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Preface

Monitoring the activities of water bodies is an effective way to understand the state of 
the aquatic environment and provides important information for territorial planning.

New environmental regulations require monitoring activities in water bodies to 
establish the state of environmental quality of each of them. The knowledge of the 
state of the water bodies allows for their classification and, if necessary, to plan their 
rehabilitation to achieve environmental quality objectives. All water bodies that have a 
significant environmental interest and those that may have a negative influence due to 
being highly polluted should be monitored.

This book examines methods for implementing effective monitoring of water 
resources and all aquatic environments in general. It discusses how to monitor the 
quality of the water matrix through ecotoxicological tests and indicator species. It 
highlights the importance of monitoring and its correct management for long-term 
protection. It also proposes methodological updates for more effective monitoring, 
aimed at acquiring more information in detail useful to territorial administrators who 
are often forced to make decisions without being supported by scientific evidence. 
Finally, the book presents an updated review of emerging contaminants for these criti-
cal environments that need more attention.

Carmine Massarelli and Claudia Campanale 
National Research Council,

Water Research Institute,
Bari, Italy
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Chapter 1

Zooplankton Productivity 
Evaluation of Lentic and Lotic 
Ecosystem
N. Eramma, H.M. Lalita, S. Satishgouda, S. Renuka Jyothi, 
C.N. Venkatesh and Sharangouda J. Patil

Abstract

The present study reveals the correlation of zooplankton productivity of lotic and 
lentic water ecosystem. The biological rhythms are useful tool to determine the zoo-
plankton production. Planktons enrich the trophic level of lentic and lotic ecosystems. 
The relationship of primary productivity of any aquatic ecosystem depends on the 
biological biodiversity. Estimation of zooloplankton productivity of any water system 
helps to analyse its richness of species as biological population which are sustainable 
in it by the adequate amount physicochemical parameters. It is observed in most of the 
water system the quality of physical, chemical and biological phenomena are depends 
directly or indirectly correlation to establish diverse life as suitable habitat. To identify 
the current problems on lentic and lotic water system correlation studies will be more 
helpful, it is need of hour to give more attention on limnology because most of the 
biodiversity polluted due to industrialisation and anthropology. To develop advanced 
monitoring tools to address it on time to time problems of water system as key indica-
tors and to conservation strategies towards the sustainable developments.

Keywords: ecological adaptation, climate change, conservation, river basin, 
physicochemical, heavy metal, sediments, microorganisms, water quality,  
water pollution, anthropology, diversity

1. Introduction

Water is one of the most significant resources on earth and is fundamental to all 
kinds of life since it is necessary for the survival and well-being of all living things 
[1]. The presence of planktonic organisms is the distinctive peculiarity of all aquatic 
ecosystems, whether they are lentic or lotic. Planktons are typically regarded as a 
measure of the water column’s fertility [2]. Studies on fresh water sources, whether 
they are man-made or natural, have become increasingly important in recent years, 
mostly due to their variety of uses.

In aquatic system, surface water called as inland water ecosystem and classified into 
lotic and lentic system. The land surface habitats for free water and will be categorised as 
lotic or lentic system. In the inland water system, act as fundamental habitat as ecological 



Limnology - The Importance of Monitoring and Correlations of Lentic and Lotic Waters

4

constraints to divide in to as lotic and lentic system [3]. Lentic water ecosystem exhibits 
discrete habitat as aquatic matrix in the terrestrial system, whereas in lotic water ecosys-
tem shared continuous habitat with the linkage of various basins in unidirectional flow 
in the dendritic structure of river networks. These ecosystems act considerably different 
in physical, chemical and biological characteristics (Table 1). Lotic water ecosystem 
significantly differentiated when compare to lentic water ecosystem, which possess 
relative affinity with terrestrial waters. In the lotic water ecosystems, waters flow establish 
it continuous, definite and unidirectional approach in the form of measurable, constant 
flow, wherein lentic water ecosystems, waters not exit in any flow in the continuous, defi-
nite and any direction in the given medium as staging structure. In lotic water ecosystem, 
flow of water source towards flat surface, whereas in lentic system water equally stored 
as per the specific landscape, terrestrial system and topography of the diversity. The 
lotic water system walks their path in the narrow form, shallow level, broader surface, 
relatively rapid, slow moving and deeper in nature. Lotic water system will be diverse and 
area specific in their structure, reaching small area as a spring in a centimetre wide exhibit 
like a major river which covers kilometre width. These water systems showed main differ-
ence in the communities, they move as per the velocity and along with lotic communities. 
These systems depends which are the organisms occupied the ecosystem and richness of 
diversity exist in the ecological niche. In this context, the plant diversity in lotic com-
munity is lower compared to community of lentic water system while small components 
of lotic community exhibit similar environment in the lentic community. These plants 
have adaptive evolutionary significance to cope up with the environmental force and 
various conditions that brings by running water. Such biological adaptations have placed 
different type of species successfully to take advantage in the lotic water system as one of 
the ecological niche. In this aquatic ecosystem, water differs in their stability, persistence 
basically, determining the structure of population and their genetics, size of geographical 
range and rate of speciation in lentic and lotic lineages [4]. Whereas the pattern of this 
phenomenon is remain incomplete and not understood, the compatibility of such traits 
preparedness with all the ability of species to develop as new populations to bring it as sig-
nificant differences in the system [4]. Due to water current velocity, affect the processing 
time directly, in indirect approach leaf fragmentation is common to renew the dissolved 
oxygen and supporting for microbial diversity. The contrasting feature of geological 
activities and ecological strength of these water systems exhibited relative index of evo-
lutionary and biogeographical differences in the species in different habitats [5]. Species 
taxa is depends on geological period and they were ecologically unstable due to adoptive 
condition to lentic habitat and found less population and greater area of geography when 
compare to the range of lotic relative species, such pattern observed through the range of 
selected taxa, specific regions and ecosystem [6, 7].

Ecosystem of lentic and lotic significantly differ basically in the local environmen-
tal conditions (For example, presence or absence of flow, time of water residence) 
and property of physical connectivity. While lotic water system not suffer much from 
fragmentation and deviation than the lentic water system, climate-induced changes 
from permanent to temporary locales will reduce the connectivity in the equal land-
scape ecosystem in in lotic system. In these environment exhibits harsh conditions 
for specific plant species, in those larger plants more prone, herbaceous species adjust 
with such conditions and acts as more favourable for the lotic community. It was 
noted that they were more tend to available physical conditions to adopt such water. 
Algal species can adapt to all sorts of places, surfaces and hence, they take significance 
as successful feature of the lotic water system. All the algal species have developed 
genetic ability with evolutionary changes to adapt over the period of their times to 
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prevent and overcome against water current from sweeping it completely. Dry season 
disturb the fauna and flora which occurs in both the aqua system globally and it can 
be strongly affect the communities. Whereas the drying effect depends on ecosystem 
and their relationship with local species ability strengthens the community, dryness is 
completely different with climate and their community responses between lentic and 
lotic water system comparatively [8].

Researchers predicted that drying of fauna and flora in aquatic communities may 
effect strongly in isolated lentic water system compare to scattered lotic system, if 
provided support of hydrological connectivity in higher level reduce the drying effect 
passively rather than dispersers, because such sources may potentially greater in recolo-
nizing ability of the species in the ecosystem. Whereas such variation, strongly combine 
the quality characteristics to make the healthy habitat of running waters compare to still 
waters. Flow of water should be unidirectional also observed that spatial and temporal 
heterogeneity in all the scales (microhabitats) in potent level and high degree [8].

There are two sorts of natural freshwater bodies: lotic and lentic. Running water 
is referred to as lotic since the entire body of water moves in that direction. Brooks, 
streams, rivers, and springs, which are representative of the lotic bodies in India, may 
be included in these [9]. Lentic ecosystems such as pools, ponds, swamps, bogs, lakes, 
exhibit a wide range of chemical, physical and biological characteristics (Figures 
1–3). In general, they have different zonation, unlike the rapid and the pool zones of 
the lotic system with different specialised lentic community.

