fertility 
and moisture under its canopy. Ref. [47] also indicate yield of sorghum is signifi-
cantly higher under the F. albida canopy than away from in the Tahtay Maychew 
district, central zone of Tigray region in the Northern part of Ethiopia.

The positive impact of trees on yield may be attributed by different factors. 
For example, there is higher Arbuscular Mycorrhizal Fungi under and at the 
periphery of the F. albida canopy than away from it and inhibit the growth and 
development of striga which is an obligate root hemi-parasitic weed of maize and 
sorghum [47]. Ref. [48] hold the same view when they state that an agroforestry 
system has increased abundance of soil bacteria and fungi and soil-N-cycling genes 
than monoculture cropland and open grassland. Other approach to minimize the 
negative effect of trees on crop yield is management. For instance, repeated tillage 
and weed management tended to minimize the negative impact of trees on crops, 
underlining the importance of agronomic practices that minimize competition 
between trees and crops for belowground resources [33].

Regarding to water use between trees and crops, [49] show that there is higher 
soil infiltrability under single trees than in the open areas indicating a positive 
impact of trees on soil hydraulic properties influencing groundwater recharge. 
Further, [50, 51] indicate the occurrence of plant hydrologic niche segregation 
in the agroforestry system suggesting weak competition for water between the 
components of the system. In coffee based Agroforestry system, [52] reported 
the coffee water uptake is mainly sustained from shallow soil sources (< 15 cm 
depth), while all shade trees relied on water sources from deeper soil layers (> 15 to 
120 cm depth).

Concerning to allellopathic effect, different woody plant species produce different 
chemicals with allelopathic contents such as benzoic, cinnamic and phenolic acids, 
which have the potential to inhibit neighboring plants either positively or negatively 
depending on their concentrations [53]. The potential allelopathic effect of different 
Agroforestry tree species on Ethiopian main crops was studied in different parts of 
the country by different authors. For instance, the study conducted by [54] on the 
effects of four woody species on seed germination, radicle and seedling growth of 
four main Ethiopian crops namely; Cicer arietinum (chickpea), Zea mays (maize), 
Pisum sativum (pea) and Eragrostis tef (teff) reveals that Aqueous leaf extracts of all 
the tree species significantly reduced seedling growth, germination rate and radicle 
growth of the majority of the crops. Other studies conducted in the country also illus-
trate the effect of different woody species on different crops. For instance, chemical 
extracted from Eucalyptus grandis and Eucalyptus camaldulensis reduces germination 
rate, collar diameter, root length, and shoot length of Haricot Bean and Maize [55]. 
Ref. [56] reported also chemical extract from Prosopis juliflora reduces radicle and 
plumule length, Z. mays, Panicum maximum, Chloris gayana, Gossypium hirsutum. 
The adverse effect of chemicals from woody plant species on yield components like; 
shoot length, root length and collar diameter of crops significantly reduce the yield of 
the crops. In reverse to these studies, study conducted by [57] shows that, chemicals 
extracted from Gravellia robusta and Casuarina equisetifolia have stimulatory effect on 
the germination and radicle growth of Wheat and Maize.
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3. Role of woody plants in soil fertility enhancement

Trees have impressive potential to improve soil fertility and forbid soil erosion in 
land management like farmland and watershed management [58–61]. For example, 
benefits of farmland woody plant species in the case of Northwestern Ethiopia are 
tremendous and soil fertility enhancement and management role indicates 35.14% 
among other benefits [62].

Dispersed trees on smallholder farms enhance soil fertility. For instance, research 
done in Tigray region reveals that Dalbergia melanoxylon woody species added a 
significant amount of nutrients to the soil indicating a negative linear relationship 
between the radial distance of the woody species and soil total nitrogen (TN), 
organic carbon (OC) and available phosphorus (AvP) contents (see Table 1) [60]. 
Ref. [42] investigated also a negative linear relationship between the radial distance 
of the woody species and soil TN, OC, and AvP contents for F. albida and C. mac-
rostachyus. Ref. [64] shows that Sesbania sesban tree is also significantly (P < 0.05) 
improves soil TN, OC, Av.P, potassium (K), sodium (Na), calcium (Ca), and magne-
sium (Mg) of degraded lands from Lemo District, Hadiya Zone, Southern Nations, 
Nationalities and Peoples’ Regional State (SNNPR) (see Table 1). Ref. [63] share a 
similar opinion when they state that higher K and Mg soil nutrients are observed 
under Ficus vasta and Albizia gummifera trees, compared with open fields, in park-
land Agroforestry in central rift valley of Ethiopia (see Table 1).

Likewise, [66] states Acacia abyssinica specie is the most common in the crop-live-
stock farms in Borodo Watershed, Central Ethiopia because of its capacity to improve 
soil fertility and provide another service as well. According to the experience of 
farmers from highlands of the Kembatta zone, in the SNNPR, Ethiopia, Erythrina 
spp. and Vernonia amygdalina tree species are commonly grown in the hedges to 
improve soil fertility [67]. According to the Farmers’ experience in Adola Rede 
District, Guji Zone, Southern Ethiopia, Ficus sur and Cordia africana tree species are 
found to be the most preferred coffee shade tree species for soil fertility improvement 
in the first and second rank respectively. Furthermore, the soil laboratory analyzed 
results indicates that soil chemical properties under canopy of both Ficus sur and 
Cordia africana shade tree species are in line with farmers’ rank of shade tree prefer-
ences based on soil fertility improvement character (see Table 2) [65]. This is due 
to higher organic matter input through litter fall, root biomass, uptake and return 
of nutrients from deeper soil profiles under the tree canopies [68]. Furthermore, 
regulating services of trees on parklands are the protection of the soil against wind 
and water erosion, reduction of temperature through their shade as well as support-
ing services through improvement of soil fertility [69].

4. Role of woody plants in soil erosion control

Regarding to soil erosion control, biological soil and water conservation 
measures like tree and shrub planting are used to strengthen physical structures. 
The strengthened physical structure enabled to stabilize soil along the physical 
structures and to reduce the speed of surface runoff, henceforth increasing the 
infiltration rate of soil [70, 71]. Tree species that commonly being planted along soil 
and water conservation structures such as bunds and trenches namely are Croton 
machrostachyus, Acacia abyssinica, Sesbania sesban and Vernonia amygdalina [70]. 
Sesbania sesban species is the farmers’ most preferred woody plant for planting in 
soil bund in the semi-arid sites in Oromia, Ethiopia while Leucaena leucocephala 
and Sesbania sesban are in the sub-humid sites of the same region [72]. Additionally, 
Acacia abyssinica (37%) and Fiaderbia albida (30%) were the top woody species that 
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practiced by farmers for soil conservation purpose in West Hararghe Zone, Oromia 
National Region State, Ethiopia [27].

5. Conclusions and recommendations

Woody plants of Agroforestry system improve soil fertility and forbid soil 
erosion from farmlands/water shade. Therefore, integration of woody plants on 
farming system based on the functional trait of woody plant is crucial to sustain soil 
management benefits of woody plants in Agroforestry systems.

Based on this review, the following are recommended to researchers to undertake 
study and policy makers to design agroforestry system that enable farmers to fully 
utilize the woody plant species potential in the Agroforestry system from functional 
trait point of view to achieve sustainable soil management practice in Ethiopia.

5.1 For researchers

1. Woody plant phenology such as leaf fall and re-growing and flowering seasons 
should be clearly investigated as per the Agro ecology because tree phenology 
is differing per Agro-ecology of the country. There is also lack of clear data on 
the phenology of major agroforestry woody plant species.

2. Woody plants’ litter decomposability and their chemical compositions should 
be investigated further. Similarly, [73] recommend the importance of woody 
plants’ litter decomposability and their chemical compositions analysis 
because litter quality is one among various factors which affects soil fertility 
based on its type and chemical contents.

3. The root system of woody plants used for soil and water conservation practice 
should be investigated.

4. The significance of the use of single species versus multiple species for soil 
nutrient improvement and soil erosion control should be evaluated.

5. Tree management practices of Parkland Agroforestry system to increase 
crop yield.

5.2 For policy makers

Woody plant functional traits should be considered when policy is designed to 
ensure sustainable soil management benefits of woody plants while introducing 
Agroforestry technologies.

Species Sample 
plots

Chemical properties of soil, Exchangeable base (Meq/100 g soil) References

Na K Ca Mg OC% TN% AvP 
(ppm)

Ficus sur CN — 2.27a ± 
0.95

— — 6.49a ± 
1.31

0.67a ± 
0.15

7.52a ± 
1.87

[65]

Cordia 
africana

CN — 1.05b ± 
1.15

— — 4.51b ± 
1.15

0.49b ± 
0.09

4.58b ± 
0.85

a,bMeans followed by different letters are significantly different.

Table 2. 
Comparison of the impact of woody plant species on chemical properties of soil in the case of Ethiopia.
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Chapter 10

Soil Biodiversity as a Key Sponsor
of Regenerative Agriculture
Mulugeta Aytenew

Abstract

Increasing knowledge and literacy around soil biodiversity is essential to
discover and implement biological solutions for the discouraging challenges people
face in agriculture and human wellbeing. Therefore, this review was done to get an
insight into the awareness and understanding of the contribution of soil biodiversity
to regenerative agriculture. The review was done by referring to the latest different
research findings; reports, working guidelines, as well as knowledge shared from
different soil biodiversity conferences and webinar discussion points. The review
disclosed that to meet the increasing demand for food for the ever-increasing global
population and the 2030 sustainable development goals, regenerating the already
degraded lands through regenerative agriculture principles and practices is vitally
important. The findings and report documents showed that soil biodiversity facili-
tates the regenerative agriculture system as soil organisms are using as soil health
improvement machines, a remediates for soil and water pollution, a fertilizer,
pesticide, as a means of carbon sink, and used in the pharmaceutical industry to
discover new drugs and vaccines for animal and human health. Moreover, the meta-
analysis publicized that the consideration and use of soil biodiversity in the regen-
erative agriculture system have promising results although little is known about the
role of those soil organisms in the ecosystem due to the presence of knowledge gap
and complexity of relationships in the soil system. Therefore, furthermore, atten-
tion should be given to the discoveries of soil biodiversity to use them as a natured
based solution for regenerative agriculture in the 21st century and to meet the 2030
sustainable development goals.

Keywords: Bio-fertilizer, Soil biodiversity, Ethiopia, Holistic systems approach,
Nature-based solution

1. Introduction

Agriculture is a soil-based industry that is heavily burdened to feed the increas-
ing global population. And soil has been described as “the fragile living skin of the
Earth”, but yet both its aliveness and fragility have often been ignored in the
expansion of agriculture across the face of the globe [1]. Since it is a pivotal com-
ponent in a global nexus of soil, water, air, and energy, how we treat the soil can
impact massively on agriculture and climate change. Soils constitute one of the
largest reservoirs of biodiversity on Earth and soil organisms are the source of key
ecological functions and services that support agriculture, including soil conserva-
tion, water cycling, pest and disease regulation, carbon sequestration, and nitrogen
fixation [2].
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Currently, sustainable agriculture which is expressed as “industrialized agricul-
ture” [3] relies on monoculture cropping, increasing use of mechanization, the
application of synthetic fertilizers, pesticides, and herbicides, along with liberal
government subsidies. Although this approach can be considered successful, in that
it has managed to feed a massively rising human population [4], a range of envi-
ronmental and social burdens have also been incurred, including erosion, soil
nutrient depletion and contamination; loss of water resources and biodiversity, loss
of forests and desertification; human labor abuses; and naturally the decline of the
traditional farming practices.

In Ethiopia, one of the most singly destructive factors in farming is land resource
degradation [5]. Almost all the land resource balances in Ethiopia show a soil
nutrient deficit, water and soils are eroded, forests are depleted, wildlife and bio-
diversities are disturbed; representing a loss of yield and quality for consumption
and causes climate change. Once the land becomes degraded, fertility and health of
the soil are lost; farmers suffer extreme losses in very low yields on their farms.
Such losses are projected in an environment sensitive to climate change, cost of
living, and starvation. Hence, urgent steps are needed to avoid this and regenerate
the depleted resources.

Therefore, there is no need of sustaining the already degraded land resources,
rather regenerating them and formulating sustainable agriculture. The agricultural
revolution in Ethiopia is wishing for effective solutions which are fundamental to
land management and agricultural practices. Regenerative Agriculture which
defined as “a holistic systems approach to agriculture that encourages continual on-farm
innovation for environmental, social and economic wellbeing and improves the land
resources it uses, rather than destroying or depleting them [6, 7] is crucial for successful
land management and agricultural practices.

Regenerative agriculture at its core has the intention to improve the health of soil
or to restore highly degraded soil, which symbiotically enhances the quality of
water, vegetation, and land productivity [8, 9]. Essentially, regenerative agriculture
depends upon soil biodiversity and there may be no soil biodiversity without prac-
tices of regenerative agriculture; they have evolved together. By using methods of
regenerative agriculture, it is possible not only to increase the amount of soil organic
carbon in existing soils but to build new soils through attenuate the rate of soil
erosion, restoration of the soil food web, improvement of soil fertility, and the
activities of plants, animals, insects, fungi, bacteria, and humans too, all play a part
in the formation of soil [1]. Hence, for the future scenarios challenging the agricul-
tural sector such as soil degradation, increasing food demand, climate change, water
scarcity, global soil biodiversity education and consideration of soil biology as a long
term solution is needed to realize the full benefits of regenerative agriculture and
respond to the needs of farmers and consumers relating to agriculture and land
management.

Similarly, soil biodiversity plays a role in the formation of soil and enhances the
ecosystem functions, services [10], and intern production and productivity of
regenerative agriculture. Thus, this would lead to the consideration of soil biodi-
versity (activities of plant roots, animals, insects, fungi, bacteria… ) as nature-based
solutions in the restoration of the soil food web, improvement of soil health and
fertility, agricultural productivity, while locking-up carbon from the atmosphere.

Increased education and awareness are key strategies in ensuring that soil biodi-
versity is no longer out of sight, out of mind. As agricultural soils are under threat,
there is a need to promote interactions between scientists, policymakers, and the
general public to transfer and implement scientific findings of the benefits of soil
biodiversity and ways to restore and conserve it [11]. These organizations and
Elizabeth et al., [12] also asserted that soil biodiversity is critical for soil functioning
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and plant production but has been largely ignored in global, regional, and national
policies that address land management, food security, climate change, loss of bio-
diversity, and desertification.

And finally, increasing knowledge and literacy, and passion, particularly around
soil biodiversity is essential to draw on the diverse community of stakeholders
required to discover and implement biological solutions for the daunting challenges
people face in climate change, agriculture, ecosystem restoration, environmental
pollution, and human health. Once more, this review is the place to get awareness
and understanding of the contribution of soil biodiversity to regenerative
agriculture.

2. Methodology

The review was done by a literature search and document sourcing using an
online search in major websites that provide access to scientific research, like
Research Gate, Science Direct, and Google Scholar to referring different research
findings; reports, and working guidelines, as well as knowledge shared from differ-
ent soil biodiversity conferences and webinar discussion points. Besides, citations in
key papers were followed to identify additional relevant Articles and synthesize
relevant peer-reviewed articles and related literature. Hence, it may represent a
general diversity of regions and nations and provides a wealth of principles, exam-
ples, actions, and solutions to bring soil biodiversity into the light of regenerative
agriculture.

3. Contribution of soil biodiversity for regenerative agriculture

3.1 Regenerative agriculture: overview

Current conventional farming methods are resulting in the loss of fertile soil and
biodiversity. According to Maria-Helena Semedo of the FAO, as cited by Chris [13],
the world could run out of topsoil in about 60 years if we continue at current rates
of soil destruction, as now about a third of the world’s soil has already been
degraded. This affects the earth’s ability of food production, water filtering, carbon
absorption, and farmers will no longer have enough arable topsoil to feed the
growing world population. There might be a duty to transit towards regenerative
agricultural practices.

Regenerative Agriculture is a system of farming principles and practices that
increases biodiversity, enriches soils, improves watersheds, and enhances ecosys-
tem services. The regenerative farming approach focuses on restoring soils that
have been degraded by the industrial agricultural system. Its methods promote
healthier ecosystems by rebuilding soil organic matter through holistic farming and
grazing techniques. It enables the regeneration of land resources through the resto-
ration of vegetation in a farm landscape using a high diversity of both annual and
perennial crops [14, 15]. Moreover, it considers potential environmental and social
impacts by eliminating the use of synthetic inputs and replacing them with site-
specific management practices that maintain and increase long-term soil health,
employment opportunities, and mitigation and adaptation to climate change.