Limnology is the study of all aquatic systems, both lentic and lotic fresh, fresh, 
and saline including lakes, wetlands, marshes, bogs, ponds, reservoirs, streams, riv-
ers, oceans, etc. about their physical, chemical, and biological characteristics [10].

The physical, chemical, and biological properties of lakes vary greatly. They differ 
physically in terms of temperature, water circulation, and light intensity. They differ 
biologically in terms of biomass, population size, and growth as well as chemically in 
terms of nutrients, major ions, and pollutants [11]. Management of freshwater bodies 
should aim to maintain high productivity level of water bodies with provision for a 

Figure 1. 
Types of lentic system and their morphology.
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high rate of harvest of plants and animals for human use. The amount of solar energy 
trapped by the autotrophic organisms is known as production. The amount of solar 
energy trapped by the autotrophic organisms in unit time is known as productivity. The 
amount of plankton present in the water body decides the productivity of that water 
body [12]. Primary productivity is inversely related to the nutrient concentration, indi-
cating that when the nutrient status is low, both primary productivity and fish output 
decline. There is only one primary production peak in reservoirs during the summer 
or early summer, according to numerous researchers who have examined the primary 
productivity of water bodies in different places and at different times of the year [10].

Zooplanktons are a crucial component of the aquatic ecology. Zooplanktons are 
essential components of the food chain and biogeochemical processes. They serve as 
helpful indicators for environmental changes [13]. Water currents carry zooplankton 
from lentic to lotic systems, and the energy in their tissues can affect the amount of 
resources available downstream, influencing ecological functions and the community 
structure of lotic consumers [14]. Zooplanktons are influenced by a wide range of 
environmental variables, such as pH, temperature, salinity, oxygen, and others [13].

2. The lentic ecosystems

The term lentic (meaning ‘to make calm’) is used for still waters of lakes and 
ponds, which offer environmental conditions, which differ sharply with that of the 
streams [15, 16]. Lentic aquatic systems contain stagnant waters. These are formed 

Figure 2. 
Anatomy of the aquatic ecosystem represents the zones and species diversity.
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usually in large or small depressions formed on earth’s surface where water is col-
lected and cannot flow out. These water bodies include ponds, lakes, swamps etc. As 
a result, the lentic systems are closed systems; most aquatic life rarely leaves them 
after entering. Within the lentic body, they must endure, deteriorate, and decompose. 
They eventually transform into swamps or marshy wetlands before becoming dry 
lands with time. The depth to which light can penetrate depends on the turbidity. The 
temperature varies with depth and the season. The oxygen level of the lentic eco-
system is considerably lower than that of the lotic because only a small portion is in 
direct contact with the atmosphere and because decomposition proceeds intensively 
at the bottom.

2.1 Zonation in lentic systems

The bodies like ponds and lakes have three zones (Figure 3):

• Littoral Zone

• Limnetic Zone

• Profundal Zone

Figure 3. 
Types of lotic system and their morphology.
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2.1.1 Littoral zone

The area of shallow water is where light can reach the ground. This area is often 
identified by the presence of rooted plants because it receives a lot of sunlight. This 
might not apply to “managed” or “man-made” lakes or ponds.

2.1.2 Limnetic zone

The compensation level is the area of open water up to the depth of effective light 
penetration. The depth at which the rate of respiration and photosynthesis are equal 
is known as the compensation level. This depth will typically be at the point when 
light intensity is 1% of that of full sunlight. Only planktons, nektons, and occasionally 
neustons make up the community in this zone. Small, shallow ponds lack this zone. 
The term “Eutrophic Zone” refers to the entire lighted stratum, including the littoral 
and limnetic zone.

2.1.3 Profundal zone

This is the deep bottom region, past the point at which light can effectively pen-
etrate. Ponds frequently lack this zone.

3. The lotic ecosystem

Running water is referred to be lotic (from the Greek word lavo, which means 
“to wash”), in which the entire body of water moves in one direction. These could 
include springs, rivers, streams, and lakes. A tiny natural body of water is referred 
to as a brook, whereas a comparatively big natural body of water is referred to as 
a river. The stream is typically described as being larger than a brook but smaller 
than a river. Water from the earth, which appears on the surface as a stream in 
the spring, is a problem [15, 16]. The current’s speed, which can produce either 
slow-moving or fast-moving streams with highly different features, essentially 
determines the lotic [17]. Plant and animal communities in slow-moving streams 
typically resemble those in lentic (lake and pond) habitat. According to Tokeshi 
and Pinder [18], algae and plants are crucial to lotic systems as a source of energy, 
for building microhabitats that protect other animals from predators and the cur-
rent, and as a food source [18, 19].

4. Physico-chemical characteristics of lentic ecosystems

Closed systems are lentic systems. Due to the lack of an exit for the water body, 
persistent substances, such as the byproducts of the decomposition and mineralisa-
tion of organic matter and the degraded or partially degraded pollutants that are 
released into these aquatic bodies, continue to exist in the system. The biotic com-
munities are significantly impacted by this. Due to the lack of water movement, the 
physico-chemical environment of lentic aquatic systems is exceptional. The following 
list of key characteristics of lentic water bodies includes:
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4.1 Water quality

Physical–chemical study of a water sample provides a picture of the physical and 
chemical components, however this analysis simply provides a numerical value. To 
determine the precise quality of water, an indexing method called the “Water Quality 
Index (WQI)” has been devised. WQI provides information on the whole aquatic system’s 
quality. “A rating of water quality, which shows the composite influence of different water 
quality criteria on the overall quality of water,” is how the term “water quality index” is 
defined [20]. Physical, chemical, and biological characteristics of water must all be consid-
ered when evaluating its quality because they are interconnected [21]. The majority of the 
water in the lentic system comes from rainfall, surface runoff, or subsurface water sources. 
The makeup of these sources does not alter all that much over time. As a result, the water 
quality in lentic systems has essentially not changed over a lengthy period of time.

4.2 Seasonal changes

A lentic body’s positive association with seasonal variations in the physicochemical 
properties of water affect how productive it is. The make-up of the living community 
is significantly impacted by the seasonal variations in water quality. A significant 
increase in phytoplankton is seen during periods of intense sunlight, which is also 
accompanied by a striking decrease in the concentration of numerous plant nutrients.

4.3 Assessment of productivity

The entire surface area of the water body is more significant than the water volume 
or the depth of the water body when determining the productivity of a lentic water 
body. The productivity is based on the combined length of the limnetic and littoral 
zones. Even if some lentic bodies’ profundal zones are nutrient-rich, productivity is 
scarcely impacted by a lack of sunlight.

4.4 Stratification and water movement

One of the most significant characteristics of a lentic water body is the stratification 
phenomena, often known as vertical zonation. The variation in density brought on by 
the varied heating of lake waters causes stratification to exist. If the temperature stays 
consistent at more than 4.0 C when there are significant breezes present, the lake water 
is well mixed. This is seen in lakes and ponds where the static waters are often deeper, 
measuring more than 6 to 8 metres. Because of stratification, the lentic water’s many 
strata range in temperature, oxygen concentration, and nutrient status [22]. The lake is 
stratified into the epilimnion, hypolimnion, and thermocline when the temperature is 
not constant due to density differences. Lakes are categorised into amictic, meromictic, 
holomictic, oligomictic, monomictic, dimictic, and polymictic lakes based on their 
circulation patterns. Thus, the temperature and wind pattern have a significant impact 
on how the water moves. Water in lakes frequently moves in multiple directions.

4.5 Effect of light

The depth to which light can penetrate depends on the turbidity. The temperature var-
ies with depth and the season. The spectral makeup and intensity of the light there govern 
how deep rooted macrophytes and associated algae can develop on suitable surfaces. 



11

Zooplankton Productivity Evaluation of Lentic and Lotic Ecosystem
DOI: http://dx.doi.org/10.5772/intechopen.107020

A lake can be separated into tropogenic zone and tropolytic zone based on the amount of 
light it receives. The primary production of a lake is influenced by light, and phytoplank-
ton in turn affects the depth of light penetration. The oxygen level of the lentic ecosystem 
is considerably lower than that of the lotic because only a tiny fraction is in direct contact 
with the atmosphere and because decomposition occurs intensively at the bottom.

5. Physico-chemical characteristics of lotic ecosystems

5.1 Currents and stream pattern

Running waters’ gradient and substrates have an impact on the current’s speed. 
Wind has little effect on currents in running waterways, in contrast to lentic waters. 
The properties of the drainage basin are what determine how water, dissolved 
chemicals, and suspended particles travel continuously downstream. According to 
this gradient, there are numerous stream patterns, including dendritic, rectangular, 
radial, trellised, parallel, annular, deranged, and pinnate. The risks of soil erosion are 
determined by the stream pattern.

5.2 Light

Light is important to lotic systems, because it provides the energy necessary to 
drive primary production via photosynthesis, and can also provide refuge for prey 
species in shadows it casts. The amount of light that a system receives can be related to 
a combination of internal and external stream variables [23]. The presence of turbid-
ity has a significant impact on how well light penetrates moving waters. There is a loss 
due to water absorption in addition to scattering by particles. A sufficient amount 
of light can reach the substrate and enable photosynthesis if the water is transparent 
or hollow. The availability of light may also be affected by seasonal and nocturnal 
circumstances because the angle of incidence—or the angle at which light strikes 
water—can cause light to be reflected back into space [24].

5.3 Temperature

Temperature is a crucial abiotic component for most lotic species since they are poi-
kilotherms, whose internal temperature fluctuates with their surroundings. Water can 
be heated or cooled through surface radiation, conduction to or from the air, and other 
nearby substrates [24]. The absence of temperature-related stratification means that a 
stream’s temperature follows that of the surrounding air because of increased interac-
tion with it. Numerous variables, including as the source, depth, substrate, tributaries, 
exposure, and time of day, affect the temperature of lotic water. The contribution of 
surface and ground waters to stream flow varies depending on a number of variables, 
including the geology and temperature of the area. Running water fuelled mostly 
by surface runoff has variable flow and may spate after each significant downpour, 
whereas running water fed primarily by ground water often has regular flow.

5.4 Dissolved gases

The most prevalent and significant dissolved gas in flowing water is oxygen. 
Due to turbulence and mixing, there is a high concentration of oxygen. Organic 
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contamination is typically indicated by low concentration. However, the oxygen 
concentration in the diurnal basis varies. Current, water temperature, and the 
presence of breathing plants and animals all affect how much oxygen is present. The 
carbon-di-oxide concentration of the moving waters tend to be sparse due to constant 
turbulence of water and its frequent interaction with air [3].

6. Distribution of planktonic forms in lentic and lotic systems

Plankton distribution patterns and environmental conditions are closely con-
nected. Climate, water, temperature, light intensity, nutrient concentration, river 
shape, discharge, water residence time, precipitation, and biotic variables are exam-
ples of potential physical, chemical, and hydrological elements [25]. All the creatures 
suspended in unrestricted water are referred to as plankton. Aquatic organisms that 
drift passively and have limited ability to move in opposition to the movement of the 
water mass make up the plankton. Compared to benthic or nektonic species, plank-
tonic organisms have a short life cycle and high metabolic activity, which allows them 
to respond to any pollution challenge quickly and dramatically [26]. Hence, study of 
planktonic community is of crucial importance in understanding pelagic productivity 
and pollution impacts [2].

Phytoplankton and zooplankton are two types of plankton. All suspended micro-
algae in a body of water that belong to all taxonomic algal groups are referred to be 
phytoplankton [27]. The primary producers in aquatic habitats and the foundation of 
the food chain are phytoplankton and other aquatic plant life [28]. Zooplankton, the 
animal element of the plankton, is a vital component of a freshwater ecosystem’s food 
chain since it occupy a central position between of autotrophs and other heterotrophs. 
All varieties of aquatic bodies exhibit zooplankton abundance due to energy transfer 
occurring at various trophic levels [9].

Pelagic creatures known as zooplankton are those that are unable to hold their 
location by swimming against the physical movement of water [29]. They were found 
in practically all water bodies, including rivers, streams, lakes, reservoirs, ponds, 
irrigation canals, rice fields, and temporary water bodies. They lived in both freshwa-
ter and saltwater. By regulating phytoplankton production and modifying the pelagic 
ecology, zooplankton play a crucial role in the pelagic food web. They are heterotro-
phic animals unable to produce organic materials on their own [30].

Water currents transport zooplankton from lentic to lotic systems, and the energy in 
their tissues can change resource availability downstream, changing ecosystem function-
ing and the community structure of lotic consumers [31]. As essential biotic components 
of the food webs in any body of water, zooplankton diversity and abundance play a cru-
cial role in the establishment of water quality and trophic levels as well as serving as the 
subject of bioindication and environmental condition monitoring [32]. The zooplankton 
community is quite susceptible to changes in the environment. Therefore, they are of 
ecological relevance because changes in their abundance, species diversity, or commu-
nity composition can give key signs of environmental change or disturbance [10].

7. Primary productivity of lentic and lotic ecosystem

Any aquatic ecosystem’s main production is based on the diversity of planktonic 
organisms. A water body’s primary productivity estimate can be used to determine 
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how much biological population it can support through respiration. It is the most 
significant biological phenomenon, on which all forms of life are directly or indirectly 
dependent [11]. The amount of primary production must be determined in order to 
gauge a reservoir’s bioactivity. Production is the measure of how much solar energy 
is captured by autotrophic organisms. Productivity is the solar energy captured by 
autotrophic organisms per unit of time [33]. The rate at which radiant energy is stored 
by a producer’s photosynthetic and chemosynthetic processes is referred to as primary 
productivity [34]. The most significant biological phenomenon in nature is primary 
productivity, which is directly or indirectly dependent on the entire biodiversity. 
Through the process of photosynthesis, primary producers generate organic matter 
from inorganic nutrients. Primary producers need essential nutrients to live and 
grow such as nitrogen, phosphorus, magnesium, calcium, iron, zinc, etc. in sufficient 
amount. Phytoplankton, Macrophytes, and Periphyton are the main producer in lake 
and reservoir [35].

Primary producers require appropriate amounts of key nutrients including 
nitrogen, phosphorus, magnesium, calcium, iron, and zinc to survive and flourish. 
The primary producers in lakes and reservoirs include phytoplankton, macrophytes, 
and periphyton [36]. The balance between gross photosynthesis, respiration, and 
other plant losses, such as death, is referred to as net primary productivity. There are 
several characteristics of primary production in aquatic ecosystems that are differ-
ent from those in terrestrial systems. Contrary to nutrients, which may go through 
multiple cycles, the movement of energy through an ecosystem is a one-way process. 
The primary productivity is the foundation of all food chains and food webs in each 
ecosystem, and it also produces 70% of the world’s atmospheric oxygen. Note that the 
efficiency with which energy is converted by organisms into other forms (chemical 
energy) and the quality of incident solar energy per unit area of the ecosystem are the 
two main concerns of ecologists interested in ecoenergetics and the study of produc-
tivity, which is currently receiving much attention in ecology [37].

The productivity of a water body is determined by the quantity of plankton 
present within. When compared to lotic water, lentic water has the highest primary 
productivity. This suggests that lentic water has more planktonic activity. The “light 
and dark bottle method” was used to determine the primary organic output of the 
river water. The method of measuring the production and consumption of oxygen 
using light and dark bottles and Winkler’s titration was initially put forth by Gaarder 
and Gran in 1927 [38]. It is the most typical technique for assessing output and 
productivity in the aquatic environment. The amount of dissolved (or free) oxygen in 
water or wastewater is measured. The amount of dissolved gas (oxygen) per litre of 
water is known as the dissolved oxygen concentration. In this method, productivity is 
calculated by evaluating the dissolved oxygen content (Figure 4).