André Leu [16]who is the international director of Regeneration International claims
that transitioning 10–20% of agricultural production to the best practice of regen-
erative systems (Biologically Enhanced Agricultural Management) will sequester
enough carbon dioxide (2.3 ppm of CO2 per year) to reverse climate change and can
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change agriculture from being a major contributor to climate change to becoming a
major solution. There is broad agreement that most regenerative agriculture prac-
tices are good for soil health and have other environmental benefits [17, 18].

Among the regenerative agriculture principles, No-till reduces soil erosion and
encourages soil water infiltration [19]. Cover crops do the same, and can also reduce
water pollution and contribute to reducing soil organic matter losses [20]. Diverse
crop rotations can lower pesticide use [21] and reduce environmental pollution [22].
Focuses strongly on the environmental dimension of sustainability, which includes
themes such as enhance and improve soil health, optimize resource management, alle-
viate climate change, improve nutrient cycling and water quality and availability,
articulated by improving soil health through soil biological activities [23].

In the experimental research of La Canne and Lundgren [24], regenerative corn
fields generate nearly twice the profit of conventionally managed cornfields. Simi-
larly, their finding discloses the insecticide-treated cornfields had higher pest
abundance than untreated, regenerative cornfields. Reports from Burgess et al. [25];
IPCC [26] and Lunn-Rockliffe et al. [27] have stated the fundamental importance of
transitioning to more regenerative agriculture methods if the world needs to meet
its climate change targets, food security demands, protect farmland and build a
healthier food system.

For the goal of agricultural development in 3rd world countries, the future
agricultural production systems should be designed to take better advantage of
production resources found on the farm [28, 29]. While most of the regenerative
and organic markets are in developed countries, developing countries like Ethiopia
are becoming important suppliers, as regenerative agriculture practices are partic-
ularly suited for the conditions of their farmers, especially smallholders living in
rainfed areas. However, yet Government agencies in developing countries cannot
often make the corporate sector responsible for agricultural development and for
preventing harm to the environment. According to reports made by EPAT [30],
pesticides that are illegal in Europe are commonly applied throughout sub-Saharan
Africa, owing to the industry’s open-door pesticide policy. Farmers in resource-
constrained and low potential areas of Ethiopia traditionally use few external inputs
[31, 32] but many of the environmental, social, and economic benefits of land
management, which translate into ecological intensification, are hampered by a lack
of appropriate regenerative agriculture knowledge and skills.

Therefore, by understanding and implementing regenerative agriculture; con-
sidering soil biodiversity; the farming community will benefit from enhanced
nitrogen fixation, greater total organic matter production, nature-based pest man-
agement, genetic tolerance to stress conditions, and higher levels of biological
activity all contribute to resource use efficiency and quality of products.

3.2 Importance of soil biodiversity as a nature-based solution

The sustainable development goal (SDG) which were adopted by the United
Nations in 2015 as a universal call to action to end poverty, protect the planet, and
ensure that by 2030 all people enjoy peace and prosperity provides a renewed
motivation for focusing on using soil biodiversity for food and nutrition, and for
linking it to the sustainability of future agricultural systems [22]. Soil biodiversity is
critical for human health, plant growth and support, water and climate regulation,
and erosion and disease control so as considered to be a common ground for
achieving sustainability goals [12]. Hence, management and conservation of life in
the soil are integral to governmental actions to provide healthy food, reduce green-
house gases, lessen desertification and soil erosion, and prevent disease thereby
regenerating agriculture.
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According to the FAO and ITPS’s Status of the World’s Soil Resources report
(2015) [33], soil organic carbon and soil biodiversity are crucial to increase food
availability and the soil’s ability to buffer against climate change effects. On the
International Day for Soil biologic diversity (May 22, 2020), Semedo, who’s the
Deputy Director-General for primary natural resources of FAO highlighted “there is
a need to change the way to connect with nature, and that we need healthy soils for a
healthy planet with vibrant ecosystems that allow our food system to be more resilient”
[34]. And these invisible organisms react, they play a crucial role in sustaining our
planet, provide our food, supporting our health, our ways of living, and also human
wellbeing. The issues of soil biodiversity become under the sort of focus of FAO [11]
and of course the science that the potential role of soil is not just for food production
and food productivity, but more important is about the environmental services and
about the health of the planet and how the microorganisms in the soil play a very
critical role in regeneration system of agriculture.

However, unfortunately, most of the case has not been explored so far, the
knowledge that has about the soil biodiversity and soil mechanism biodiversity is
really near nothing compared to the whole complexity that we have in all parts of
the board and the sort of ecosystem. The United Nations in 2015 declared the year
to the interest as the International Year of Soils and has asked FAO and the Global
Soil Partnership to carry out the first global soil biodiversity assessment which is
now in progress.

In agriculture, we have high productivity on the open networks soil. So, soils
with biodiversity open networks have more productivity than soil with closed
networks. So in nature, plants that are growing in these open networking sites (high
diversity soil systems) are capable of taking out nutrients in an efficient way. Of
course, the point is that we should not only increase soil biodiversity but also that
we have to talk to crop breeders and agronomists to get the right crop species and
crop varieties to grow on these biodiverse soils.

On the webinar held among 1136 participants on May 22, 2020, by representing
more than 140 countries, around 72% of the people said that soil biodiversity is
applied especially in crop production in their country. Then some have in ecosystem
restoration, pollution and bioremediation, food processing, and very few in terms of
the medical sector [34].

Going forward, harnessing natural resources (microbes, fauna, flora) together with
SOM, is considered as the most effective approach for a sustainable increase in farm
productivity, mitigating climate change, and restoring degraded environments [11].
Further evidence of the relationships between soil biodiversity and functioning
concerning soil organic carbon (SOC) dynamics and primary productivity at farm
scales can help in bridging the knowledge gaps in the biotic regulation of SOC turnover
and plant productivity. This will represent a major advancement, not only in ecology
but also in agriculture in the context of global climate change and food security [35].

Soil microorganisms are critical for the maintenance of functions in both natural
and managed soils because they are involved in several key processes, such as
decomposition of SOM, soil structure formation, the cycling of carbon, nitrogen,
phosphorus, and sulfur, and toxin removal. Moreover, microorganisms are funda-
mental in promoting plant growth and in suppressing soil-borne plant diseases [36].
There is mounting evidence that healthy soils may promote the suppression of plant
diseases, pests, and pathogens mediated by soil biodiversity through predation,
competition, and parasitism [37]. There is confirmation that belowground plant
mutualists can ameliorate the impacts of pollution on plant growth [38], and earth-
worms have been suggested as useful facilitators of ecosystem services in aban-
doned mining areas [39] all those again might contribute to regenerate agriculture
and improve productivity.
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In general, everything that we eat, drink, breathe, clothes that we wear, and
materials that we use pass through soil and soil biodiversity over and over again.
Healthy soil with soil biodiversity at the center of sustainability programs is capable
of providing most ecosystem services and therefore achieving compliance with
SDGs and human well-being through regenerative agriculture [12]. Half of all
sustainable development goals zero hunger, good health and wellbeing, clean water
and sanitation, affordable clean energy, responsible consumption and production,
climate action, and life on land (SDG-2, 3, 6, 7, 12, 13 and 15, respectively) depend
on soil and regenerative agriculture [12].

There are currently several lines being explored for agriculture making better
use of enhanced soil biodiversity: going back to wild crop relatives and how do they
make use of microbiomes and can those traits be restored in current crops? And
studying wild plant species along successional gradients to unravel how plants may
be productive in high-diversity soils. Considering soil biodiversity also requires
considering traits, interactions, and network structure (so, not only numbers). Soil
biodiversity as a nature-based solution to enhance sustainability is possible, but it
takes two to tango as it requires crops that can handle these soils [34].

Studies show that Arbuscular Mycorrhizal Fungi (AMF) can alleviate both biotic
and abiotic stresses since they can contribute to restoring degraded lands and
ecosystems via artificial inoculation, while they improve access of nutrients to
plants. They also can regulate abiotic and biotic stresses to plants such as drought,
salinity stress, heavy metal phyto-accumulation, and protection against pathogens
[40, 41]. AMF are promising soil microorganisms that improve soil health through
their influences on plant photosynthesis [42], nutrient transfer [43], root exudation
[44], osmotic potentials [45], soil bacteria interactions [46], and soil structural
improvement and as a trade-off nutrient uptake, disease control and
phytoremediation [47, 48].

Microorganisms provide us many ecosystems service that results in soil health
and consequently can be related to soil productivity and regenerating agriculture.
For instance, nitrogen-fixing bacteria associate with legume roots fixes large
amounts of nitrogen that are of pivotal importance for plant productivity. And
the soil biodiversity is an important indicator of soil health in agriculture
management [49].

Above all, agriculture needs a healthy full human resource to feed the increasing
human population globally. Therefore, consideration of the roles of soil biodiversity
on the medical sector or human health is necessary to use the full potentials of soil
biodiversity for regenerating the ecosystem and agriculture. Soil microorganisms
have an immense potential for the pharmaceutical industry because historically the
discovery of numerous new drugs and vaccines; from well-known antibiotics like
penicillin to bleomycin using for treating cancer and amphotericin for fungal infec-
tions and therapeutic measures for treating and controlling diseases comes from soil
organisms [50]. As the systems of soil like that of the human system, the manage-
ment aspect of the soil should be in line with biology rather than focussing on
industrial chemistry.

3.3 Soil biodiversity dynamics

Soils support highly abundant and diverse communities of organisms that show
a broad array of life histories and functional traits, and they range in body size from
a few micrometers for some bacteria to several meters in length in the case of some
earthworms. The soil microbial community is largely dominated by bacteria and
fungi that account for most of the belowground biomass, roughly equal to 0.6 to
1.1% of soil organic C [51], and represent a biodiversity pool with estimated species
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richness of tens of thousands per gram soil [52]. Despite the importance of soil
microorganisms, little is known about their distribution in the soil or how microbial
community structure responds to changes in land management (Tables 1 and 2).

Taxon Diversity per amount soil or area
(taxonomic units indicated below)

Abundance
(approximate)

Bacteria and Archaea 100–9,000�cm�3 4–20�109�cm�3

Fungi operational taxonomic units 200–235 m.g�1 100 m.g�1

AMF (species) 10–20 m�2 81–111 m.cm�3

Protists sequence 150–1,200 (0.25 g)�1 104–107�m�2

Nematodes (genera) 10–100 m�2 2–90�105 m�2

Enchytraeids 1–15 ha�1 12,000–311,000 m�2

Collembola 20�m�2 1–5 104 m�2

Mites (Oribatida) 100–150 m�2 1–10 104� m�2

Isopoda 10–100 m�2 10 � m�2

Diplopoda 10–2,500 m�2 110 � m2

Earthworms (Oligochaeta) 10–15 ha�1 300 � m�2

Table 1.
Estimated diversity and abundance of soil taxa according to published work of Bardgett and
van der Putten [53].

Organism size Group Known species Estimated species % described

Vascular plants 350 700 400 000 88%

Macrofauna

Earthworms 7 000* 30 000* 23%

Ants 14 000 25 000–30 000 60–50%

Termites 2 700 3 100 87%

Mesofauna

Mites 40 000* 100 000 55%

Collembalans 8 500* 50 000 17%

Microfauna ad microorganisms

Nematodes 20 000–25 000* 1 000 000–10 000 000* 0.2–2.5%

Protists 21 000* 7 000 000–70 000 000* 0.03–0.3%

Fungi 97 000 1 500 000–5 100 000 1.9–6.5%

Bacteria 15 000 >1 000 000 <1.5%

Asterisks indicate numbers of species that live in the soil.
Source: Orgiazzi et al. [54].

Table 2.
Known and estimated number of species of soil organisms and vascular plants organized according to size.
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3.4 Biofertilizer and concern of soil biodiversity in Ethiopia

While field research on bio-fertilizers in Ethiopia dating back to the early 1980s
by the Institute of Agricultural Research; bio-fertilizers did not become available for
farmers until 2010. Later, the National Soil Testing Center (NSTC), Menagesha
Biotech Industry (MBI) PLC, and the Ethiopian Institute of Agricultural Research
(EIAR) have developed capacities to produce Rhizobia-based biofertilizers
(Table 3). Currently, postgraduate students and different researchers in Ethiopia
have played significant roles in research activities of Rhizobial inoculants collection,
characterization, selection, evaluation and revealed the potential of the local isolates
to serve as biofertilizers at a commercial level to increase the yield of different
leguminous crops [56].

Jida and Assefa have collected 30 isolates of efficient nitrogen-fixing lentil-
nodulating rhizobia from farmers’ field soils in central and northern parts of
Ethiopia and selected for symbiotically efficient ones, which possess plant growth-
promoting characteristics. Under glasshouse conditions, they found characteristics
such as IAA production in 36.7% and inorganic phosphate solubilization capacity in
16.7% [57].

Fekadu and Tesfaye [58] reported that P. fluorescens isolates showed plant
growth-promoting (PGP) traits like phosphate-solubilization, siderophore (mole-
cules that bind ferric iron with an extremely high affinity) production, hydrogen
cyanide production, ammonia production, and indole acetic acid (IAA) production.
Hence, these isolates have been used as biocontrol agents and plant growth-
promoting rhizobacteria (PGPR). Similarly, Diriba, [59] reported that among wild
Arabica coffee rhizosphere isolates, Bacillus and Pseudomonas spp. in particular
showed remarkable inhibition against Fusarium xylarioides, F. stilboides, and F.
oxysporum under in vitro conditions. The same author has also reported that a
considerable number of wild Arabica coffee-associated rhizobacteria (Pseudomonas,
Bacillus, Azospirillum, and Rhizobium produce siderophores.

The research outputs of Muluneh and Zinabu [60] revealed that the application
of dried cyanobacteria on lettuce crop increased the number of leaves, leaf area, leaf
length, fresh weight of the leaf, leaf dry weight, and the root dry weight of the
lettuce by 159.5, 112.4, 80.8, 48, 137.5 and 110%, respectively, over their control.
Tesfaye et al. [61] concluded that Azolla should be used as a biofertilizer for rice
production in Ethiopia since it produces high biomass, is easy to manage and
establish, increases the availability of macro and micronutrients (it scavenges K and
recycles P and S), improves soil physical and chemical properties and fertilizer use
efficiency, increases crop yield by 15–19% (by one incorporation) in Ethiopia and
releases plant growth hormones and vitamins and does not attract rice pests. Some

Crop Types of inoculant
(rhizobia)

Crop Types of inoculant
(rhizobia)

Faba bean and Field
pea

Rhizobia leguminosarum
vicea

Common
bean

R. leguminosarum phasoeli

Chickpea Mesorhizobium cicer Cowpea B. elkanii

Soybean B. japonicum Groundnut Rhizobium spp

Lentil R. leguminosarum Alfalfa E. meliloti

Source: EIAR [55].

Table 3.
Rhizobia species in commercially available inoculants (biofertilizers) for legume crops in Ethiopia as of March
2014.
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experimental works were done on the use of mycorrhizae on coffee production by
Tadesse and Fassil [62] and, a promising result was obtained on the sufficiency of
phosphorus particularly.

Although different studies have been undertaking on microbial inoculation trials
of several pulse crops in Ethiopia, the knowledge and data regarding Ethiopian soil
biodiversity are very limited. Of course, the country has a responsible institute
(Ethiopian Biodiversity Institute) to ensure the country’s biodiversity and the asso-
ciated community knowledge for proper conservation and sustainable utilization
[63]. However, the most focus is given to above-ground diversity, but the attention
given for belowground diversity is less which leads to the presence of limited
knowledge and data in soil biodiversity throughout the country.

In 2015 the “Ethiopia’s National Biodiversity Strategy and Action Plan
2015-2020” were developed through the involvement of different stakeholders and
higher officials. However, the attention and discussions given for soil biodiversity in
the document as well as in the key not messages of higher officials look limited.
Different state ministers who participated in the event was forwarded their message
regarding Ethiopia’s geographical, climatic, cultural, linguistic diversity and then
about the above-ground diversity (plant, birds, mammals, fish… ) but not on the
diversity under their feet [64]. This reflects that society in general and
policymakers, in particular, have neglected soil biodiversity; no attention was given
to the large biodiversity pool stored belowground.