8. Water productivity calculation

The following formulas were used to compute Gross Primary Productivity (GPP), 
Net Primary Productivity (NPP), and Respiration:

 −
=

0.375  X X 1000 / L / h
T

LB DBGross Primary Productvity mg
PQ
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 −
=

0.375 X X 1000 / L / h
T

LB IBNet Primary Productvity mg
PQ

 

 −
=

0.375X X 1000 / L / h
T

IB DBRespiration mg
PQ

 

Where:
LB = Light bottle,
DB = Dark bottle,
IB = Initial bottle,
T = Time of incubation,
PQ = Photosynthesis Quotient = 1.25,
RQ = Respiratory Quotient =1 and.
The value 0.375 represents a constant to convert Oxygen value to Carbon Value.

9. Conclusion

The zooplankton’s role in lentic and lotic water system to improve the water qual-
ity, act as basal organism in food chain and maintain the environmental conditions. 

Figure 4. 
Schematic representation of productivity of aquatic system.
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The existence and richness of zooplanktons relationship associated with water quality 
in both the water system. Zooplankton communities such as cladocerans, copepods, 
rotifers, etc., are held responsible to set biological parameters due to their central role 
in aquatic habitat in food webs along with the phytoplankton’s (primary producers) 
and reach to higher level trophic system and to become important in energy flow and 
in nutrient cycle of aquatic systems. The many research study showed the correla-
tion between dominant species along with the measured environmental parameters, 
whereas many tools, methods and protocols like cluster analysis, population met-
rics, limnology, etc., will help us to know the lentic and lotic water assemblages of 
zooplankton. This chapter emphasised that zooplankton community establish the 
structure of water system, environmental conditions and reflects the health of lentic 
and lotic ecosystem, hence they play significant role in biomonitoring, biodegrading 
and bioremedial of any water ecosystem health.
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Chapter 2

Perspective Chapter: Daphnia
magna as a Potential Indicator of
Reservoir Water Quality – Current
Status and Perspectives Focused in
Ecotoxicological Classes Regarding
the Risk Prediction
Sara Rodrigues, Ivo Pinto, Sandra Nogueira
and Sara C. Antunes

Abstract

Several types of stressors come into natural water bodies, degrading their quality,
and having harmful effects on aquatic biota. As a result, many attempts have been made
to develop complementary techniques to those imposed by the Water Framework
Directive (WFD) to improve the water quality assessment strategy in a shorter time and
be more faithful to the components and contaminants of the ecosystem.Daphnia magna
has been extensively used as a model organism for ecotoxicity testing, and its ecotoxi-
cological responses to several disturbance factors have been being well characterized.
From this perspective, this work aimed to evaluate the applicability of the feeding
bioassays with D. magna, as well as early distress tools (biochemical biomarkers), in the
assessment of water quality of natural waters of reservoirs. Samplings were performed
in several sites in three Portuguese reservoirs and were conducted in the spring of 2020.
Bioassays and biomarkers results showed sensitivity to different reservoirs since the
sites are minimally or moderately impacted. Biological responses can be related to
several environmental factors, such as surrounding areas, seston composition, and
chemical analysis (WFD), among others not quantified. This set of biological responses
has presented good concordance with the ecological potential of the reservoirs.

Keywords: water framework directive, lentic ecosystems, model species, bioassays
and biomarkers, ecotoxicity classes

1. Introduction

Over the years, increasing demographic pressures have contributed to an
exponential increase in contaminants in the water ecosystems, associated with the

19



intensification of agricultural and industrial activities. Some of these contaminants
have raised particular concern and have been classified as specific pollutants and
priority substances, identified in the Directive 2013/39/EU of the European Parlia-
ment [1] and the Agência Portuguesa do Ambiente (APA) [2]. To perform the eco-
logical assessment of aquatic ecosystems, there are two major comprehensive
frameworks worldwide, using multiple lines of evidence (LoE), with special emphasis
on ecological data (biological communities): the Water Framework Directive (WFD),
adopted in Europe through the Directive 2000/06/EC, and the Ecological Risk
Assessment (ERA), adopted for example by the US Environmental Protection Agency.
WFD and ERA approaches integrate information from different LoE, as the extent of
the application of ecotoxicological evidence clarifying cause-effect relationships; the
availability of expert judgment in the fine-tuning of sampling practices, strategic
analysis, data interpretation, and decision procedures; on the practical meaning of the
concept of LoE integration (“one-out, all-out” principle versus integrated risk quanti-
fication) [3]. The WFD is an extensive legislative framework for the protection of
ground and surface waters in Europe, with defined Environmental Quality standards
(EQS) for several parameters [biological, chemical, physicochemical (supporting bio-
logical elements), and hydromorphological elements] that must be complied by the
different member states, and also advise additional monitoring of substances of
national or regional interest [1]. However, it is estimated that a very high number of
substances are present in the environment, and for Europe, it is estimated the exis-
tence of more than 100,000 compounds [4, 5]. Therefore, the definition of these lists
of compounds with environmental concern, although relevant, becomes unreliable, in
terms of representation in aquatic ecosystems, since complex mixtures of chemicals
occur (e.g., emerging pollutants, metabolites, and transformation products). A list of
priority substances, which represent a significant risk to or via the aquatic environ-
ment at the EU level, will have to be reexamined by the European Commission (EC)
and should not exceed 4 years. In recent years, there has been a growing agreement
among authorities and scientists that the tools currently used and proposed by the
WFD for water quality assessment require a review to achieve a clearer and future-
proof methodology [6, 7]. In this context, ERA is reflected as a complementary
alternative for the bioassessment of the quality of freshwater, such as reservoirs. This
approach considers some valuable WFD principles and metrics but, at the same time,
includes complementary methods, one of which is the incorporation of effects-based
tools (e.g., ecotoxicological assays; biomarkers in organisms) for a better assessment
of cause-effect relationships; reflecting an effective integration of distinct LoEs (e.g.,
chemical, ecological and ecotoxicological) [3].

In environmental terms, pollution occurs due to a complex mixture of organic and
inorganic compounds that can result in lethal and sub-lethal effects on aquatic organ-
isms, associated with potentially significant losses of habitat and biodiversity. Cur-
rently, the assessment of water quality, using organisms as bioindicators of water
quality has been widely used, since the biological responses integrate the complex
influence of the stressing agents [4, 6, 8–10], in addition to the complex mixture of
compounds that occur in the ecosystem under analysis. According to several studies,
the effect-based water quality assessment (e.g. biological responses of organisms to
natural waters) has been successful in the identification of ecotoxicological risks in
surface waters and the ranking of locations based on these risks, namely for natural
water bodies (e.g. rivers, transitional or coastal waters) [5, 6, 11], but also to heavily
modified water bodies (e.g. reservoirs) [8–10]. Bioassays with Daphnia sp. (mostly
Daphnia magna) are regularly used in ecotoxicological studies because they have high
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fertility values, easy to maintain in laboratory conditions, ubiquitous, and important
bioindicators for aquatic environments due to their sensitivity to contaminants and
position (trophic level: primary consumers) in the aquatic food webs [6, 9, 11].

To answer the research needs outlined above, the present study aimed to apply
effect-based approaches (individual and biochemical responses of D. magna to natural
waters) in the water quality assessment of Portuguese reservoirs, defining classes of
disturbances and ranges of ecotoxicological potential. This work has been divided into
two parts with specific objectives. Part 1 of this study was presented in [9], which
demonstrated that biochemical parameters (metabolism, oxidative stress, and lipid
peroxidation biomarkers) improved the sensitivity of the biomonitoring strategy
using bioassays with the standard species D. magna, in the assessment of the ecological
quality of water reservoirs, in different sampling periods (Autumn 2018 and Spring,
Autumn 2019). The biochemical parameters revealed sensitivity in the evaluation of
effects incited by exposure to natural waters from reservoirs, making them useful and
reliable in this type of evaluation. According to the results of [9], the biomarker
indicative of lipid peroxidation (levels of thiobarbituric acid reactive substances—
TBARS) on D. magna represented a consistent tool for evaluation of water quality.
This result reflected, in part, the prooxidative state of organisms, food performance,
and possible stress scenarios, mainly due to the components of seston (e.g., quantity
and quality of phytoplankton) and chemical contamination.