Generally, although some research findings were done and doing on the use of
soil microbes as a biofertilizer in Ethiopia mainly by the academic group, there are
no confidential estimates on the number of species, taxonomic groups, ecological
functions and services, and interactions among soil organisms so far in Ethiopia.
Moreover, there is no exact data on the level of threats to soil microbial genetic
resources of the country. However, all factors affecting the ecosystem, plant, and
animal biodiversity are believed to affect directly or indirectly the soil biodiversity
base of the country [65]. Therefore, collecting, identifying, conserving, and
knowing the status of soil biodiversity genetic resources of the country will be a
forthcoming major task.

3.5 Challenges of soil biodiversity

The landmark FAO state about soil biodiversity for food and agriculture [66],
the first-ever launch last year highlighted that associate biodiversity species living
in around production seasons, particularly microorganisms and invertebrates, has
never been documented. In many cases, there is a limited understanding of ecosys-
tem function and service and consequently, the contribution of specific soil biodi-
versity components to the production systems is poorly understood [67]. This
discloses that due to the presence of knowledge gap and complex interaction of soil
life, soil biodiversity is increasingly under threat which results in changes in the
composition of soil communities and loss of species, as well as the benefits they
provide to all life. Therefore, governments and society all need to better understand
the complexity of the interaction regarding all elements of future agriculture and
the soils to think about resilience and food systems.

As a whole, soil degradation by erosion, land-use change, climate change, soil
pollution, salinization, and sealing all threaten soil biodiversity by compromising or
destroying the habitat of the soil biota. Management practices that reduce the
deposition or persistence of organic matter in soils, or bypass biologically mediated
nutrient cycling, also tend to reduce the size and complexity of soil communities.
For instance, land-use intensification results in fewer functional groups of soil biota
with fewer and taxonomically more closely related species [68]. Intensive
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agriculture and sealing of fertile lands due to urbanization can cause declines in
abundance and species of soil biodiversity, making soil food webs less diverse
[10, 69]. Wagg et al. [70] were also investigated this given recent observation that
soil biodiversity is declining and that soil communities are changing upon land-use
intensification. They showed that soil biodiversity loss and simplification of soil
community composition impair multiple ecosystem functions, including plant
diversity, decomposition, nutrient retention, and nutrient cycling. Louwagie [71]
and Mujtar et al. [72] asserted that soil biodiversity tends to be greater in
undisturbed natural lands as compared to cultivated fields.

Deforestation can alter the structure of soil communities and decrease species
richness (including natural predators and pollinators) and leading to homogeniza-
tion. Consequently, the area will have a reduction of ecosystem resilience due to
organism imbalance, which can favor pests and disease outbreaks [73–75]. In the
findings of Migliorini et al. [76] and Hong et al. [77] heavy metal, pollution can shift
communities to become dominated by a few taxa that can tolerate, or even thrive
with, high levels of chemical inputs with corresponding decreases in taxa abundant
in unpolluted soils.

The introduction of all kinds of invasive alien species has harmed the above-
ground biodiversity and the native soil biodiversity. The effects of invasive species
in soil biodiversity vary depending on the species trophic position. Many invasive
soil species are related to agricultural pests while certain species are introduced as
biocontrol agents. Another example is the introduction of non-native earthworms
(which are ecosystem engineers), but their invasions can cause cascading effects
that impact plant communities, forest, carbon sequestration, and wildlife [78, 79].

3.6 Soil biodiversity management

Soil biodiversity is part of the biological resources of the agroecosystems and
must be considered in national and international management decisions. As indi-
cated in the publication of Lijbert et al. [80] the main management options for soil
biodiversity comprise no-tillage, crop rotation, and organic matter management.
Protecting existing natural areas, restoring degraded habitats, employing regenera-
tive agricultural practices, and implementation urban biodiversity are important
practices that support and sustain diverse soil communities and the functions and
services they provide. Hence, adopting the use of intercrops, rotations, appropriate
tillage methods, maintenance of soil cover and the incorporation of crop residues
into the soil management practices favor beneficial soil biodiversity [81, 82].

Global Soil Partnership (GSP) was established in December 2012 to enhance
collaboration and synergy of efforts for sustainable soil management, and to protect
biodiversity through sustainable soil management. The GSP supports soil
biodiversity enhancement through monitoring soil biodiversity; maintaining or
enhancing soil organic matter levels; the regulation of authorization and use of
pesticides in agricultural systems; the use of nitrogen-fixing leguminous species;
restoring plant biodiversity and crop rotation. All those activities lead to sustainable
soil management and higher and more stable productivity [83]. Over the past few
years, there has been an increased interest in organic farming practices, which could
have benefits for soil biodiversity, particularly owing to the reduced use of
pesticides [84].

There is a need to celebrate discoveries about life under our feet, as well as to
integrate knowledge about soil biodiversity into international policies. Understand-
ing how limitations to agricultural production at various levels (social, cultural,
economic, political, agronomic, biological, environmental, edaphic, genetic) can be
overcome is essential, to predict possible management options for the conservation
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of soil biodiversity and regenerative agriculture. To restore soil biodiversity, there is
a need to think about ecosystem management, first, and store by diversity and its
multi-functionality that what they are doing and how they are interacting with
other species.

4. Conclusion

Soil biodiversity is highly linked with the ecosystem functions and services in
the atmosphere, hydrosphere, lithosphere, and biosphere; all those do have their
contribution and influence on land resources and agriculture. The soil organisms are
contributing to climate mitigation and adaptation, water infiltration, and purifica-
tion, soil health improvements and productivity, and playing countless roles
through modification of conditions for the proper plant, animal, and human health
all those are intern involved in regenerative agriculture. So, regenerative agricul-
tural practices and soil biodiversity are evolved together and they are important
components for future agricultural directions both in developed and developing
countries.

However, there are knowledge and skill gaps in the area of soil biodiversity
particularly on invertebrates and soil microorganisms to taxonomically classify and
determine the complex interaction among themselves and the environmental fac-
tors. Therefore, more attention should be given to the discoveries of soil biodiver-
sity and moving beyond academic circles particularly in the developing countries, to
use them as a natured based solution for regenerative agriculture in the 21st century
and to meet the 2030 sustainable development goals.

Acknowledgements

The author of this review thanks and highly appreciates the scientific contribu-
tions of the different authors, organizations, institutions, and webinar organizers
cited in the text.

Author details

Mulugeta Aytenew
Department of Plant Science, College of Agriculture and Natural Resources, Debre
Markos University, Ethiopia

*Address all correspondence to: mulugetaaytenew@gmail.com

©2021 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

163

Soil Biodiversity as a Key Sponsor of Regenerative Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.99716



References

[1] Rhodes CJ. The imperative for
regenerative agriculture. Sci Prog. 2017;
100(1):80-129. DOI: 10.3184/
003685017X14876775256165

[2] Smith P, Cotrufo MF, Rumpel C,
Paustian K, Kuikman PJ, Elliott JA, et al.
Biogeochemical cycles and biodiversity
as key drivers of ecosystem services
provided by soils. SOIL. 2015;1:665-685.
DOI: 10.5194/soil-1-665-2015

[3] Rhodes CJ. Feeding and healing the
world: through regenerative agriculture
and permaculture. Science Progress. 2012;
95(2):101-201

[4] HLPE (High Level Panel of Experts
on Food Security and Nutrition).
Sustainable agricultural development
for food security and nutrition: what
roles for livestock? Rome: A report by
the High Level Panel of Experts on Food
Security and Nutrition of the
Committee on World Food Security;
2016

[5] Wassie, S.B., 2020. Natural resource
degradation tendencies in Ethiopia: a
review. Environ Syst Res 9 (33): (https://
doi.org/10.1186/s40068-020-00194-1

[6] Chapman G. What is regenerative
agriculture? Southern Blue Regenerative.
Armidale, NSW. 2019;2350

[7] https://www.regeneration-academy.
org/mission.

[8] Christopher Johns, 2020. Growing
Our Future – How Regenerative
Agriculture Can Achieve Economies of
Scale. Strategic Analysis paper, Future
Directions International Pty Ltd.
Hampden Road, Australia.

[9] Elevitch, Craig R.; Mazaroli, D. N.;
Ragone, Diane, 2018. “Agroforestry
Standards for Regenerative
Agriculture”. Sustainability10 (9): 3337.
https://doi.org/10.3390/su10093337

[10] Anne Turbé, Arianna De Toni,
Patricia Benito, Patrick Lavelle, Perrine
Lavelle, Nuria Ruiz, Wim H. Van der
Putten, Eric Labouze, and Shailendra
Mudgal, 2010. Soil biodiversity:
functions, threats and tools for
policymakers. Bio Intelligence Service,
IRD, and NIOO, Report for European
Commission (DG Environment).

[11] FAO (Food and Agriculture
Organization), ITPS
(Intergovernmental Technical Panel on
Soils), GSBI (Global Soil Biodiversity
Initiative), CBD (Convention on
Biological Diversity), and European
Commission. 2020. State of knowledge
of soil biodiversity – Status, challenges
and potentialities, Summary for policy
makers. Rome, FAO. https://doi.org/
10.4060/cb1929en

[12] Bach EM, Ramirez KS, Fraser TD,
Wall DH. Soil Biodiversity Integrates
Solutions for a Sustainable Future.
Sustainability. 2020;12(2662). DOI:
10.3390/su12072662w

[13] Chris Arsenault, 2014. Only 60
Years of Farming Left If Soil
Degradation Continues. https://www.
scientificamerican.com/article/

[14] Melvani K. Hand book for
regenerative Agriculture. USAID, from
the American people. 2016

[15] Rodale Institute. Regenerative
Organic Agriculture and Climate
Change. A Down-to-Earth Solution to
Global Warming. Rodale Institute, 611
Siegfriedale Road, Kutztown. 2018

[16] André Leu, 2018, Reversing Climate
Change through Regenerative
Agriculture. https://
regenerationinternational.org/.
Retrieved on January 25, 2021.

[17] Bradford MA, Carey CJ, Atwood L.
Soil carbon science for policy and

164

Biodiversity of Ecosystems



practice. Nat Sustain. 2019;2:1070-1072
https://doi.org/10.1038/s41893-019-0431

[18] Poulton PR, Johnston AE,
Macdonald AJ, White RP, Powlson DS.
Major limitations to achieving 4 per
1000 increases in soil organic carbon
stock in temperate regions: evidence
from long-term experiments at
Rothamsted Research, UK. Global
Change Biology. 2018;24(6):2563-2584

[19] Dede Sulaeman and Thomas
Westhoff, 2020. The Causes and Effects
of Soil Erosion, and How to Prevent It.
https://www.wri.org/blog/2020/01/

[20] López-Vicente M, Calvo-Seas E,
Álvarez S, Cerdà A. Effectiveness of
Cover Crops to Reduce Loss of Soil
Organic Matter in a Rainfed Vineyard.
Land. 2020;2020(9):230

[21] Cook RJ, Veseth RJ. Wheat Health
Management. St. Paul, Minnesota:
American Phytopathological Society
Press; 1991

[22] Han-ming HE, Li-na LIU, Munir S,
Bashir NH, Yi WANG, Jing YANG, et al.
Crop diversity and pest management in
sustainable agriculture. Journal of
Integrative Agriculture. 2019;18(9):
1-1952

[23] Schreefel L, Schulte RPO, de
Boer IJM, Pas Schrijver A, van
Zanten HHE. Regenerative agriculture –
the soil is the base. Global Food Security.
2020;26(2020):100404

[24] LaCanne and Lundgren
Regenerative agriculture: merging
farming and natural resource
conservation profitably. PeerJ. 2018;6:
e4428. DOI: 10.7717/peerj.4428

[25] Burgess PJ, Harris J, Graves AR,
Deeks LK., 2019. Regenerative
Agriculture: Identifying the Impact;
Enabling the Potential. Report for
SYSTEMIQ. 17. Bedfordshire. UK:
Cranfield University; May 2019

[26] IPCC4 (Intergovernmental Panel on
Climate Change)I, 2019: Climate
Change and Land: an IPCC special
report on climate change,
desertification, land degradation,
sustainable land management, food
security, and greenhouse gas fluxes in
terrestrial.

[27] Lunn-Rockliffe S, Davies MI,
Willman A, Moore HL, McGlade JM,
Bent D. Farmer Led Regenerative
Agriculture for Africa. London: Institute
for Global Prosperity; 2020

[28] FAO (Food and Agriculture
Organization). The future of food and
agriculture – Trends and challenges2017
Rome

[29] http://www.fao.org/3/u7260e/
u7260e06.htm. Sustainable production
systems. Retrieved on January 25, 2021.

[30] EPAT. (Extracorporeal Pulse
Activation Technology), 1994.
Pesticides and the agrichemical industry
in sub-Saharan Africa. Environmental
and Natural Resources Policy and
Training Project. Report prepared for
the Division of Food, Agriculture, and
Resource Analysis, Office of Analysis,
Research, and Technical Support,
Bureau for Africa, U.S. Agency for
International Development. Arlington,
VA. USA:Winrock International
Environmental Alliance.

[31] Kassie, M., Zikhali, P., Pender, J., &
Köhlin, G., 2011. Environment for
Development Initiative. http://www.
jstor.org/stable/resrep14947: Retrieved
January 25, 2021

[32] http://www.fao.org/3/Y4818E/
y4818e07.htm. Policy options and
strategies in natural resources
management to enhance food security
and broaden the livelihood base.
Accessed on January 25, 2021.

[33] FAO (Food and Agriculture
Organization) and ITPS

165

Soil Biodiversity as a Key Sponsor of Regenerative Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.99716



(Intergovernmental Technical Panel on
Soils). Status of the World’s Soil
Resources (SWSR) – Main Report. Food
and Agriculture Organization of the
United Nations and Intergovernmental
Technical Panel on Soils. Italy: Rome;
2015

[34] FAO (Food and Agriculture
Organization) and GSP (Global Soil
Partnership), 2020. Soil biodiversity: a
nature-based solution Webinar. Soil
Biodiversity/20/Report.

[35] Lemanceau P, Maron P-A,
Mazurier S, Mougel C, Pivato B, et al.
Understanding and managing soil
biodiversity: a major challenge in
agroecology. Agronomy for Sustainable
Development, Springer Verlag/EDP
Sciences/INRA. 2015;35(1):67-81

[36] Garbeva P, van Veen JA, van
Elsas JD. Microbial diversity in soil:
selection of microbial populations by
plant and soil type and implications for
disease suppressiveness. Ann Rev
Phytopathol. 2004;42(1):243-270

[37] Susilo FX, Neutel AM, van
Noordwijk M, Hairiah K, Brown G,
Swift MJ. Soil biodiversity and food
webs. In Below-Ground Interactions in
Tropical Agro ecosystems: Concepts and
Models with Multiple Plant. 2004

[38] Glassman SI, Casper BB. Biotic
contexts alter metal sequestration and
AMF effects on plant growth in soils
polluted with heavy metals. Ecology.
2012;93:1550-1559

[39] Boyer S, Wratten SD. The potential
of earthworms to restore ecosystem
services after opencast mining—a
review. Basic Appl. Ecol. 2010;11:
196-203

[40] Arafat Abdel Hamed Abdel Latef,
Abeer Hashem, Saiema Rasool, Elsayed
Fathi Abd_Allah, Alqarawi A.A., Dilfuza
Egamberdieva, Sumira Jan, Naser A.
Anjum, and Parvaiz Ahmad, 2016.