Part 2, the focus of the here-presented study, is intended to evaluate whether
effect-based methods can be applied in natural waters quality assessment of reser-
voirs, by the definition of disturbance classes and ecotoxicological potential values.
The integration of physical and chemical and effects-based monitoring approaches
can complement and improve the water quality assessment strategies in the future,
with the main objective of a nontoxic environment. For this, several ecotoxicological
tools were applied, to gain insight into the ecotoxicological potential of the reservoirs
understudy and compare the ecological potential with tools proposed by the WFD, as
well as with previous studies, in the same areas under study. To this end, the present
approach combined the evaluation of the individual (feeding rates) and cellular/
molecular responses in D. magna after acute exposure to natural waters [e.g., bio-
chemical biomarkers of oxidative response as activities of catalase (CAT) and gluta-
thione S-transferases (GSTs), the latter also involved in the biotransformation
process, lipid peroxidation (LPO measured as TBARS levels), and acetylcholinesterase
(AChE) activity, involved in neurotransmission process].

2. Material and methods

2.1 Study areas, water sampling, and physicochemical parameters quantifications

Three reservoirs were selected for conducting this study (Figure 1): Miranda (M)
and Pocinho (P) are main course reservoirs and belong to the hydrographic basin of
the Douro river; and Aguieira (Ag) which is a northern reservoir that belongs to the
Mondego hydrographic basin.

The purpose for defining these reservoirs and respective sampling sites was based
on previous studies of our research group [8–10, 12–14], where the water quality was
assessed, in the last years, using different indicators and methodologies complemen-
tary to the WFD.
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Water samples were collected during the spring of 2020, in six sites of the three
reservoirs (Figure 1): one site in Miranda, one site in Pocinho, and four sites in
Aguieira. The sites were well-defined based on previous works conducted in these
reservoirs [8–10, 12–14].

In situ, the abiotic parameters pH, dissolved oxygen (mg/L and %), conductivity
(μS/cm), and temperature (°C) were measured with a multiparameter probe (Multi
3630 IDS SET F). For conducting chemical analysis [e.g., nutrients, specific pollutants,
and priority substances] and bioassays, 5 L of water were collected at each sampling
site and transported to the laboratory at 4°C and in the dark. Chemical analyses were
carried out within a maximum period of 48 hours after collection. D. magna assays
were started within a maximum period of 24 hours, after sample collection.

2.2 Chemical analyses

A set of specific pollutants and priority substances were measured, according to the
recommendations defined in the Agência Portuguesa do Ambiente [2] and the Direc-
tive 2013/39/EU [1]. Nitrites (NO2

�) and nitrates (NO3
�) were quantified by liquid

chromatography of ions, as dissolved anions [15]. Total Kjeldahl nitrogen (NKj) deter-
mination was performed by the Kjeldahl nitrogen method after mineralization with

Figure 1.
Map of sampling areas (Miranda, Pocinho and Aguieira reservoirs) with the location of the sampling sites. The
different colors represent the 1st level of detail of land occupation according to the land use report (2018).
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selenium [16]. Calcium and magnesium determinations were effectuated by ion chro-
matography, as dissolved cations [17]. For the elements, total phosphorus (Ptotal),
arsenic, cadmium, copper, mercury, nickel, lead, and zinc, the analysis was performed
by the application of inductively coupled plasma mass spectrometry (ICP-MS) [18].
Pesticides and polycyclic aromatic hydrocarbons were not quantified in our study,
because, according to previous studies [8–10, 12–14] the values of these specific pol-
lutants and priority substances (quantified in autumn of 2018) were below the detec-
tion limits of the analytical method, in addition to, that no significant changes in the
areas adjacent to the reservoirs were documented during the last years (2019, 2020).

2.3 Biological parameters by WFD—Ecological quality ratio (EQR) for
phytoplankton

The phytoplankton community characterization was performed according to the
Instituto da água I.P. [19] and Agência Portuguesa do Ambiente (APA) [2] guidelines
and briefly described in [9]. For the determination of the ecological potential (EP), the
results were expressed in an EQR, determined according to the WFD approach.
According to APA [2], the EQS used in the classification of the biological quality
(EQR) for Miranda and Pocinho reservoirs was carried out based on the typology
“main course”. For main course typology, taking into account the biological elements
proposed in the WFD to Portuguese reservoirs, the EP is only classified into two
classes: moderate or less, and good or more (Table 1). Aguieira is a northern type of
reservoir, and the EP is classified into four classes: Good or more, Moderate, Poor, or
Bad (Table 1).

2.4 Water treatments

The water collected in each sampling site of each reservoir was processed in 3
treatments, namely: NF (Non-Filtered water with all components present in the
sample); F1 (water filtered through aWhatman GF/C filter with 1.2 μm porosity); and
F2 (water filtered through a sterile filter system with a porosity of 0.22 μm) as already
defined in previous studies of our group [10, 12].

2.5 Test organisms

2.5.1 Culture maintenance of D. magna

Successive generations of monoclonal cultures of D. magnawere continuously kept
in controlled laboratory conditions of 16h light and 8h dark photoperiod and temper-
ature of 20 � 2°C. Cultures were renewed every 2 days and were maintained in
synthetic water medium “ASTM hard water” [20], supplemented with a standard
organic additive, Ascophyllum nodosum extract [21], to provide essential microele-
ments to Daphnia.D. magnawere fed with Raphidocelis subcapitata at a rate of 3.0x105

cells/mL/day. For conducting the bioassays, daphnids with 4 or 5 days, born between
the 3rd and 5th broods were used.

2.5.2 D. magna feeding rate assays

D. magna feeding rate assays were conducted according to [22] with some adapta-
tions described in [9]. For each water sample, bioassays were performed on 6-well
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plates, where each plate corresponded to specific water treatment (NF, F1, or F2). For
each water treatment and control (ASTM hard water medium), 5 replicate wells with
5 D. magna individuals, and a blank well (water sample with Raphidocelis subcapitata
without daphnids) were performed. The blank well is performed to account for the
potential algal growth during the assay period. Mortality was also considered in this
study. Feeding rate results were expressed according to [23]. The percent inhibition in
feeding rate (% IFR), relatively to the control, was calculated for each water treatment
(NF, F1, and F2) as follows:

%IFR ¼ FRc� FRtð Þ=FRc½ � � 100 (1)

where:
% IFR: percent inhibition of feeding rate;
FRc: mean value for feeding rate in the control group;
FRt: value for feeding rate for the water treatment.
At the end of the feeding rate assays, pools of organisms from each treatment were

preserved for posterior biochemical determinations (oxidative stress, lipid peroxida-
tion, and neurotransmission biomarkers) and stored in microtubes at—80°C until
analyses were performed.

2.5.3 Biochemical determinations

For determination of biomarkers of oxidative stress [catalase (CAT) and isoen-
zymes glutathione S-transferases (GSTs) activities] and levels of lipid peroxidation
(LPO) [levels of thiobarbituric acid reactive substances (TBARS)], samples were
thawed on ice, and a 1 mL of ice-cold phosphate buffer (50 mM, pH = 7.0 with 0.1% of
Triton X-100) was added to each biological sample. Samples were sonicated for 20 s
and centrifuged at 14,000 rpm, for 10 min, at 4°C, in a refrigerated centrifuge
(Eppendorf 5810R). The supernatant fraction was divided into aliquots and used to
perform the biochemical analyses. For the quantification of acetylcholinesterase
(AChE) activity, the samples were homogenized with a sonicator, in a volume of
750 μL of ice-cold phosphate buffer (0.1 M phosphate buffer, pH = 7.2), and
centrifuged at 6000 rpm for 3 min. The supernatants after centrifugation were col-
lected and used for AChE activity determinations.

All biochemical analyses were adapted to 96-well microplates [9, 24], and spectro-
photometric readings were performed in a microplate reader Thermo Scientific,
model Multiskan GO (version 1.00.40), with SkanIt Software 3.2.