Arbuscular Mycorrhizal Symbiosis and
Abiotic Stress in Plants: A Review. J.
Plant Biol. (2016) 59:407-426 DOI
10.1007/s12374-016-0237-7

[41] Diagne N, Ngom M, Djighaly PI,
Fall D, Hocher V, Svistoonof S. Roles of
Arbuscular Mycorrhizal Fungi on Plant
Growth and Performance: Importance
in Biotic and Abiotic Stressed
Regulation. Diversity. 2020;12:370. DOI:
10.3390/d12100370

[42] Zhu XQ, Wang CY, Chen H,
Tang M. Effects of arbuscular
mycorrhizal fungi on photosynthesis,
carbon content, and calorific value of
black locust seedlings. Photosynthetica.
2014;52:247-252

[43] Azcón-Aguilar C, Barea JM.
Arbuscular mycorrhizas and biological
control of soil-borne plant pathogens—
an overview of the mechanisms
involved. Mycorrhiza. 1997;6(6):
457-464

[44] Gupta MM, Aggarwal A Asha. 2018.
From Mycorrhizosphere to Rhizosphere
Microbiome: The Paradigm Shift. In Root
Biology (pp. 487-500). Springer, Cham

[45] Chen LQ. Sweet sugar transporters
for phloem transport and pathogen
nutrition.New Phytol. 2014;201:1150-1155

[46] Toro M, Azcon R, Barea J.
Improvement of Arbuscular Mycorrhiza
Development by Inoculation of Soil with
Phosphate-Solubilizing Rhizobacteria to
Improve Rock Phosphate Bioavailability
((sup32) P) and Nutrient Cycling. Appl.
Environ. Microbiol. 1997;63(11):
4408-4412

[47] Jacott CN, Murray JD, Ridout CJ.
Trade-offs in arbuscular mycorrhizal
symbiosis: disease resistance, growth
responses and perspectives for crop
breeding. Agronomy. 2017;7(4):75

[48] Yang Y, He C, Huang L, Ban Y,
Tang M. The effects of arbuscular

166

Biodiversity of Ecosystems



mycorrhizal fungi on glomalin-related
soil protein distribution, aggregate
stability and their relationships with soil
properties at different soil depths in
lead-zinc contaminated area. PLoS ONE.
2017;12(8):e0182264

[49] SHI (Soil Health Institute), 2017.
North American Project to Evaluate Soil
Health Measurements. https://
soilhealthinstitute.org/

[50] Luisa AD, Kuenzi AJ, Mills JN.
Species diversity concurrently dilutes
and amplifies transmission in a zoonotic
host-pathogen system through
competing mechanisms. PNAS. 2018;115
(31):7979-7984

[51] Fierer N, Strickland MS, Liptzin D,
Bradford MA, Cleveland CC. Global
patterns in belowground communities.
Ecol. Lett. 2009;12:1238-1249

[52] Roesch LF, Fulthorpe RR, Riva A,
Casella G, Hadwin AKM.
Pyrosequencing enumerates and
contrasts soil microbial diversity. ISME
J. 2007;1:283-290

[53] Bardgett R, van der Putten W.
Belowground biodiversity and
ecosystem functioning. Nature. 2014;
515:505-511

[54] Orgiazzi A, Bardgett RD, Barrios E,
BehanPelletier V, Briones MJI, Chotte J-
L, et al. Global soil biodiversity atlas.
Luxembourg, European Commission:
Publications Office of the European
Union; 2016

[55] EIAR (Ethiopian Institute of
Agricultural Research). Rhizobia-based
bio-fertilizer; Guidelines for
smallholder farmers. Ethiopia: Addis
Ababa; 2014

[56] Keneni G. Overview of rhizobial
inoculants research and biofertilizer
production for increased yield of food
Legumes in Ethiopia. EJCS. 6 (3) Special
Issue (1). 2018

[57] Jida M, Assefa M. Phenotypic and
plant growth-promoting characteristics
of Rhizobium leguminosarum viciae
from lentil growing areas of Ethiopia. Afr
J Microbiol Res. 2011;5(24):4133-4142

[58] Alemu F, Alemu T. Pseudomonas
fluorescens Isolates used as a Plant
Growth Promoter of Faba Bean (Vicia
faba) in Vitro as Well as in Vivo Study
in Ethiopia. American Journal of Life
Sciences, 3(2):100-108. doi: 10.11648/j.
ajls.20150302.17. 2015

[59] Muleta D. Microbial Inputs in
Coffee (Coffea arabica L.) Production
Systems, Southwestern Ethiopia:
Implications for Promotion of
Biofertilizers and Biocontrol Agents.
Doctoral thesis. Acta Universitatis
Agriculturae Sueciae: 117. 2007

[60] Menamo M, Wolde Z. Effect of
Cyanobacteria Application as
Biofertilizer on Growth, Yield and Yield
Components of Romaine Lettuce
(Lactuca sativaL.) on Soils of Ethiopia.
ASRJETS. 2013;4(1):50-58

[61] Feyisa T, Amare T, Adgo E,
Selassie YG. Symbiotic Blue-Green
Algae (Azolla): A Potential Biofertilizer
for Paddy Rice Production in Fogera
Plain, Northwestern Ethiopia. Eth. J. Sci
& Technol. 2013;6(1):1-11

[62] Sewnet TC, Tuju FA. Arbuscular
mycorrhizal fungi associated with shade
trees and Coffea arabica L. in a coffee-
based agroforestry system in Bonga,
Southwestern Ethiopia. Afrika Focus.
2013;26(2):111-131

[63] https://www.ebi.gov.et.

[64] Ethiopian Biodiversity Institute.
Ethiopia’s National Biodiversity Strategy
and Action Plan 2015–2020. Government
of the Federal Democratic Republic of
Ethiopia. Ethiopia: Addis Ababa; 2015

[65] Anton M. Breure, 2004. Soil
biodiversity: measurements, indicators,

167

Soil Biodiversity as a Key Sponsor of Regenerative Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.99716



threats and soil functions. International
Conference on soil and compost eco-
biology: September 15th – 17th 2004,
León - Spain

[66] FAO (Food and Agriculture
Organization), 2019. The State of the
World’s Biodiversity for Food and
Agriculture, J. Bélanger & D. Pilling
(eds.). FAO Commission on Genetic
Resources for Food and Agriculture
Assessments. Rome. 572 pp.

[67] FAO (Food and Agriculture
Organization), 2021. Concept Note:
Global Symposium on Soil Biodiversity
(GSOBI21) “Keep soil alive, protect soil
biodiversity” held on 2 – 5 February 2021 –
Virtual meeting (Zoom platform), FAO
headquarters, Rome, Italy

[68] Tsiafouli MA, Thébault E,
Sgardelis S, De Ruiter PC, Van der
Putten WH, Birkhofer K, et al. Intensive
agriculture reduces soil biodiversity
across Europe. Global Change Biology.
2014;21:973-985

[69] Tibbett M, Fraser TD, Duddigan S.
Identifying potential threats to soil
biodiversity. PeerJ. 2020;8:e9271. DOI:
10.7717/peerj.9271

[70] Wagg C, Franz Bender S,
Widmer F. Soil biodiversity and soil
community composition determine
ecosystem multifunctionality. PNAS.
2014;111(14):5266-5270

[71] Louwagie G. Final report on the
project ‘Sustainable Agriculture and Soil
Conservation (SoCo)’. Luxembourg:
European Communities; 2009

[72] El Mujtar V, Muñoz N, Prack
Mc Cormick B, Pulleman M, Tittonell P.
Role and management of soil
biodiversity for food security and
nutrition; where do we stand? Glob.
Food Sec. 2019;20:132-144

[73] Crowther TW, Maynard DS,
Leff JW, Oldfield EE, McCulley RL,

Fierer N, et al. Predicting the
responsiveness of soil biodiversity to
deforestation: a cross-biome study.
Global change biology. 2014;20(9):
2983-2994

[74] Franco ALC, Sobral BW, Silva ALC,
Wall DH. Amazonian Deforestation and
Soil Biodiversity. Conservation Biology.
2018;33:590-600

[75] KroegerME, Delmont T, Eren AM,
Meyer KM, Guo J, Khan K, et al. New
biological insights into how deforestation
in amazonia affects soil microbial
communities usingmetagenomics and
metagenomeassembled genomes.Frontiers
in microbiology,9,1635. 2018

[76] Migliorini M, Pigino G, Caruso T,
Fanciulli PP, Leonzio C, Bernini F. Soil
communities (Acari Oribatida;
Hexapoda Collembola) in a clay pigeon
shooting range. Pedobiologia. 2005;49:
1-13

[77] Hong C, Si Y, Xing Y, Li Y. Illumina
MiSeq sequencing investigation on the
contrasting soil bacterial community
structures in di_erent iron mining areas.
Environ. Sci. Pollut. Res. 2015;22:
10788-10799

[78] Ehrenfeld JG, Scott N. Invasive
Species and the Soil: Effects on
Organisms and Ecosystem Processes.
Ecological Applications. 2001;11(5):
1259-1260

[79] Rai PK, Singh JS. Invasive alien
plant species: Their impact on
environment, ecosystem services, and
human health. Ecol Indic. 2020;111:
106020

[80] Brussaard L, de Ruiter PC,
Brown GG. Soil biodiversity for
agricultural sustainability. Agriculture,
Ecosystems and Environment. 2007;121:
233-244

[81] Brooker RW, Bennett AE,
Cong WF, Daniell TJ, George TS,

168

Biodiversity of Ecosystems



Hallett PD, et al. Improving
intercropping: a synthesis of research in
agronomy, plant physiology and
ecology. New Phytologist. 2015;206(1):
107-117

[82] FAO (Food and Agriculture
Organization), 2003. Biological
management of soil ecosystems for
sustainable agriculture. Report of the
International Technical Workshop
organized by EMBRAPA-Soybean and
FAO, Londrina, Brazil, 24–27 June 2002.
Rome. (Available at http://www.fao.
org/docrep/006/y4810e/
y4810e00.htm).

[83] FAO (Food and Agriculture
Organization) and ITPS
(Intergovernmental Technical Panel on
Soils). Protocol for the assessment of
Sustainable Soil Management. FAO:
Rome; 2020

[84] Tahat MM, Alananbeh KM,
Othman YA, Leskovar DI. Soil Health
and Sustainable Agriculture.
Sustainability. 2020;12:4859

169

Soil Biodiversity as a Key Sponsor of Regenerative Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.99716





171

Chapter 11

Soil Biodiversity and Root 
Pathogens in Agroecosystems
María del Pilar Rodríguez Guzmán

Abstract

Soil ecosystem is a living and dynamic environment, habitat of thousands of 
microbial species, animal organisms and plant roots, integrated all of them in 
the food webs, and performing vital functions like organic matter decomposi-
tion and nutrient cycling; soil is also where plant roots productivity represent the 
main and first trophic level (producers), the beginning of the soil food web and of 
thousands of biological interactions. Agroecosystems are modified ecosystems by 
man in which plant, animal and microorganisms biodiversity has been altered, and 
sometimes decreased to a minimum number of species. Plant diseases, including 
root diseases caused by soil-borne plant pathogens are important threats to crop 
yield and they causes relevant economic losses. Soil-borne plant pathogens and 
the diseases they produce can cause huge losses and even social and environmental 
changes, for instance the Irish famine caused by Phytophthora infestans (1845–1853), 
or the harmful ecological alterations in the jarrah forests of Western Australia 
affected by Phytophthora cinnamomi in the last 100 years. How can a root pathogen 
species increase its populations densities at epidemic levels? In wild ecosystems 
usually we expect the soil biodiversity (microbiome, nematodes, mycorrhiza, 
protozoa, worms, etc.) through the trophic webs and different interactions between 
soil species, are going to regulate each other and the pathogens populations, avoid-
ing disease outbreaks. In agroecosystems where plant diseases and epidemics are 
frequent and destructive, soil-borne plant pathogens has been managed applying 
different strategies: chemical, cultural, biological agents and others; however so 
far, there is not enough knowledge about how important is soil biodiversity, mainly 
microbiome diversity and soil food webs structure and function in the management 
of root pathogens, in root and plant health, in healthy food production, and maybe 
more relevant in the conservation of soil as a natural resource and derived from it, 
the ecosystem services important for life in our planet.

Keywords: soil biodiversity, soilborne plant pathogens, soil food webs,  
ecological interactions, plant pathogens management

1. Introduction

Soil ecosystem is a living and dynamic environment, habitat of thousands of 
microbial species, animal organisms and plant roots, integrated all of them in the 
food webs, and performing vital functions like organic matter decomposition, 
nutrient cycling and release, promote plant growth, receive, hold and release 
water, transfer energy in the detritus food chain, and act as an environmental 
buffer [1–3]; soil is also where plant roots productivity represent the main and first 
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trophic level (producers) [4], the beginning of the soil food web and of thou-
sands of biological interactions [5, 6]. In Agroecosystems, the different activities 
practiced by man will affect all the biological processes carried out above- and 
belowground, including soil biodiversity and soil food webs [7], depending of the 
kind of agroecosystem (traditional or intensive), the geographical region, the crop 
management, and social and economic interests. Human societies have developed 
several kinds of agroecosystems, from traditional/subsistence, multicropping, to 
intensive and highly technified crops [8–10] however, plant pathogens and pest 
diseases are a common component of the agroecosystem, and by some degree all 
of them are affected [11]. In this sense, a relevant and unavoidable problem is the 
soil degradation and contamination in agroecosystems; plant diseases caused by 
soilborne plant pathogens (SBPP) are of great importance because most of the 
strategies applied for their control are directed to the soil [12]. Management of 
SBPP and diseases require a broader view and a thorough ecological knowledge 
of the soil ecosystem, considering the improvement and conservation of the soil 
biodiversity and the soil food web structure and function, and studying the soil 
as a dynamic ecosystem in time and space. Plant pathologist and agronomist must 
know about the importance of the soil ecosystem, its biodiversity, the different and 
multiple functions soil organisms perform, how every and all soil organisms are 
connected through different relationships established as a result of natural selec-
tion forces, and how they have evolved throughout the time [13, 14]. And maybe 
most important is to understand how a disturbance or stress factor imposed on soil 
organisms may have a cascade effect in the whole processes and functions of the 
soil ecosystem. In this work we are talking about the biological soil diversity and 
functions, the soil food web, the ecological interactions among species and how 
they are important in the management of root pathogens and the diseases they 
cause. It seems there is an urgent need for redesigning and developing sustain-
able agroecosystems where soilborne plant diseases and pathogens be analyzed 
under an integral knowledge with the application of plant pathology, plant disease 
epidemiology, and ecological and evolutionary principles [15]. Even more if the 
agroecosystems of interest involve soilborne plant pathogens and diseases, studies 
must comprehend the important role that soil biodiversity [16] and its multiple 
interactions and relationships play in the regulation of the SBPP, and how this 
regulation is expressed through the soil food web (structure and function) and 
through other complementary relationships.

2. Soil biodiversity

The soil is an ecosystem, a living system where interplay mineral and organic 
materials. Soils are built up through millions of years, from the parent rock layer 
to the small sand, lime and clay particles derived from physical and chemical 
intemperization processes, and from biological activities which perhaps be the most 
important factor in the soils formation. Of the total soil components, organic mate-
rial represents 5 to 10%, from this percentage 10 to 20% is the active fraction, from 
the active organic fraction only 20 to 40% are living organisms, and from these 50% 
are fungi, 30% are bacteria and actinomycetes, 10% are yeasts, algae, protozoa, and 
nematodes, and 10% are fauna. This means, the active microbial biomass represents 
90% of the soil living organisms. Another essential component in soil biodiversity 
is the soil fauna which is divided in function of their size (mm) into micro-, meso- 
and macrofauna. Microfauna includes Protozoa, Rotifers from 0.005 to 0.2 mm; 
mesofauna is composed by nematodes, arthropods, enchytraeids, mites, springtails 
from 0.2 to 10 mm; macrofauna include animals like insects from 10 to 20 mm; and 
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megafauna includes earthworm (≥ 20 mm), macroarthropods and small mammals 
(cm) [2, 3, 17, 18].

Plant roots are another fundamental component of the soil biodiversity, they 
represent the primary source of organic matter in soil, and the amount of root pro-
duction is relevant in the process of decomposition and cycling into organic matter 
in soils. Roots are the subterranean organ of the plant, and they fix them to the soil. 
Plants take water and nutrients from soil through the roots and the root vascular 
system transport them to the upper parts of the plant; in some cases, roots are a 
storage organ [19]. Root exudates and rhizosphere are relevant components for root 
functioning, and they are essential for all the biological and soil microbial activi-
ties like attraction of mutualist symbionts and pathogenic microbes, release and 
cycling of nutrients, allelopathic processes [5, 6] and also for physical and chemical 
soil characteristics such as soil aggregation and structure, cation exchange capacity 
and pH [20]. Plant roots represent the first trophic level (autotrophs entities) in the 
soil trophic web, from which microbes and small fauna obtain their nutrients and 
energy [18].

Soil-borne plant pathogens (SBPP) are a component of the soil ecosystem, 
and also members of the soil biodiversity; these microorganisms live part of their 
life in soil and in the plant rhizosphere, but they also infect and damage the plant 
roots from which they feed; in some way plant roots are their habitat. SBPP include 
organisms from bacteria, fungi, oomycetes, nematode, protozoa groups and meso-
biotic entities like virus and viroids [11, 21].

3.  Importance and function of soil biodiversity ¿who are here and what 
they do?

3.1 Bacteria and fungi

Bacteria and fungi participate in the rock intemperization (degradation) 
through their biochemical enzymatic activity; these microorganisms initiate the 
soil formation, and with it the important process of mineral transformation and 
nutrient liberation [22]. As soil is formed and deeper, it is possible for other micro-
organisms and larger organisms like protozoa, rotifers, nematodes, worms, small 
arthropods, and also spores of bryophytes, moss, ferns, and mycorrhizal fungi 
to arrive and to establish. When soil has enough deep and biological activity is 
adequate for higher plant seeds to germinate and their root systems to interact with 
the soil microbiome, it begins the formation of a plant community and in time, with 
the integration of higher animals and through a successional process, the establish-
ment of a biome after hundreds and millions of years.

3.2 Soil bacteria

Certain groups of the soil bacteria community participates in the N cycle which 
involve four stages or reactions: a) Nitrogen fixation carried out by nitrogen-
fixing bacteria (e.g. Rhizobium, Azotobacter, Bradyrhizobium), b) Ammonification 
performed by ammonifying bacteria or decomposers bacteria (Bacillus subtilis, 
Pseudomonas fluorescens), c) Nitrification accomplished by nitrifying bacteria (e.g. 
Nitrosomonas: NO2 nitrite, Nitrobacter: NO3 nitrate), and d) Denitrification real-
ized by denitrifying bacteria (some species of Serratia and Pseudomonas) [23, 24]. 
It must be noted that bacteria also participate in the C biogeochemical cycle, and 
they play a crucial role in the regulation of C and N cycles during biological soil 
crust succession in arid and semi-arid ecosystems [24]. It is important to indicate 
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that some of these bacteria species besides to participate in the Nitrogen cycle, like 
Bacillus subtilis, B. amyloliquefasciens, Bradyrhizobium (Nod Factors), they also are 
involved in a complex network of signaling pathways mediated by plant hormones 
like jasmonic acid, ethylene and salicilic acid and in the release of volatile organic 
compounds which trigger the induced systemic resistance (ISR) and the acquired 
systemic resistance (ASR) in plants, in response to the presence of both beneficial 
microbes and plant pathogens invasion and infection, and also to insect attack 
[25–30]. Some bacteria specific strains also produce different antibiotics, e.g., 
Pseudomonas fluorescens F113 produces 2,4-diacetyl-phloroglucinol against Pythium 
spp. [31], Bacillus amyloliquefasciens FZB42 produces bacillomycin and fengycin 
against Fusarium oxysporum [32]; enzymes, and siderophores e.g., Pseudomonas 
putida WCS358 against Pseudomonas syringae pv. tomato and Fusarium oxysporum f. 
sp. raphani [33], which are important components in their performance as biologi-
cal control agents against plant pathogens [7, 34]. Another important activity per-
formed by some soil bacteria is enhancing the plant growth through the production 
of growth regulators (hormones) like auxins (Indol Acetic Acid, IAA), cytokinins, 
gibberellins, or ethylene, and these bacteria are known as Plant-Growth Promoting 
Bacteria (PGPB) [35]; examples of bacteria species involved in this activity are 
Pseudomonas fluorescens, P. putida, P. gladioli, Bacillus subtilis, B. cereus, B. circu-
lans, and bacteria in the genre Azospirilum, Serratia, Flavobacterium, Alcaligenes, 
Klebsiella and Enterobacter [7].

3.3 Soil fungi

Fungi, organisms in the Kingdom Fungi, perform different and important 
functions in soils, they are organic matter decomposers due to their great ability to 
degrade complex substrates of plant origin [36]. Fungi participate in the mineral 
degradation and in the release and cycling of nutrients; they are also involved in 
the C and N cycling [24, 36, 37]. These microorganisms are vital for soil function-
ing because most carbon in our planet is stored in rocks and sediments [38]. They 
also contribute to the soil particles aggregation and soil structure because of their 
filamentous form and exudates [39]. In soils exist a complex and diverse fungal 
community widely distributed [40]. This fungal community is composed by differ-
ent and important functional groups. One of the most studied is the mycorrhizal 
fungi, which exists as mutualist symbionts in most of the plant species in natural 
ecosystems and it has a long evolutionary history [41, 42]; some of them develop a 
net of hyphae external to the roots and growing intercellularly in the root cortex, 
they are ectomycorrhiza; but other mycorrhiza can penetrate the roots and establish 
intracellularly in the cortex cells forming small structures called arbuscules, they 
are named arbuscular mycorrhiza or endomycorrhiza. Both kind of mycorrhiza 
help the plant host in the uptake of nutrients from soil and protection against 
pathogens. Arbuscular mycorrhizae play a central role in the Phosphorus cycle, 
but they are equally important in the Nitrogen cycle [43, 44]. Mycorrhiza hyphae 
link the plants roots with the soil particles, interconnect directly the root systems 
of two different individual plants, and they also interact with different kind of soil 
microbes (synergistic and antagonistic); even more, there is evidence of the extra 
radical mycorrhizal hyphae associated with symbiont bacteria (hyper symbionts) 
for acquisition of C [45]; therefore, ecto and endomycorrhizae fungi play important 
functions in the physiology, ecology and evolution of their host plants.

Fungal Endophytes are other important functional group of fungi, and they enter 
and live inside the plants [25, 42]. Here, endophytes are defined as those microor-
ganisms (bacteria, fungi, virus) which live their life cycle or part of it inside a plant, 
within asymptomatic tissues, performing and promoting a beneficial functioning in 
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the plant host, and enhancing its fitness in plant communities by conferring abiotic 
and biotic stress tolerance; therefore, this relationship has ecological and evolution-
ary importance [42, 46, 47]. Endophyte organisms can be found in different plant 
organs like roots, stems, leaves, reproductive organs (e.g., vanilla flower ovaries) 
and fruits (e.g., vanilla pods) [42, 48]. Endophytic fungi participate in different 
plant functions, some of them enhance plant growth and nutrition and are referred 
as Plant-Growth Promoting Fungi (PGPF) [25], and they also strengthen plant 
defense against pathogens and insects below- and above-ground [46, 47]. Endophyte 
fungi control plant pathogens attack through different processes: niche exclusion, 
antibiosis, predation, mycoparasitism and ISR induction [25]; it is also possible 
to find hypovirulent pathogen isolates which will control more virulent isolates 
as happens with Monosporascus cannonballus against monosporascus root rot vine 
decline [49], or with Fusarium oxysporum strain Fo47 [50, 51]. Endophyte fungi can 
express simultaneously more than one control mechanism against plant pathogens as 
it was showed with Trichoderma isolates that besides attack directly Botrytis cinerea, 
also induced systemic resistance to this pathogen [52]. Other fungal endophytes 
additionally of increasing plant biomass, confer drought tolerance, and produce 
chemicals that are toxic to animals like insects [46, 47], birds and small mammals 
and decrease herbivory [53]. Certain endophytic fungi have an important role in 
physiological and biochemical aspects during development of flower and chemical 
compounds, as is the case of Vanilla planifolia compound vanillin [48]; researchers 
have found that fungal endophytes inoculum from soil get into the roots through 
rhizosphere, but other endophytes come from the fungal airborne inoculum and 
enter into the flower ovaries, and later in the vanilla pods, participating in the vanil-
lin process and therefore in the vanilla flavor [48]. Endophyte fungi described as 
PGPF include important genera like Fusarium, Trichoderma, Aspergillus, Penicillium, 
Colletotrichum, Cylindrocladium, and others; some of them are nonpathogenic or 
hypovirulent strains of plant pathogenic fungi [25, 42].

Some soil fungi are pathogens of other microorganisms like bacteria [54], 
fungi and nematodes [55], plants [11], insects and arthropods [47]; for instance, 
Metarhizium anisopliae and Beauveria bassiana are endophytic and pathogenic in 
insects, while Paecelomyces lilacinus is endophytic and pathogenic in nematodes 
[55]; these fungi take part in the regulation of their hosts populations and they are 
of relevance in the biological control and management of agroecosystems [46]. As 
mentioned above soil fungi are included in several functional groups: decomposers, 
mutualists (mycorrhiza), endophytes, pathogens, parasites, and every one of these 
activities are of great relevance for the soil ecosystem function.

3.4 Soil virus

Viruses are considered entities between living and non-living state, qua-
siorganisms; they are composed by RNA or DNA molecules contained within 
protein capsids, and they are mainly known as pathogens in plants, animal, and 
the human being, causing important diseases. However, and fortunately, with 
the help of the molecular biology methods, in the last 10 years there has been an 
unprecedent interest and research about virus diversity and functions in different 
environments: marine and soils [56, 57]. Knowledge about soil viruses are just 
beginning, very little is known about their ecology in soils [2, 56, 58]. However, 
it is suggested they participate in the biogeochemical cycling of Carbon [59], as 
well as in short-term adaptation and long-term evolution of microbes [2], through 
their infection like bacteriophage on beneficial bacteria (Rhizobia) and soilborne 
plant pathogens (bacteria, fungi, virus, nematodes and other soil organisms) 
[56]; they also perform horizontal gene transfer (transduction) among bacteria 
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[60]. Viruses impact the evolution and ecology of their plant hosts, and they seem 
to have a mutualistic relationship rather than a pathogenic one under experimen-
tal laboratory conditions [57]. On the other hand, plant pathogen viruses cause 
great economic and yield losses in agroecosystems where they are vectored by 
insects (aphids, white flies, trips, etc.), but they also are transmitted by mechani-
cal ways. There are just few soilborne plant pathogenic viruses known so far, and 
they are transmitted by fungi and nematodes [61, 62].

3.5 Soil protozoa

Protozoa are other important component in the soil ecosystem and in the food 
web. The free-living protozoa feed from microbes like bacteria and fungi (non-
pathogenic and pathogenic) [63], and also from algae; they are included in four 
groups: flagellates, naked amoebae, testacea amoebae and ciliates. They contribute 
to the regulation of these microbes population densities and dynamic. Protozoa also 
play an important role in the nutrient turnover [64].

3.6 Soil nematodes

Soil nematodes are some of the most abundant invertebrate animals in soils, they 
often reach densities of 1 million/m2; they are worm-like microorganisms and live 
in water films or water-filled pore spaces in soils [64]. Many kinds of nematodes are 
found in the rhizosphere of roots and root hairs because of the rich exudates. They 
help to accelerate organic matter decomposition when they graze on bacteria, fungi, 
and plant residues [18]. Nematodes biological characteristics like structure, physiol-
ogy, diverse reproductive patterns, and adaptability help them to inhabit many and 
different environments [65].

3.7 Earthworms

Earthworms participate in the fragmentation, breakdown, and incorporation of 
the soil organic matter, affecting its physical and chemical characteristics, and in 
turn other soil biota organisms [2]. They also affect positively soil structure helping 
in pores formation and particles aggregation, contributing to the soil aeration and 
better water distribution. Earthworms play an important role in C and N cycling 
[66]. Ecologically, earthworms promote diversity of fungal species and oribatid 
mites through their casts from where they feed, and through reducing competition 
between fungal species [67].

3.8 Soil arthropods

Arthropods in soil, are other important component in soil biodiversity. After 
microbes and Protozoa, microarthropods play a very important role in soil activi-
ties, they participate in the organic soil matter decomposition, nutrient release 
and cycling, but they also enhance plant growth and the expression of induced 
systemic resistance to pests in plants [68]; participate in the secondary seed dis-
persal of higher plants and dispersal of sperm in lower plants like mosses [69]; 
they are involved in the regulations of population densities of bacteria and fungi 
including plant pathogenic organisms and decomposition of agrochemicals [17, 
70]. Microarthropods like collembola, protura, diplura, isopoda and others are also 
components in the soil food web, and they have been included as indicators of soil 
health and soil disturbance because they live a sedentary life and express the habitat 
conditions better than those organisms with a high dispersal capacity [18, 71, 72].
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3.9 Soil-borne plant pathogens (SBPP)

Different groups of soil microorganisms bacteria, fungi, nematodes, protozoa 
and entities like virus and viroids may also act as plant root pathogens, and they 
received the name of soil-borne plant pathogens. These plant pathogens damage 
all kind of plants in the different botanical taxa in both natural and worldwide 
managed ecosystems; however, in agroecosystems their damages have economical 
relevance due to the resulted crop yield losses [73, 74]. However, SBPP like other 
plant pathogens play important roles in the structure, function, and diversity of 
natural plant communities [75–78]; they also are important in the evolution of the 
plant host-pathogen relationship [13, 79].

We can see, microorganisms have developed multiple, diverse and vital relation-
ships through time and space with all other organisms in the soil ecosystem includ-
ing plant roots, insects, and animals, and maybe most of these relationships have 
been developed in response to nature selection forces throughout an evolutionary 
time. It is necessary to mention that soil type [80] and soil management [81] have 
an important influence on the diversity and structure of soil microbial diversity, 
and in other soil microorganisms such as protozoa, rotifers, nematodes, microar-
thropods, mites, and of course in worms, ants, termites and small mammals [18]. 
However, plant roots, the principal C source in soils, and their rhizosphere exudates 
determine in relevant way, the spatial structure and diversity of the soil microbial 
and microorganisms community [82].

4.  Trophic webs and complementary or interference interactions in soil 
“not everything in life is food”

Since the beginning of soil formation from the parental rock, biological activity 
is fundamental, many biological interactions are established, and they initiate the 
soil trophic web. At the beginning, trophic webs may be simple and with few com-
ponents, but as root biomass and their exudates increase in amount and different 
types, the soil trophic webs are more complex in their biological diversity, structure 
and functions. Plant roots are key components in soil function, they provide most 
of the organic matter to the soils [4], they are the first trophic level in the soil 
food web and represent the autotroph organisms (photosynthesizers) from which 
heterotrophs organisms in the next trophic levels obtain their food and energy 
[83]. Plant roots and specifically the rhizosphere region have a transcendental role 
in the dynamic of soil microbial activities through the development and release of 
rhizodeposits [6, 84]. Rhizodeposits include sloughed-off root cap and border cells, 
mucilage, and exudates. The exudates are made up of organic acids, amino acids, 
proteins, fatty acids, enzymes, sugars, phenolic metabolites and other metabolites 
which are used by microorganisms [84, 85]. Most of the root exudates are released 
at the root cap and the meristematic zone behind the root cap; therefore, these 
regions are considered important for determining the temporal and spatial activity 
and distribution of the microbial communities [82, 84, 85].

Bacteria and fungi together with protozoa, plant pathogenic nematodes and 
fungi, are in the second trophic level of the soil food web, they are heterotrophs and 
they may function as decomposers, mutualists, pathogens, parasites and root-feed-
ers, and they are food for the third trophic level (heterotrophs) that includes also 
nematodes and protozoa (bacterivorous and fungivorous), and microarthropods 
which work as shredders, predators and grazers; organisms from this level are food 
for the fourth and fifth trophic levels (heterotrophs) which include higher level 
predators like arthropods, small mammals, birds [83].
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Soil protozoa is a group of microorganisms which has not been studied so 
deep and frequently like bacteria or fungi, and their role in the soil food web is 
sometimes considered only like predators and grazers of microbes; however, they 
interact with the root systems and bacteria in several and particularly important 
modes. Bonkowski and Brandt [86] worked with an Amoebae, specifically with 
Acanthamoebae sp. which is considered the most common soil free-living proto-
zoon, and they found this amoebae have a positive effect on root elongation and 
branching in interaction with rhizobacteria, and mention that “Protozoa function 
as bacteria-mediated mutualists promoting plant growth by hormonal feed-back 
mechanisms and nutrient effects based on nutrient release from grazed bacterial 
biomass”; these bacteria may also be involved in the different phases of the soil 
nitrogen cycle. All these activities occur in the soil microbial loop [87], as a relevant 
component of the soil food web.