The total soluble protein concentration of samples was performed according to the
Bradford method [25], using a standard of γ-globulin 1 mg/mL. This method is based
on the binding of a dye (Bradford’s reagent) to the total soluble proteins, forming a
stable complex [24]. This determination permits expressing the enzymatic activities
and TBARS levels, as a function of the total soluble protein content of the samples.

CAT is an antioxidant enzyme with peroxidic activity and is responsible for the
decomposition of hydrogen peroxide (H2O2) in H2O + O2, where H2O2 consumption
occurs with the oxidation of hydrogen donors (phenols, formic acid, and methanol)
[24]. The method consists of the monitoring of this decomposition and was performed
according to [26]. The enzymatic activity was expressed in nmoles of H2O2 consumed,
per minute, per milligram of total soluble protein.

The GSTs activity was quantified according to [27]. GSTs catalyze the conjugation
of glutathione in its reduced form (GSH) with the substrate 1-chloro-2,4-
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dinitrobenzene (CDNB), forming a thioether, whose formation was observed by
measuring the increase of the absorbance [24]. Enzyme activities were expressed in
mmol of thioether produced, per minute, per milligram of total soluble protein.

LPO was measured through the determination of the levels of TBARS, according to
[28], which measures the absorbance of the complex resulting from products of
oxidative free radical attack to membrane lipids, with thiobarbituric acid. Results
were expressed as millimoles of malondialdehyde (MDA) and MDA-like compounds
equivalents, per mg of total soluble protein.

The quantification of the AChE activity was performed by the Ellman method
[29]. This enzyme is responsible for the degradation of the synthetic substrate
acetylthiocholine into acetate + thiocoline [24], which occurs with the increase in the
yellow color produced when thiocoline is complexed with dithiobis nitrobenzoate
(DTNB). The enzymatic activity was expressed as nmol of the complex formed, per
minute, per milligrams of total soluble protein.

2.6 Water ecotoxicological assessment

At the end of all quantifications of enzyme activities and LPO levels, the percent
inhibition in each biochemical determination (% IX), comparatively to the control,
was calculated for each water treatment (NF, F1, and F2) as follows:

%IX ¼ Xc� Xtð Þ=Xc½ � � 100 (2)

where:
% IX: percent inhibition of: CAT activity (% ICAT), GSTs activity (% IGSTs), TBARS

levels (% ITBARS) or AChE activity (% IAchE);
Xc: mean value for CAT activity, GSTs activity, TBARS levels, or AChE activity in

the control group;
Xt: value for CAT activity, GSTs activity, TBARS levels, or AChE activity for the

water treatment.

2.7 Statistical analyses

The data from all test variables (the percent inhibition of feeding rate, CAT and
GSTs activities, TBARS levels, and AChE activity) were previously analyzed to assure
normality and uniformity of variance (Shapiro–Wilk and Levene tests, respectively).
All parameters were analyzed by analysis of variance (one-way ANOVA), followed,
when significant differences were detected (p < 0.05), by a Tukey test to discriminate
differences between treatments (NF, F1, and F2). The data are presented as mean and
respective standard errors. The analyses were performed using software SPSS Statis-
tics (version 26) and Sigmaplot (version 11.0).

3. Results and discussion

3.1 General physicochemical characteristics and trace elements concentrations
(chemical analysis) in the water samples

Table 1 summarizes the results of physicochemical parameters and chemical ana-
lyses including the quantifications of the concentrations of the specific pollutants and
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priority substances, measured for each site over the sampling period, as recommended
by APA [2] and European Parliament and the Council [1]. According to the physico-
chemical parameters used in the WFD, for Portuguese heavily modified and artificial
water bodies, only the pH, O2, NO3- and Ptotal have an environmental quality standard
(EQS) values established for a good ecological potential (GEP).

In general, water samples from the three reservoirs were characterized by a basic
pH (values range from 8.6 and 9.7, Table 1), with almost values above the EQS (> 9.0,
except M and Ag3). The water pH is an important parameter as it can determine the
solubility and biological availability of nutrients, but also metals [30]. Dissolved
oxygen (%) showed values above the maximum of 120%, in all sites studied. Consid-
ering the electrical conductivity, the values ranged between 73 and 438 μS/cm. Higher
values of this parameter were registered in the reservoirs belonging to the Douro river
basin, Miranda and Pocinho (> 260 μS/cm). In different Aguieira sites, the values
showed a low variation between the locations of 73–90 μS/cm. The sites M, P, and Ag3
showed higher contents of nutrients (mainly total phosphorus) when compared with
the values of EQS (Table 1). Two types of reservoirs are referred to in the work of
[31]: Type 1—lowland “run-of-river” reservoirs located in the main rivers (e.g.,
Douro), at lower altitudes, had larger catchments, lower residence time, and were
higher in mineral content (hardness and conductivity), than Type 2, which are deeper
high altitude reservoirs (e.g., Mondego). Considering this distinction, Miranda and
Pocinho are reservoirs of Type 1 and Aguieira is Type 2 (for more information see
[31]), and in fact, our physicochemical results are supported by these assumptions
(Table 1). Higher nutrient concentrations (Ptotal) were observed at Miranda and
Pocinho sites than at the Aguieira sites (Table 1). According to [31], Type 1 reservoirs
are more nutrient-rich (total phosphate and nitrates due to more extensive agriculture
and intensive) than Type 2, corroborating our results. If we consider land occupation
(Figure 1) in the area surrounding the sampling site of Miranda, the water pressures
are associated with the artificialized territories and forests. For Pocinho, agriculture is
highly representative in terms of land occupation. The land occupation in the
Mondego river basin area, where the Aguieira reservoir is located, has the surrounding
areas mainly represented by forests, agricultural areas, and artificialized territories
(Figure 1). Kroll et al. [32] show a solid association between land occupation (urban,
agriculture, and forest areas) and nutrients indices in nearby aquatic ecosystems.
These findings demystify and support some of the results (e.g., nutrient levels)
presented here, as well as work previously developed in these same locations [9].

Concerning the metals, only mercury (Hg) and zinc (Zn) exceeded the EQS
(Table 1) defined by the Directive 2013/39/EU of the European Parliament [1] and
APA [2], respectively. Hg was present in concentrations above 0.07 μg/L (EQS) at all
sites (> 0.63 μg/L). For Zn, concentrations above 7.8 μg/L (EQS) were quantified in all
locations of the three reservoirs (> 24.7 μg/L). Several metals such as mercury and
zinc (among others) can be highly toxic even in residual quantities [33]. Hg is an
important pollutant of water throughout the world, and several human activities are
linked to Hg pollution (silver and gold mining, coal combustion, and dental amal-
gams), and is known to be an inhibitor of enzymes’ activities [9, 30, 34, 35]. The
speciation of Zn in water is modulated by pH and dissolved organic matter, which
normally binds most of the aqueous zinc [30]. Zn concentrations in natural waters
span six orders of magnitude and are strongly influenced by human activities [30].
There are a comprehensive set of proteins that function as transporters, chelators, and
molecular sensors for Zn, and are involved in the regulation of Zn uptake by homeo-
static processes that are partially understood. However, several studies have proposed
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theories to explain how zinc compounds affect aquatic animals [30]. However, inter-
and intra-specific differences cannot be disregarded, as well as doses and exposure
times.

Anthropogenic activities have been found to contribute more to environmental
contamination (e.g., water eutrophication which was recognized in the middle and
late stages of the twentieth century) due to the everyday manufacturing of materials
to meet the demands of the population [36, 37], in its various aspects that include,
agriculture, industry, and urban areas. As mentioned by [37] human interference is to
a greater extent caused by social and economic pressures, which are associated with
the largest changes that occurred in agricultural and forest areas as a result of the
extensification of agriculture, deforestation, afforestation, and urbanization. In
Europe, these are the trends observed over the last years [38, 39].