Soil nematodes are considered important component in the soil food web; 
their soil communities are usually large and species-rich, with different functional 
groups (bacterivores, fungivores, herbivores, omnivores, predators, parasites and 
pathogens), located in different trophic levels: root feeders nematodes in second 
trophic level (decomposers), fungi and bacterial feeder nematodes in third trophic 
level (grazers), nematode and protozoa predators in fourth trophic level (higher 
level predators), in this way nematodes participate in the regulation of soil micro-
bial communities and indirectly in the flux of plant nutrients. Because of their 
biological characteristics (they are ubiquitous, abundant and diverse), they respond 
soon to changes in the soil environment, and for this reason they have been consid-
ered as important indicators of the soil health [18, 70, 88, 89].

Plant pathogens and therefore soilborne plant pathogens are also an impor-
tant component inside the soil food web and the ecosystems [90, 91]. They can 
be considered as microherbivores because they feed over root systems, and later 
they are food for the next trophic level, protozoa, nematode, rotifers, mites, and 
microarthropods.

4.1 Plant root diversity and their effects in soil diversity and soil food web

Plant roots are the principal biomass and C source in soils; as roots and their 
exudates grow, they die and are decomposed by soil microorganisms and incor-
porated into the soil organic matter [4]. Plant roots are of many different types, 
lengths and architecture with a main and secondary roots and root hairs [92]. Roots 
produce different kind of exudates, and this is influenced by the plant species, soil 
physical and chemical conditions, soil temperature and moisture [82, 93]; however, 
root exudates are also affected by the rhizosphere microbial community [82]. Root 
exudates supply nutrients, they prevent invasion by other plant species (allelopa-
thy), they function also like especially important chemical signals for attracting 
symbionts (chemotaxis) e.g., rhizobia and legume, and other beneficial organisms 
as plant-growth promoter bacteria and fungi [94–96]. With all the diversity of plant 
roots, exudates, microbes, and other soil organisms it is expected that in soil occur 
different interactions and responses which will be reflected in the soil food web 
structure, diversity, and function [87].

Complexity of soil food web involves the species number and the number of 
different kind of species (trophic and functional groups); other characteristics as 
connectedness, interactions strength and length of chains are important in the food 
web stability [97]. Throughout the soil food web the main relationship is the vital need 
to obtain food and energy to accomplish the life functions and the species survival; 
however this relationship acquire different tonalities when each microbe or protozoa; 
or arthropod species in the soil, develops different life strategies in response to specific 
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natural selection forces, and they establish inter- and intraspecific biological interac-
tions like mutualism, competition, parasitism, predation, pathogenism, fungistasis, 
antibiosis, allelopathy, herbivory. These ‘complementary’ interactions among species 
are of ecological relevance because throughout them is built up the structure, func-
tion and diversity of the soil community; Wardle [67], talks about some of these kind 
of interactions as ‘interference interactions’ and he indicates that apply primarily to 
interactions among fungi, among bacteria, and between bacteria and fungi.

Microbial symbionts (endosymbionts) play vital roles inside plants, fungi, 
nematodes, protozoa, insects (termites, ants), etc. [45, 98–100]; they are interac-
tions inside interactions and are “complementary interactions” that biological species 
have been developed and evolved throughout time and space, improving their 
fitness [25, 45, 56]; without them the host species would be unable to live. All kind 
of symbionts are also components in the soil foo web; some of these relationships 
are obligate or facultative, and others are intermediate between an obligate and 
facultative behavior, depending on the press of natural selection forces and the 
evolutionary time through which these species have been related [101]. What about 
the role pathogens play in the soil food-web, and the role plant pathogens have in 
different important functions for plant life: seed germination [77], seedlings and 
young plant establishment [76], plant sexual reproduction and sexuality expression 
[102, 103] and their role in plant community successional process? Ecological func-
tions of pathogens and specifically of plant pathogens, have received few attention 
in the plant communities of wild ecosystems [104–106], even though Dinoor and 
Eshed [105] drew the attention about the importance of studying plant pathogens 
and disease they cause in natural ecosystems, to better understand plant diseases in 
agroecosystems and applied the best management strategies.

To this point, we have seen that soil organisms play multiple and different activi-
ties in the soil ecosystem and all of them are relevant for the soil dynamic function-
ing (Table 1); in fact, the FAO Report of 2020 talks about “The Multifunctionality 
of Soil Biodiversity” [107]. But what drives soil microbial diversity? Soil ecologists 
suggest that innate soil spatial heterogeneity, or patchiness, would be a main envi-
ronmental factor to explain soil biodiversity at different spatial and temporal scales, 
arguing that soil heterogeneity ‘provides unrivaled potential for niche partitioning, or 
resource and habitat specialization, leading to avoidance of competition and hence co-
existence of species’ [1]. At the same time, the knowledge of the multiple and diverse 
biological intra- and interspecies interactions that happen in the soil environment at 
all levels of biological organization, and taking as a fundamental basis the structure 
and complexity of the soil food web, we reason that these two factors: soil spatial 
heterogeneity and ecological interactions (trophic and complementary interac-
tions) working together through evolutionary processes and time, at the population 
and community levels, have resulted in the immense soil biodiversity.

Pathogens affect all groups of organisms: plants, microbes, protozoa, nema-
todes, insects, etc.

Food webs, and therefore soil food webs, are biological systems organized with 
different subsystems (trophic levels), and sub-subsystems (functional groups 
in each trophic level). Food webs are also open systems, with a spatio-temporal 
dynamic of the whole, in which each subsystem and each subsystem component 
has also its own dynamic function but interrelated with other components in the 
web-system. Food webs are open systems with energy and material flow, and in 
some cases there is also a flow of genetic information (e.g., fungi endophytes maybe 
transmitted through vertical or horizontal gene transfer, [47]). In this sense, ecolo-
gists have mentioned that “The analysis of energy and material flow is considered to 
be fundamental to understanding the patterns and dynamics in ecosystems and the way 
ecosystems are organized.” [97].
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With all the information presented here, it is argued that most of the trophic 
relationships in the soil trophic web has been established through evolutionary 
processes, and this is an important basis to understand that disturbances (e.g., 
plant disease epidemics) in the soil food web can have irreparable consequences 
in the ecosystem functions, e.g., natural or managed systems. Disturbances that 
occur in the soil environment will cause changes at different physical and biologi-
cal levels; these perturbations will affect the ecological interactions and depending 
on the strength and duration of the perturbation, soil ecosystem will be able to 
recover through its resilience and resistance capacities, expressed at the individual 
(e.g., dormancy), population (temporal and spatial population density and 
dynamics) and community (regulation throughout mutualistic vs. antagonistic 
relations) levels [108]. These processes will be evidenced in the complexity of the 
structure and diversity [108, 109] and in the stability of the soil food web [97]; 
However, we must also keep in mind that all the multiple and different soil organ-
isms since plant roots to microorganisms and to animals, all together as a whole, 
participate in vital soil processes such as biogeochemical and nutrients cycling, soil 
formation and conservation, and climate regulation [2] (Table 1). In this sense De 

Table 1. 
Multiple and different functions performed by the soil organisms at the individual, population and community 
organization levels in the soil ecosystem and soil food web, considering the ecosystem services.
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Ruiter and Moore [110], indicated that ‘soil food webs are thought to govern major 
components in the global cycling of materials, energy and nutrients’.

Soil ecologists indicate that soil food web complexity improves the turnover of 
nutrients, enhance soil structure, water holding capacity and infiltration, promotes 
disease suppressiveness, pollutants degradation and biodiversity [18, 110]. All the 
different interactions that soil fungi and bacteria have established with other soil 
microorganisms like protozoa, nematodes, rotifers, microarthropods, mites, ants, 
and root plants, establish the foundations for a complex soil food web with direct 
and indirect biological and ecological relationships. Complexity and performance of 
the soil food web is also affected by physical and chemical soil factors; soil structure, 
particles aggregation, pore size [111], soil texture, pH [22], amount of organic mat-
ter, all of them affect direct and indirectly the soil biological species diversity, their 
interactions, their population densities and their spatio-temporal dynamics. At the 
same time, every biological activity performed by the soil community will transcend 
and affect some physical and chemical characteristics in soil. It is important to 
mention that trophic and non-trophic relationships in the soil community and eco-
systems have been developed through time and they are ruled by natural selection 
forces, which mean, trophic food webs have evolutionary and ecological basis [101].

5. Root pathogens: soil borne plant pathogens

Soil Borne Plant Pathogens include organisms from bacteria, fungi, oomycetes, 
nematode, protozoa groups and mesobiotic entities like virus and viroids [11, 73, 
112]. SBPP penetrate, infect and invade the roots using different biochemical and 
physical mechanisms, causing cell and tissue damages; they feed and establish at 
different regions in the roots including xylem and phloem, but they also obtain 
their food and energy from rhizosphere root exudates. SBPP are endo-, ecto-, or 
semi-endo-pathogens what means they can enter and live their whole life cycle 
inside roots, or they live some life stages in the soil. In plant pathogenic nematodes, 
there are species in which young and immature females penetrate only half of 
their body into the epidermal and cortex cells in the roots (Tylenchulus semipen-
etrans), until they mature and transform into a swollen body containing eggs that 
are released into the soil (Meloidogyne sp.); some plant nematodes are sedentary 
(Xiphinema sp.) while others migrate inside the roots (Pratylenchus sp., Radophulus 
sp.) or go up to the stem (Ditylenchus sp.) [11, 113]. Soil borne plant pathogens 
produce localized or systemic damages; they damage the roots producing root rots, 
wilts, necrosis and death [114] which impair nutrients and water uptake to the 
upper plant organs, where damage is manifested as seedlings damping-off, stunt, 
chlorosis, wilts, bark cracking, twigs and branch diebacks, drop of flowers and 
fruits, and in consequence biological and economical yield losses [12, 112, 115–117]. 
SBPP are obligate or facultative pathogens; some of these pathogens may live also 
as soil saprophytic organisms depending on substrate availability and soil envi-
ronmental conditions. When soil environment conditions are adverse, many SBPP 
develop resistance structures (e.g., sclerotia, cysts, oospores, chlamydospores), 
and they enter in a dormancy stage for until 20 (Sclerotium cepivorum) or 30 years 
(Rhizoctonia solani) [11, 73, 118].

SBPP produce different kinds of propagules, which refers to any entity or unit 
able to multiple, disperse and conserve the pathogen population, e.g., in fungi: 
spores, conidia, sporangia, sclerotia; in nematode: eggs, cysts, immature stages, 
adult male and female; in virus: they are vectored by fungi, nematodes and mites 
[11]. Propagules and resistance structures of SBPP remain in soil as inoculum that 
is dispersed by water, microfauna, and cultural practices. There are important and 
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unique pathogen traits which contribute to their successful establishment, increase 
and eventual epidemic expression, and these are inoculum density, pathogenicity, 
virulence, dispersal ability, reproductive mode (sexual/asexual), secondary hosts, 
and long-term resistance and survival structures in soils [12, 119]. SBPP are another 
natural component of the soil communities and part of the soil food web, they inter-
act with plant roots, but they also interact with other soil organisms in mutualist and 
antagonist relationships [78, 120], and all these interactions shape the SBPP popula-
tion density and dynamics in time and space. Some examples of important SBPP 
affecting plant communities and crops are, fungi: Fusarium oxysporum, Rhizoctonia 
solani, Verticillium dahliae, Armillaria mellea, Gaeumannomyces graminis, Sclerotium 
ceviporum; Oomycetes: Phytophthora cinnamomi, P. capsici, Pythium aphanider-
matum; nematodes: Meloidogyne incognita, Nacobbus aberrans; bacteria: Ralstonia 
solanacearum, Agrobacterium tumefaciens; mesobiotic entities: lettuce necrotic stunt 
virus (LNSV), spindle tuber of potato viroid. Economic and yield crop losses caused 
by SBPP diseases are significant and may provoke loss of the total crop yield as in the 
white root rot of onion and garlic caused by the fungus Sclerotium cepivorum when 
inoculum density is high and persists in soil for long time [117].

5.1 Function of root pathogens

Plant (Root) pathogens has also been considered as microherbivores [91], 
which in the process of feeding from plants they release different enzymes 
(cellulases, chitinases) and develop different structures (fungi: haustorium, 
appressorium) or used structures like the nematodes stylet to enter de (root) 
plant tissues; at the same time, they also elicit defense/resistance mechanisms by 
the host plant. Plant pathogens are important components in different ecological 
processes of the plant community like structure and succession, development 
(expression) of sexuality, seed germination and establishment of seedlings [76, 
105, 121–123], competition between plant species [77] and expression of alle-
lopathy [124]. Since an evolutionary point of view, plant pathogens are important 
drivers of evolution of both species, the host plant and pathogen [13, 106], and 
therefore in the diversity of the two species involved in the process of pathoge-
nicity [78, 125, 126].

5.2 Diseases caused by root pathogens in wild ecosystems

We know SBPP are natural components in wild ecosystems and they participate 
in important ecological and evolutionary processes in plant communities; however 
they may also cause severe and destructive epidemic diseases in nature system, 
as it happens in Jarrah (Eucalyptus marginata) forests in Western Australia which 
have been devastated during the last 100 years by the dieback disease epidemics 
caused by the Oomycete Phytophthora cinnamomi Rands, an exotic root pathogen 
introduced into Australia in the XIX century, with a host range over than 2000 plant 
species in more than 48 botanic families [127–129]. The destructive effect of this 
SBPP has caused cascade negative effects on the Australian forest ecosystem because 
affects indirectly, different species of insects, birds and small mammals who use to 
feed on the plant species destroyed by P. cinnamomi [130]. Dieback disease epidemic 
have destroyed large areas of the jarrah forest to the point that they are known 
as black gravel or graveyard sites because these sites are devoid of the plants and 
animals they supported [131]; this epidemic disease has disrupted the aboveground 
food web, and certainly the belowground soil food web. Plant disease epidemics 
caused by SBPP in wild ecosystems are uncommon so far, but they may be quite 
destructive, threatening entire plant communities and ecosystems [130].
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6. Resilience in soils

Belowground roots, exudates, microbial and microorganisms diversity conform 
a complex and diverse soil food web with multiple trophic and complementary 
relationships, which can be classified as mutualists (+) and antagonists (−) 
relationships that in theory must result in a well-balanced soil system where is 
expressed the suppressiveness to SBPP; these are call “suppressive soils”. In the 
development of the biological control of SBPP the concept of suppressive soils has 
been a key one, because take in consideration that in the soil ecosystem there are 
a whole microbial (fungi and bacteria) community with the potential to interact 
with root pathogens and regulate their population densities and dynamic under 
certain physical and chemical soil environmental conditions. Baker and Cook 
[21] originally defined suppressive soils as “soils in which the pathogen is not able 
to establish or persist, the pathogen establishes but causes no damage, or the pathogen 
causes some damage, but the disease becomes progressively less severe, even though the 
pathogen persists in soil”. Development of molecular biology methodologies has 
allowed to better understand that in the soil microbial community, certain groups 
of bacteria and fungi are involved in soil suppressiveness. Mendes et al. [132] 
found thousands of bacteria and archaeal species in the groups of Proteobacteria, 
Firmicutes and Actinobacteria constantly associated with suppression to disease 
caused by Rhizoctonia solani in beet. In other research Penton et al. [133], resolving 
soil disease suppression to R. solani strain AG8 and Fusarium psudograminearum 
in cereal fields in Australia, found that suppressive soils were attributed to less 
than 40 genera of fungi, including certain endophytic species and mycoparasites 
in the groups Ascomycota, Basidiomycota and Chytridiomycota; the fungi genera 
most associated with the suppressive fields were Xyllaria (endophyte), Bionectria 
(mycoparasite), Anthostomella (saprotrophic), and also with antifungal activity 
Chaetonium, Corynascus and Microdiplodia; these authors indicate the importance of 
analyzing soil suppressiveness including both fungi and bacteria, and their interac-
tions with fungi and plants. It has been mentioned that ecosystems as open systems, 
have the ability of buffering negative stresses throughout their resilience and 
resistance properties expressed at the population, community, and ecosystem levels 
[108], but this ability depends on the strength and time of duration that the stress 
factor persists. Suppressiveness of soils to SBPP and diseases may be considered as 
an expression of the soil resilience capacity where soil microorganisms multifunc-
tionality must play an important role. Soil resilience is defined as the ability of a soil 
to recover to its initial state after a stress event [134]. Suppressiveness/resilience 
may not be necessarily manifested in every soil in natural environments and even 
less in agroecosystems.

7. Agroecosystems and biodiversity

Agroecosystems are modified ecosystems by man in which plants, animals 
and microorganisms biodiversity has been altered, and sometimes decreased to a 
minimum number of species [135, 136]. Agroecosystems are simplified systems at 
different levels of their structure and function where biological interactions and 
relationships have been disrupted, and these disturbances are expressed at differ-
ent levels of organization [136]. There is a great diversity of agroecosystems in the 
world, from traditional multiple cropping systems under subsistence agriculture 
established mainly in tropical regions [8] to highly technified and extensive mono-
cropping systems established under intensive agriculture mostly in the temper-
ate regions [137]. Therefore, it is expected that the soil ecosystem biodiversity, 
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structure, and function be altered at different levels. It is important to consider 
that the change from a natural ecosystem into an agroecosystem will always bring 
alterations above- and below-ground regardless of if this is a traditional, or multiple 
or intensive cropping; most of the different agronomic activities applied (tillage, 
fallow, herbicides, manure, etc.) in a crop land will certainly cause alterations in 
the soil ecosystem. But how important will be these changes? Which species and 
functions will be affected and how this will be manifested in the soil food web 
structure and functions? Certainly, these are no easy questions to answer. However, 
if we think about the most important functions of the soil ecosystem performed 
by the soil biota: organic matter decomposition, nutrient release and cycling, and 
energy flow (soil food web and complementary relationships), we may decide which 
elements and factors to weigh for a better agroecosystem design and management, 
affecting as little as possible soil biodiversity and soil food web functions.

The specific agronomic requirements for the crop of interest must also be 
considered. Intensive and extensive agroecosystems (e.g., cereal crops), are 
highly uniform in their genetic, physiological, and morphological structure and 
function [135, 136]; and the different agricultural practices such as tillage, herbi-
cides, sowing, improved seed, fertilizers, and pesticides are usually applied with 
machinery, which may cause a great disturbance in the soil system. In the other 
hand, in traditional multiple cropping systems there are crop plants diversity and 
sometimes also weed diversity, they may resemble more to a nature plant com-
munity and therefore soil alterations are expected to be less [8, 135, 136]. Several 
researches have documented how changes aboveground and belowground affect 
soil biodiversity, structure and function in agroecosystems; Wardle [138] found 
there were disturbances on detritus food webs because of applying different tillage 
(no-tillage, conventional tillage) and weed management practices. Tsiafouli et al. 
[139] sampled soils from different agronomic management (perennial, intensive 
and non-intensive) in several European countries with the objective to find out how 
agricultural intensifications affect soil biodiversity; they found that intensification 
reduced richness and diversity Shannon index of faunal groups but also the average 
taxonomic distinctness and average breadth of related species, this mean, agricul-
tural intensifications causes a loss of taxonomic diversity, and in turn, soil function-
ing maybe affected too.

Plant roots (and some death plant residues) are, as producers, in the first soil 
trophic level and they are source of energy for the upper trophic levels. Some eco-
logical studies propose productivity as key component for the structure, diversity 
and stability in a food web [110]. Therefore, when a natural ecosystem is changed 
to an agroecosystem, we expect a cascade effect that will cause a disruption in plant 
diversity, plant species abundance and plant community composition and in turn 
there will be alterations in plant productivity (including root productivity), and this 
will affect the soil food web diversity, complexity and stability [139].

8. Root pathogens in agroecosystems

Plant diseases and epidemics caused by SBPP in agroecosystems are common, 
and they cause great economical and crop yield losses [12, 140]; some of them have 
been well studied and documented e.g., avocado root rot caused by Phytophthora 
cinnamomi [141], Fusarium oxysporum wilt diseases in vegetables [142], Ralstonia 
solanacearum, a bacteria, causing vascular wilt diseases in more than 200 host plants 
[143]. It is important to mention that for a disease to develop there must be a suscep-
tible plant host, a virulent plant pathogen and an environment suited to its growth, 
these are the three components of the conceptual model “disease triangle”, a key in 
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Plant Pathology [144]. Plant disease epidemics and therefore soilborne disease out-
breaks may occur for an increase in the pathogen populations (inoculum density), 
by an increase in the host plant susceptibility (age, phenological stage, nutritional 
status, genetic bakcground) or by certain enviromental conditions (biotic and 
abiotic) conducive to the disease expression, e.g., biologically impoverished soil, 
deficient water drainage [12, 140]. The degree of root damage or severity is generally 
related to the number (inoculum density) and type of pathogens, which results in 
root rot wilting, necrosis, poor growth, and stunted development (deformations), 
these root alterations impair nutrient and water uptake, affecting in turn develop-
ment of the whole plant with a decrease in biological and economical crop yield 
and food quality [114, 117]. Increments in SBPP populations and damages in roots 
affect development and kind of exudates, which may affect other microbial popula-
tions altering in turn soil food webs, in a cascade effect. Management of SBPP and 
disease outbreak in crops, consider the addition of organic matter, cover crops, green 
manures, composts, crop rotation, and multicropping as adequate strategies because 
they decrease pathogen soil inoculum through enhancement of antagonistic relation-
ships, they also improve plant growth and resistance, multiplication of beneficial soil 
microorganisms, and these strategies also enhance the soil suppressiveness/resilience 
[7, 145, 146].

9.  Management of root pathogens and diseases they cause in 
agroecosystems

Since an ecological point of view, plant disease epidemics caused by SBPP in 
agroecosystems are relevant because the different control strategies applied are 
mainly directed to the soil, trying to decrease pathogen inoculum density and 
population dynamics [116]. Among these strategies we found: 1) Application of 
chemical pesticides [147]: fungicides, nematicides, antibiotics, including biocides 
like Methyl Bromide, which have an evident negative effect to the soil biodiversity. 
2) Biological control [148], which involve the introduction in the soil or substrate 
where plants are growing, specific bacteria or fungi species or strains that func-
tion as pathogen antagonists or plant-growth promoters or drivers of the plant 
host resistance; the effects of this strategy on the soil community function and 
structure, are not very well known. 3) Plant host resistance [149, 150], obtained 
through the genetic improvement of the crop species by breeders using traditional 
breeding techniques or modern genetic engineering methodologies introducing 
resistance genes into the host crop (genetically modified organisms GMO); the 
effects of this modified organisms in the soil community and soil food web, are 
also not well known. 4) Cultural Management [7, 151], like soil quarantine, soil 
disinfestation, intercropping and crop rotation, tillage, planting date and plant 
spacing. 5) Management of the soil environment such as mulching, biofumiga-
tion, composts, and composts added with pathogen antagonists [7]. Management 
strategies 4 and 5 have a direct effect and alterations on the soil communities 
and food web, all these strategies imply application of organic matter into the 
soil, However, several questions surge: What is the best way to apply it? Is it the 
right kind of organic matter for a specific SBPP and disease? How long last their 
effects? How important is the application of organic matter and the introduction 
of antagonists in the soil community? What groups or species of antagonistic 
organisms are the most adequate? How will these strategies affect the soi microbial 
community? How the soil food web will be disrupted? How much these methods 
affect important soil functions? Until now, there is not enough ecological research 
about how much soil biodiversity is affected, mainly microbiome diversity, and 
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therefore soil food web structure and function, as a result of the strategies applied 
for root pathogens management. Here is interesting to mention work by Wolfgang 
et al. [152], with tomato crop in Uganda, where they screened from rhizosphere 
and surrounding soil the different groups of bacteria antagonistic to the root-knot 
nematode Meloidogyne spp. and several root pathogenic fungi, e.g., Fusarium 
oxysporum, Botrytis cinerea, Sclerotium rolfsii and Verticillium dahliae. Meloidogyne 
spp. is a SBPP involved in several complex diseases interacting with other plant 
pathogens and damaging important vegetable crops like tomato around the world 
and causing great crop losses. Researchers find out that infection with nematodes 
was correlated with a strong bacterial community shift in tomato roots, with a 
microbiome from healthy plants differing from infected roots, and they concluded 
that the different functions performed by the antagonistic microbes, including 
volatile organic compounds, all together can lead to synergistic beneficial effects 
preserving the stability and diversity of macro- and microhabitats. Their results 
show that rhizosphere and surrounding soil microbes, function in a complemen-
tary conjunction, performing multiple roles in a complex and dynamic system. 
Must be said, that there is need of research on these topics in agroecosystems with 
a wider view, taking into consideration soil ecological processes and principles.

10.  Proposals for SBPP and diseases management, under ecological and 
sustainable soil biodiversity and conservation

The study and management of plant diseases is now supported for epidemiologi-
cal concepts and methodologies, which allow to understand the diseases as dynamic 
spatio-temporal processes at the population and community levels, involving tree 
main components: the pathogen, the host plant and the environment (biotic and 
abiotic), forming the ‘disease triangle’, a key concept in the study of pathosystems 
[140, 144]. In this way, plant disease epidemiology, specifically temporal and spatial 
quantitative analysis of the pathosystem, set up the basis for the design of better 
disease management strategies in both airborne and soilborne pathosystems [12, 
140]. However, this epidemiological approach must be enhanced applying ecological 
concepts, principles and methodologies that enrich and preserve soil diversity and 
the soil food web structure and functions, applying organic agriculture, compost-
ing, crop rotations and green manure [7]. A relevant consideration is to perform 
epidemiological research in soilborne plant diseases in long-term studies (5–7 years), 
under a regional (landscape) level [153] with different genetic populations of the 
pathogen and the host, which allow to find out how their populations are struc-
tured and have coevolved, adding another important element for understanding 
the genetic and evolutionary basis of the diseases, and their relation with the soil 
microbial community and the soil food web structure and function [13, 154]. 
Another especially important consideration is about agricultural intensification 
[155], which Tsiafouli et al. [139] demonstrated that intensification has a consistent 
negative effect across most soil food web components and that is not limited to 
specific groups of soil biota; this implies the urgent need to redesign our agroecosys-
tems in such a way to preserve soil biodiversity and the soil ecosystem. At present, an 
interesting proposal for the SBPP management is the genetic redesigning of benefi-
cial and pathogenic microorganisms of plant, soil, and root rhizosphere, pursuing 
the development and enhancement of soil suppressiveness and plant host resistance, 
from the lowest biological organization level [156]. However, several questions arise: 
Are we taking in consideration the importance of and the transcendental evolution-
ary and coevolutionary relationships among the species involved in pathosystems, in 
the soil food webs, in the soil ecosystem? Certainly, SBPP and diseases management 
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strategies need to be understood following and applying ecological principles, but 
also evolutionary principles [15, 157].

11. Conclusions

Soil ecosystem is the support for maybe every living on earth; their development 
and evolution takes thousand and millions of years; however, agroecosystems have 
caused great changes in soils worldwide, and in many cases soils have been impov-
erished, run out of nutrients and organic matter, contaminated and even eroded; 
which means soils biodiversity structure and functions have also been greatly 
disrupted, and in consequence vital soil functions such as organic matter decom-
position and nutrient cycling and release. Plant diseases and disease epidemics 
caused by SBPP have relevance in soil ecology because most strategies applied for 
their management are directed to the soil, affecting biological, physical and chemi-
cal soil characteristics, and altering soil diversity and soil food webs. However, 
human societies need to produce enough and healthy food, and soil ecosystem is 
the source from where to obtain healthy crops; therefore, agroecosystems must be 
redesigned urgently, based in the knowledge of above- and below-ground commu-
nities structure and function, and diversity conservation, to develop a sustainable 
agriculture with minimal impact of agricultural practices on the environment and 
taking care of maintaining or improving soil fertility. There is need of an integral 
interdisciplinary research of SBPP and diseases, considering these pathogens and 
processes as dynamic components of the soil ecosystem, where the analysis of the 
soil food webs and complementary interactions be a fundamental aspect for their 
management, involving epidemiological, ecological, and evolutionary principles 
and methodology.
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Abstract

The biodiversity of lakes is continuously declining and diverse communities are 
being substituted by monoculture of invasive Eichhornia crassipes, resulting in a slew of 
environmental cascade effects. The ability of the Neochetina bruchi to self-perpetuate is 
a desirable aspect of biological control since it decreases the population to a reasonable 
level, making the approach more sustainable. N. bruchi is often referred to as “ecologi-
cal engineers” because of the number of services it provides to the environment and 
enables herbicide application to be substantially reduced. Despite the presence of 
highly effective weevils against this weed, its effect on water hyacinth in association 
with the nutrients present in sites, is likely to vary with levels of disturbance caused 
by natural and anthropogenic factors. Understanding the aspects that determine the 
performance of these eco-engineers as valuable management tools will help to guide 
future endeavors. Our objective is to better comprehend their utility and limitations, 
along with critical knowledge gaps, to further enhance future applications.

Keywords: invasive species, Eicchornia crassipes, Neochetina bruchi,  
Hoagland and Arnons Solution

1. Introduction

Wetlands have characteristic aquatic plants called macrophytes that can survive 
in waterlogged soils. Macrophytes are hydrophytes of freshwater that can be easily 
seen with the naked eye and are normally found growing in or on the surface of 
water [1]. As they are primary producers, they form the base of food chains provid-
ing food for fingerlings, tadpoles, and other aquatic organisms [2]. The vegetation 
provides a habitat for invertebrates, protection against predators, and reproduction 
refuges to young fishes [2]. A total of 106 species of macrophytes were reported in 
Bhoj Wetland belonging to 87 genera and 46 families together with 14 rare species 
[3]. Macrophytes are also called the “kidneys of landscape” as they filter sediments 
and excess nutrients from water [4]. They act as nutrient sinks (uptake nutrients) as 
well as nutrient pumps (moving compounds from sediment to water column) thus 
influencing water chemistry [5]. Therefore, nutrient concentrations vary in different 
limnetic layers and the exchange of these nutrients depends upon the temperature, 
concentration of dissolved oxygen, and bacterial action [6].
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Unethical human activities near wetlands have changed the nutrient dynamics, 
favoring the growth of overpopulated invasive species of macrophytes at the cost 
of native, species, thus losing biodiversity [7]. Influx of sewage causes overgrowth, 
aging, and subsequently decay of macrophytes, devouring the system from life-
giving oxygen to anaerobic conditions. The biodiversity of wetlands is continuously 
declining and diverse communities are being substituted by monoculture of inva-
sive species (e.g., Eicchornia crassipes, Wolfia globosa, and Lemna minor) [8]. After 
the death and decay of these plants, the scenario does not come to an end, nutrients 
are further released into the water that again supports the next crop of aquatic 
weeds. Thus, it is a continuous endless process that impacts the food web and thus 
the ecological integrity of wetlands [8]. The combined sum of these conditions 
causes inexplicably severe consequences when taken as a whole. Thus, there is a 
need to take some serious measures to get rid of these invasive species and conserve 
the integrity of our wetlands.

2. Chapter review

The Water Hyacinth is a South American perennial free-floating species [3]. It 
belongs to the family Pontederiaceae, a family of heterostylous flowering plants, 
which form monospecific, dense mats in lakes and wetlands [9]. The weed is pres-
ent all over India and causes significant evaporation losses (1.26–9.84%). Eicchornia 
can give rise to 3000 new offspring in 50 days [10]. It is capable of doubling its area 
every 12–14 days during the growing season. It reduces light and dissolves oxygen, 
thus hampering the aquatic life and destroying the food web [11]. The consequences 
are devastating for those communities reliant on water bodies for water, food, 
sanitation, and transport [12].

The manual operation to eliminate macrophytes from the lakes requires a large, 
number of manpower. Though this method is widely used but it is time taking, 
laborious, uneconomical, and cannot be used for large size water bodies. There are also 
various types of mechanical devices used to remove aquatic weeds from water bodies 
but these devices have some limitations. Removal of weeds from the deeper zones of 
the lakes, is a major constraint as the aquatic weed re-grows up from their rootstocks 
in this method [13]. Mechanical devices are site-specific and nonselective, that is, they 
also cut native species with invasive species [13]. The disposal of enormous quantities 
of removed plant material is another problem in manual and mechanical control.