3.2 Ecological quality ratio (EQR) for phytoplankton

In general, the phytoplankton EQR (Table 1) shows that the Miranda and Pocinho
reservoirs had the worst water quality (moderate or lower), taking into account the
defined classes for the main water course typology. The Aguieira reservoir tended to
have low water quality, with Ag2 and Ag3 being the most problematic sites with the
lowest EQR values recorded. All reservoirs were characterized as eutrophic, especially
due to high concentrations of Ptotal recorded over the last few years [8–10, 12–14, 31,
35, 40], a condition also observed in the present study (Table 1). The bioavailability
of nutrients such as phosphorus favors the overgrowth of phytoplanktonic communi-
ties [8–10, 12–14], namely, cyanobacteria organisms, that were already associated
with poor water quality and recurrently reported blooms was been in these reservoirs
[8–10, 12–14]. The most prevalent and main group of cyanobacteria detected in all
reservoirs was Microcystis. However, Anabaena, Woronichinia, and Pseudanabaena
(and others) were also detected, but in a much smaller percentage. The percentage of
cyanobacteria detected in Miranda and Pocinho was 54.05, and 57.32%, respectively.
Lower percentages of cyanobacteria were observed in the Aguieira sites, namely,
1.07% (Ag1), 4.75% (Ag2), 10.75% (Ag3), and 27.30% (Ag4). However, other phyto-
plankton indicators are included in the assessment of this reservoir typology (e.g.,
Algae Group Index (AGI) [8, 10], which is strongly interfering with the final classifi-
cation of the Ag4 site.

3.3 Water ecotoxicological assessment

The proposal of classes of disturbances (defined by colors) and ecotoxicity results
for D. magna, after exposure to treatments of the natural waters of Miranda, Pocinho,
and Aguieira reservoirs, are presented in Figures 2–4, respectively. For each figure,
the values represent the percentage of inhibition of: A – Feeding rate (% IFR); B – CAT
activity (% ICAT); C – GSTs activity (% IGSTs); D – TBARS levels (% ITBARS); E – AChE
activity (% IAChE), comparatively to the control. Based on the biological responses
under study (percent inhibition of different parameters, previously mentioned),
ecotoxicity classes were proposed (Figures 2–4) to achieve an approach to the eco-
toxicological potential for each sampling site (Figure 5). Based on the criteria to
define the equivalent quality potential, to those presented in the WFD, an estimation
of the ecotoxicological potential has been suggested.

For the parameters, feeding rate (FR), and TBARS levels (A and D for each
Figures 2–4) only two classes of ecotoxicity were defined: non-disturbed (green) and
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Figure 2.
Proposal of classes of disturbances (defined by colors) and ecotoxicity results for D. magna, after exposure to
treatments of the natural waters of Pocinho reservoir (NF—Non-filtered water; F1 and F2—Filtered with 1.2 μm
and 0.22 μm respectively). The values represent the percentage of inhibition of: A – Feeding rate (% IFR); B – CAT
activity (% ICAT); C – GSTs activity (% IGSTs); D – TBARS levels (% ITBARS); E – AChE activity (% IAChE),
comparatively to the control. Different letters (a, b, and c) stand for significant differences between treatments,
detected by the Tukey test (p < 0.05).
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Figure 3.
Proposal of classes of disturbances (defined by colors) and ecotoxicity results for D. magna, after exposure to
treatments of the natural waters of Miranda reservoir (NF—Non-filtered water; F1 and F2—Filtered with
1.2 μm and 0.22 μm respectively). The values represent the percentage of inhibition of: A – Feeding rate (% IFR);
B – CAT activity (% ICAT); C – GSTs activity (% IGSTs); D – TBARS levels (% ITBARS); E – AChE activity
(%IAChE), comparatively to the control. Different letters (a and b) stand for significant differences between
treatments, detected by the Tukey test (p < 0.05).
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disturbed (yellow). Different aspects ofDaphnia biology, as feeding rate is affected by
quality (i.e., the number of organic compounds and carbon/nitrogen/phosphate ratio)
and quantity of available food [41]. In all reservoirs and sites studied, regarding the
parameter of feeding rates (A of Figures 2–4), all reservoirs are characterized as not
disturbed, since the feeding rates were positive, especially after filtration treatments.
However, we draw particular attention to the Ag3 site, where a significant decrease in
the percentage of inhibition of the feeding rate, between NF and F2 was observed.
This means that, after the filtrations, seston components were removed, including
suspended particles, phyto- and zooplanktonic elements, and bacteria, which could be
interfering with the feeding capacity of Daphnia magna. Lari et al. [41] hypothesized
that in addition to physical cues (e.g., concentration and physical properties of seston
composition in the water), Daphnia detect and uses chemical cues, using their
chemosensory system, to locate the most nutritious patches of food in the surrounding
environment.

According to [9], lipid peroxidation (LPO) measured as TBARS levels were the
most responsive biomarker, in the evaluation of the water quality of the reservoirs
under study. If we consider that LPO corresponds to the chain of reactions of
oxidative degradation of lipids, resulting in cell damage (e.g., tissue damage), in
which free radicals “steal” electrons from the lipids in cell membranes, the distinction
of only two classes of ecotoxicities seemed to us to be the most correct and coherent
form (D of Figures 2–4). We considered that this biological response, that is, the
occurrence or not of oxidative damage, results in the generality of the ability of
antioxidant defenses to act to prevent, avoid, or neutralize this oxidative damage by
free radicals. Organisms can adapt to increasing free radicals (as reactive oxygen or
nitrogen species) production by upregulating antioxidant defenses, such as the
activities of antioxidant enzymes (e.g., CAT, GSTs, among others) [42]. Failure of

Figure 4.
Proposal of classes of disturbances (defined by colors) and ecotoxicity results for D. magna, after exposure to
treatments of the natural waters of Aguieira reservoir (NF—Non-filtered water; F1 and F2—Filtered with 1.2 μm
and 0.22 μm respectively). The values represent the percentage of inhibition of: A – Feeding rate (% IFR); B – CAT
activity (% ICAT); C – GSTs activity (% IGSTs); D – TBARS levels (% ITBARS); E – AChE activity (% IAChE),
comparatively to the control. Different letters (a, b, and c) stand for significant differences between treatments,
detected by the Tukey test (p < 0.05).
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antioxidant defenses to detoxify excess free radicals production can also lead to
significant enzyme inactivation, protein degradation, DNA damage, and lipid peroxi-
dation [42]. In particular, LPO is considered to be a major mechanism, leading to
impaired cellular function and alterations in physicochemical properties of cell mem-
branes, which in turn disrupt vital functions of D. magna, such as growth, longevity,

Figure 5.
Ecotoxicological potential of the sampling sites, according to natural water treatments (NF, F1, and F2),
ecotoxicity results (defined in previous Figures 2–4), and ecological potential according to WFD parameters
(Table 1).
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and reproduction but also feeding behavior. Therefore, an increase in LPO was con-
sidered a negative consequence, representing oxidative damage; and a significant
decrease will be a positive consequence, that is, the nonoccurrence of oxidative
damage, which may be associated with several pathways that avoided, prevented, or
neutralized it.