A wide range of chemical herbicides are now available for controlling the growth 
of aquatic weeds. Their lethal action is either by direct contact (contact herbicides) 
or by absorption (systemic herbicides) of the chemical from the treated part of the 
plant, affecting the biochemical pathways [10]. The chemical methods may be used 
in a case where the water quality maintenance is not the main issue because, after the 
treatment of chemicals, the water of the reservoir becomes unsuitable from a drink-
ing point of view [14]. The use of herbicides to eradicate aquatic weeds is a short-term 
gain only. As long as the chemical effect remains, weed mortality can be observed but 
after a certain time, frequent use of chemicals is required to control weed growth. 
These chemicals are costly and after death aquatic weeds started to settle down at the 
bottom and reduce the depth of aquatic resources as well as release nutrients after 
decomposition, which supports the next weed [15, 16]. These chemicals also impact 
the food chain and other micro or macro-organisms of the aquatic system. 2,4-dichlo-
rophenoxyacetic acid, Endothall, Copper sulfate, Diquat, and Glyphosate are some of 
the commonly used herbicides for the eradication of weeds [17].

As a result, the current scenario necessitates weed control strategies other than 
chemicals, and in this context, biological control is gaining prominence around the 
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world. Considering the above-mentioned limitations of typically obsolete technolo-
gies compels the adoption of novel ways based on biological agents that are environ-
mentally safer, friendlier, economical, and viable. The first serious measure was taken 
in the US in 1970ʼs for the biological control of E. crassipes. This method controls the 
excessive growth of a pest by another organism which is naturally a predator.

This goal can be accomplished by natural bio-delegate, such as N. bruchi, 
which are chevroned Coleopterans belonging to class Insecta. Adult weevil is 4–5 
mm long, having a brownish to grey tint. Abdomen is covered with fused brown 
tan “V”-shaped elytral marking [11]. Male is 3.5 mm in length with a thick and 
slightly curved snout. Female is 4.5 mm in length with a shiny tip, slender, and 
more curved snout [11]. Larvae damage the plant by forming tunnels through the 
petiole [12]. Adult weevils mainly feed preferentially on the slender upper branch 
of the petiole and the epidermis of the leaves, producing squarish feeding scars. 
The self-perpetuating existence of the control agents is a desirable feature of bio-
logical management, which decreases the population to a reasonable level, making 
the approach more sustainable [18]. The natural enemies, or control agents, have no 
undesirable side effects and insignificant impacts on nontarget animals or plants 
[15]. This method is cost-effective, environmentally acceptable, does not pollute the 
environment, and enables herbicide application to be substantially reduced [19]. 
Some of the noteworthy contribution in this field were carried out by Center [20], 
Center [21], Firehun [22], Heard and Winterton [23], Julien [12], Kumar [24].

The control of invasive species depends on a combination of various factors, 
such as temperature, nutrient level of the weed, climate and hydrology of the 
catchment, and number of healthy insects released [4]. The control of E. crassipes 
through biological control agents will be easier under lower nutrient conditions 
because plant biomass accumulation will be lower [23]. Understanding the combi-
nation of multiple drivers of plant growth, under changing conditions is essential 
for controlling the growth of water hyacinth [25]. Ray [18] studied the minimum 
required inoculation load of weevils for the control of three growth stages of water 
hyacinth based on fresh biomass, plant height and number of leaves and concluded 
that the smaller growth stages can be controlled earlier than the larger ones.

Figure 1. 
Flow chart on problems associated with excess growth of Invasive species.
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Based on the findings of previous studies, we should concentrate our efforts on 
ensuring that the control meets certain criteria, such as being effective against the 
target organism in a variety of nutrient conditions present in sites, which are likely 
to vary with levels of disturbance caused by natural and anthropogenic factors 
and achieving adequate control levels in the field with varying stocking densities. 
If such faults are not addressed, they create favorable conditions for Eichhornia 
to reproduce quicker than the weevil's growth rate. Hence, when deliberate intro-
ductions of bioagents are to be made, it is essential to release weevils first in the 
laboratory and assess their effects before releasing them in open field trials. In this 
chapter, we presented the results of a laboratory investigation to manage E. crassipes 
with N. bruchi (as the potential eco-engineer) in diverse nutritional situations. 
Thus, the study will endorse our perception of the degree to which weeds are eradi-
cated in diverse nutritional situations, which will indirectly help to improve water 
quality and conserve aquatic life. Moreover, these efforts will aid in endeavoring the 
future application of bio-agents with the explicit goal of restoring biodiversity. The 
chapter comprehends the utilities and limitations, along with reviews that maintain 
and enhance the action of natural enemies to boost future applications (Figure 1).

3. Material and methods

This study was conducted in the Animal House Facility of the Department of 
Bioscience, Barkatullah University, Bhopal, to support studies on weed control in 
laboratory conditions. Stock cultures of E. crassipes and N. bruchi were obtained 
from Behata village behind the Sadhu Vaswani College, Bairagarh, Madhya Pradesh.

1. Collection of weevils

To collect large number of adult weevils without damaging the plants, the plants 
were sink under the surface of the water, by putting a rigid grid over the top of 
the plants. Weighing the grid down with bricks and leaving it like this for 2 hours 
helped in collecting the weevils from the surface of the tank with a small sieve. 
Authentic collection of adult pairs was a very important issue for this experiment 
but adults laid eggs, which was very fruitful for the experiment.

2. Storage of weevils

Weevils were stored in a plastic bucket with freshwater hyacinth plants and covered 
with mosquito net cloth. This process provides proper light, oxygen while ensuring 
feeding and restricting the flight of N. bruchi. The proper feed material was also 
provided from time to time, which supported the ovipositioning of N. bruchi.

3. Cleaning of Water Hyacinth

The weeds were washed to remove the mud from the roots and leaves, after 
which they were allowed to dry on paddy straw for 10 min and then weighed to 
know the wet weight.

3.1 Experimental design

The experiment was conducted in the laboratory conditions in plastic basins or 
tubs of size 41 cm in diameter and height 13 cm. The monitoring period was 75 days 
and water hyacinths were kept in 12 different plastic tubs with 10 adult pairs of 
N. bruchi in each tub. Biological agents were introduced in all the groups except 
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their control. In these groups, different weighable 7-cm long, four water hyacinths 
were introduced at the primary stage. The weight of the plant was measured by the 
Analytical and Precision Weighing balance (Endel-JA203P). The bioagents were 
introduced after 7 days of system establishment.

Group T1 = Control I + Natural conditions were maintained + N. bruchi
Group T2 = Control II + Hoagland and Arnon solution + N. bruchi
Group T3 = Control III + N and P deficient Hoagland and Arnon solution,+ 

N. bruchi
Generally, natural condition was maintained in T1 for up-gradation of the weed 

in this condition. Water was added to the T1 set to provide nutrition to the hyacinths 
and prevent them from drying. The fresh nutrient solution was prepared and added 
weekly in T2 and T3 groups. Basically, fortnight data were collected for general 
observation purposes. In the three groups (T1, T2, and T3) different conditions 
were maintained that provide different sets of data. In all the treatments, all other 
insects were removed immediately to maintain the original herbivore densities, and 
any dead adult weevils were replaced with other weevils.

3.2 Statistical analysis

The data collected were subjected to statistical analysis (one-way ANOVA) by 
using Excel–Mac operating system software. All the groups, with overall signifi-
cance, were further compared for intergroup variation by Tukey’s honestly signifi-
cant differences (Tukey HSD) test.

3.3 Life cycle of N. bruchi

• Eggs. Eggs are ovoid about ¾ mm in length and change their color to pale 
orange as the time of hatching approaches.

• Larval formation. The larval stage of the N. bruchi starts after 1 week of laying 
of eggs. Larvae are white or cream-colored and the larval stage continues up to 
27 days.

• Pupa formation. From larva to pupa formation N. bruchi took 29 days. The 
pupa of N. bruchi is normally found beneath the root of the water hyacinth 
plant. They cut off the small lateral rootlets and form a spherical parchment-
like cocoon around themselves. The cocoon is formed among the lateral 
rootlets and attached to the main root axis below the water surface.

• Adult formation. N. bruchi is confirmed as an adult weevil after 29 days of 
pupa stage. They lived in the adult stage for up to 120 days.

Assessment of the effectiveness of the eco-engineer as management tools

4. Results

In the present study, the insect treatment significantly reduced the plant weight 
in T1 and T3 (N and P were absent) groups. However, the decrease in weed weight in 
the T2 (weevil exposed condition with Hoagland’s solution) group was significantly 
lower compared to the (T1) and (T3) groups after 75 days of the growth period, as 
shown in Table 1. All herbivory treatments showed lower values of plant weight than 
their Controls. The change in fresh weight in all herbivory treatments and the control 



Biodiversity of Ecosystems

204

was different, varying from 3.3% to 40.21% during the week 1 to 10th, as shown 
in Table 2. There were no significant differences between the treatments of plant 
height parameters, as shown in Table 3.

The results of this study showed that insect herbivory retarded the biomass and 
growth of E. crassipes and these agents were more effective in the T1 and T3 groups. 
The natural growth of water hyacinth was higher in March in group T1 because 
the bioagent (N. bruchi) was residing in this system in an immobile condition. In 
April and May, the bioagents were found in an active condition, so the wet weight 
of the plant was reduced in comparison to March. The weight of water hyacinth in 
tub C was higher than the other two groups in the second half of April month. This 
incident occurred because at that time population of N. bruchi entered the nether 
point, that is, they were found dwelling beneath the surface of the plant. This is why 
the biomass of the water hyacinth increased from 268 gm to 280 g in the second half 
of April month.

We are speculating that the reason for the success of this experiment in the 
T1 and T3 groups is that adult weevils scar the leaves of the weed, which lowers 
the photosynthetic rate and surface area while enabling the access and transfer of 
saprophytes into the leaves. The introduction of microbes via feeding scars elicits 
symptoms, such as increased respiration rates, poor chlorophyll and yellowing of 
leaves decreased buoyancy, and water and nutrient deficiencies [26–28]. All of these 
symptoms contribute to decreased growth and cause necrosis of plant tissue thus 
disrupting the plant leaf dynamics [20, 29]. Naturally, nitrogen and phosphorous 

Control (%) March (%) April (%) May (%)

Control I 28.023 A 35.018 B 36.397 C 40.213

Control II 22.772 D 3.324 E 4.896 F 2.77

Control III 15.277 G 8.389 H 11.498 I 8.219

Table 2. 
Percentage of E. crassipes reduced by the N. bruchi during the three different nutrient conditions.

Macrophytes weight (g) Tub March April May

15th day 30th day 45th day 60th day 75th day

T1
Natural condition

A 277 335 298 265 180

B 272 321 284 234 173

C 281 339 268 280 168

Control 244 260 280 330 339

T2
Hoagland and Arnon Sol

D 391 423 478 443 378

E 388 440 467 430 369

F 396 435 471 430 385

Control 390 400 430 450 505

T3
N and P

G 298 350 388 322 273

H 287 322 340 288 254

I 292 334 330 298 268

Control 360 355 330 323 305

Table 1. 
Weight of E. crassipes reduced during the experimental period of 75 days.
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are the primary ingredients for the natural growth of plants, so in the absence of 
these nutrients in the T3 group, slow growth and lower weight of water hyacinth 
were achieved.

The stress caused by constant herbivory allows energy to be diverted toward 
the development of daughter plants and new tissues, thereby reducing the overall 
growth rate of the plants and their sexual reproduction. Byrne et al. [30] stated that 
water hyacinth density and its spreading capacity were mainly related to asexual 
reproduction, so a decrease in reproductive capacities would reduce the expansion 
of mats and invasive potential of the water hyacinth.

In this study, it was observed that young hyacinths were controlled more rap-
idly than older plants that were confirmed by the studies of Ray et al. [31]. They 
reported that adult weevils are attracted to young plants because of the presence of 
some volatile substance that encourages them to feed especially at the previous site 
of injury but as the age increases it decreases, taking a longer time to be controlled 
by the weevils. So, managing larger plants is a tedious job in natural conditions that 
can only be made successful by releasing high inoculation loads of weevils, which 
increases production of smaller leaves and helps to destroy more leaves.

The change in fresh weights from 3.3% to 40.21 % in our study was very similar 
to the losses (−5 to −50%) reported by Del fosse and Cullen [32]. Tipping et al. 
[6] reported that weevil herbivory leads to a 50% reduction in biomass and inflo-
rescence, but had less effect on the coverage area. Firehun [22] reported that three 
pairs of N. bruchi reduced 30% production of ramets, new leaves, and biomass thus 
reducing the productive capacity and vigor of the water hyacinth.

In the T2 group, due to high nutrient content (1.6 mg l−1 N and 1.0 mg l−1 P), 
the mass production of water hyacinths was achieved. In the control group, the wet 
weight obtained during the 10 weeks of the trial was almost twice as high as treat-
ment (T2), but insect feeding still slightly affected (2.7–4.8%) the plant growth. 
Heard and Winterton [23] achieved greater damage at higher nutrient concentra-
tions due to the greater production of offspring, that is a high reproductive rate 
(93 times in a generation). Due to the high reproductive rate, damage by weevils 
magnify over generations. However, the present findings contrasted with the study 

Macrophytes Aqua 
rium

March April May

15th day 30th day 45th day 60th day 75th day

T1
Natural condition

A 7 7.4 7.4 7.4 7.4

B 7 7.3 7.3 7.3 7.3

C 7 7.4 7.4 7.4 7.4

Control 7 7.3 7.4 7.4 7.5

T2
Hoagland and Arnon 
Sol

D 7.8 8.3 8.5 8.6 8.6

E 7.8 8.4 8.6 8.7 8.7

F 7.8 8.3 8.5 8.6 8.6

Control 7.8 8.0 8.4 8.5 8.6

T3
N and P

G 7.2 7.4 7.5 7.5 7.5

H 7.2 7.3 7.4 7.4 7.4

I 7.2 7.3 7.4 7.4 7.4

Control 7.2 7.3 7.4 7.4 7.5

Table 3. 
Height of E. crassipes reduced during the experimental period of 75 days.
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of Heard and Winterton, as the study was restricted to only one generation, hence 
less damage was achieved.

The collapse of the water hyacinth population by weevils in natural water bodies 
takes a time from 14 months to 24–36 months or 6 years [7, 24, 33]. The reason for 
this might be that water hyacinth growth and reproduction occur at a more rapid 
rate than the weevil’s growth rate, so the weevils take a longer time to bring down 
the population of weeds.

5. Conclusion

Thus, the assessment of optimum densities of the weevil in different nutri-
ents decreases the growth of its host plant up to 3.3–40.21% in 75 days except for 
extremely eutrophic conditions. The impact of these insects is supposed, to be 
evident as sudden, widespread eradication of the macrophyte, but rather it occurs 
gradually in our studies through slight changes in the phenology, morphometry, 
and productivity in the Eichhornia’s population. We emphasize the need to treat 
the weed infestations as soon as the growth begins, usually before the plants start 
flowering, to minimize seed production. Thus, the outbreak of this aquatic weed 
could be sustainably managed by the judicious use of this potential Ecosystem 
Engineer. The biological control may act as flawless standalone technique for the 

Figure 2. 
Weight of E. crassipes was reduced during the Natural Condition of Experiment (T1) group after 75 days of 
inoculation (n = 10). The bars in the data represent the means, and the error bars are the standard error. The 
(*) over the month of April and May showed significant differences (p < 0.05) when compared to the control 
group, according to the Tukey HSD test.

Figure 3. 
Weight of E. crassipes was reduced in the presence of Hoagland and Arnon’s solution (T2) group after 75 days 
of inoculation (n = 10). The bars in the data represent the means, and the error bars are the standard error. The 
(*) over the month of May showed non-significant differences (p > 0.05) when compared to the control group, 
according to the Tukey HSD test.
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control of water hyacinth. However, it should always be noticed that this technique 
is not always targeted at eradicating but, rather, it aims at managing populations to 
a level of permanent stress, thus bringing an effective control in the long run. In any 
case, this study clearly proves the words of T.D. Center that “any number of weevils 
is better than none”. So, emancipating Neochetina bruchi from our natural water 
bodies to control this specific weed is a wise approach (Figures 2–4).

Figure 4. 
Weight of E. crassipes was reduced in the absence of Nitrates and Phosphate content from Hoagland and 
Arnon’s solution (T3) group after 75 days of inoculation (n = 10). The bars in the data represent the means, and 
the error bars are the standard error. The (*) over the month of May showed significant differences (p < 0.05) 
when compared to the control group, according to the Tukey HSD test.

© 2022 The Author(s). Licensee IntechOpen. 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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