Relatively to the other parameters analyzed (enzymatic activities: B, C, and E
of Figures 2–4), based on the biological responses under study (percentage of
inhibition), five ecotoxicity classes were proposed, as represented in all figures. Based
on the criteria to define the equivalent quality potential, to those presented in the
WFD, an estimation of the ecotoxicological potential has been suggested. Classes of
ecotoxicity have been defined and to facilitate the analysis of global results, different
colors were assigned to each class, according to the ecotoxicity degree of the percent
inhibition of the parameter under evaluation. For the present work, we consider
the following ranges of values (%) and respective ecotoxicity classes: ≤ � 5 to ≥5
(non disturbed—blue); ≤ � 5 to �30 and ≥ 5 to 30 (slightly disturbed—green);
≤ � 30 to �60 and ≥ 30 to 60 (marginally disturbed—yellow); ≤ � 60 to �90
and ≥ 60 to 90 (moderately disturbed—orange); ≤ � 90 and ≥ 90 (highly
disturbed—red). The definition of this range of ecotoxicity classes had as main influ-
ences the percentage of effect of 10, 50, and 90% (values with high significance in
ecotoxicology), as previously reported by [10]. The range of purposed ranges of
ecotoxicity was adjusted, whereby equivalent variations were defined with five
ecotoxicity classes, as suggested in the works by [10, 11]. Roig et al. [11] considered an
approach to evaluate the ecotoxicological status of rivers (Ebro River watershed, NE
Spain), in which the ecotoxicity of pore water has been evaluated in several models
organisms, including D. magna. Rodrigues et al. [10] and Roig et al. [11] also proposed
five classes of ecotoxicity, based on different endpoints, since they evaluated the
effects in several aquatic organisms. Roig et al. [11] for D. magna, this range was
demarcated according to the EC50 values and was expressed as % dilution, for pore
water assays, from nontoxic (>100) and highly toxic (<10). Rodrigues et al. [10]
defined five ecotoxicity classes for R. subcapitata, and this range was defined
according to the percent inhibition of yield, from non perturbed (≥ � 10) and highly
perturbed (<�90).

Enzymes (e.g., CAT, GSTs, AChE) are proteins that catalyze non-spontaneous
chemical reactions in different metabolic pathways, with different physiological
functions. CAT is an antioxidant enzymatic defense, GSTs have a dual role in detox-
ification but also antioxidant defense, and AChE is involved in the neurotransmission
process. Enzyme and substrate concentrations influence the reaction rate, altering
their activities, which can be significantly inhibited or stimulated [43] after different
compound exposure. Antioxidant enzymes (e.g., CAT and GSTs) can be induced by
increasing the production of reactive oxygen species (ROS) as a protection mechanism
against oxidative stress (adaptation to stress resulting from directly or indirectly
generating ROS). In contrast, they can be inhibited when deficiency of the system
occurs, inducing a precarious state, making organisms more susceptible to toxic
agents (e.g., significant enzyme inactivation or protein degradation by toxicants, or
due to the potential attack by excessive concentrations of free radicals) [42, 43]. For
example, Hg concentrations (0.08, 0.4, and 2 μg/L) promote perturbations in antiox-
idant enzymes (e.g. superoxide dismutase; glutathione peroxidase; glutathione reduc-
tase; and GSTs) and generate oxidative stress/damage indirectly by binding to
antioxidant enzymes containing the thiol group and resulting in depletion of
nonenzymatic antioxidant GSH, a scavenger of ROS, for 24 h and 48 h, in neonates
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and juveniles of D. magna [34]. This study corroborates our work, as the quantified
Hg concentrations varied between 0.63 and 1.85 μg/L. However, we cannot neglect the
mixture of potential compounds present, as well as their interactions and other fea-
tures of water. Several factors can alter the catalytic activity of enzymes. Altogether,
they reflect the current metabolic situations and trigger changes in the inherent
characteristics of the enzyme and its interaction to promote or impede enzymatic
reactions. Factors such as pH, temperature, effectors, and inhibitors (e.g., chemical
compounds dissolved in water) can modify the enzyme concentration and/or confor-
mation but also the substrate concentrations, influencing the reaction rate, and alter-
ing its catalytic activity.

AChE is an enzyme involved in the physiological hydrolytic degradation of the
neurotransmitter acetylcholine (ACh), in cholinergic synapses and neuromuscular
junctions of most organisms [29], and as such, it is indispensable for the normal
functioning of the nervous system (neuromuscular transmission) [44]. This bio-
marker is used as an indicator of neurotoxicity since it results in severe neurotrans-
mission impairment, which leads to ACh accumulation at synaptic clefts, causing
nervous overstimulation and eventually death [45]. Changes in normal neurotrans-
mission may have adverse impacts on key functions, such as food consumption,
energy metabolism, growth, and reproduction; ultimately, the impairment of neuro-
nal transmission may result in the death of exposed organisms [46]. The US EPA [47]
suggests that a significant AChE activity alteration by 20% or more can be considered
a clear toxicological effect of stress exposure. However, we agree that the greater the
effect on this biomarker, the worse the final consequence, in terms of the aforemen-
tioned sub-individual effect (e.g., food consumption, growth, reproduction, and
escape from predators). Another factor affecting AChE activity is allosteric control,
which can involve stimulation of enzyme action as well as inhibition. Allosteric stim-
ulation and inhibition allow the production of energy and materials by the cell when
they are needed and inhibit production when the supply is adequate [48]. The rate of
an enzymatic reaction increases with increased substrate concentration, reaching
maximum velocity when all active sites of the enzyme molecules are engaged. The
cholinergic system plays a major role in the neurotransmission process, and the
simultaneous stimulation of nicotinic and muscarinic receptors by ACh may be nec-
essary to synchronize and balance ionic and metabolic events within cells, which are
perturbed [49]. Thus, an increase in AChE activity can be associated with perturba-
tions in several metabolic pathways, which can be mediated by ACh. External factors
such as food supply, ambient temperature, and water quality (e.g. contaminants
mixture) can also alter the activity of cholinesterases [50]. These factors impair the
determination of the “normal” activity of ChE and thus hinder the identification of
“abnormal” activity, including that caused by anticholinesterases [50].

3.3.1 Ecotoxicity results from the reservoir and its relationship with WFD parameters
(physical and chemical elements, chemical analysis, and biological element)

3.3.1.1 Miranda reservoir

Figure 2 corresponds to the proposal of classes of disturbances (defined by colors)
and ecotoxicity results for different parameters quantified in D. magna, after exposure
to treatments of the natural waters of Miranda reservoir. Based on the WFD parame-
ters previously discussed, the feeding rates of D. magna exposed to natural waters
from Miranda (NF) were not affected (Table 2) by the high presence of
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cyanobacteria, nor by the levels of total phosphorus, or the concentrations of zinc and
mercury, which were recorded above the EQS. Even after the filtration treatments
(F1 and F2), these rates were not altered and D. magna did not show disturbances in
terms of feeding rates (Figure 2A; Table 2). However, in sub-individual terms (bio-
markers), regarding CAT activity, we found that with the application of treatments
with filtrations (F1 and F2) there was an increase in oxidative stress (Table 2), which
resulted in a worse classification class in F2 treatment (moderately disturbed;
Figure 2B). These results are supported by previous work [8, 9], since higher con-
centrations of phosphorus can promote an overgrowth of phytoplanktonic organisms
[9] and, consequently, the blooms of cyanobacteria asMicrocystis, which fact confirms
our findings, in this work. In turn, these cyanobacterial blooms can result in danger-
ous levels of toxins such as microcystin-LR toxic to D. magna [9, 51–53]. Furthermore,
it is important to note that the observed variations in CAT activity may still be
associated with mercury and zinc levels above the Eq. [9], which may be more
bioavailable for D. magna after F2 treatment since only the seston components were
removed.

Regarding the activity of GSTs, there was an improvement in the ecotoxicological
classification, with the application of the F2 treatment (slightly disturbed; Figure 2C).
As mentioned in previous studies, changes in the activities of antioxidant enzymes,
such as CAT and GSTs, may be associated with the physiological responses of organ-
isms to environmental adaptations, through the influence of phyto and zooplanktonic
communities and suspended particles [9]. Chemical analyzes showed very low levels
of most quantified contaminants, except for mercury and zinc. On the other hand, as
suggested by [54] nutrients seem to be very important in controlling the performance
of D. magna, and in fact, this corroborates the results observed in the F2 treatment, in
the case of GSTs activity.

The results of the TBARS levels showed significant differences between NF and F2
treatments, although some degree of oxidative damage is still observed (Figure 2D;
Table 2). This may indicate that the samples contained some type of disturbing and
oxidizing agent, and potentially triggered oxidative stress (previously discussed), with
a consequent increase in peroxidative damage (LPO). As mentioned earlier, high
amounts of cyanobacteria present in this site, concomitantly with high concentrations
of phosphorus and in addition to the high levels of mercury, can be associated with the
results of TBARS levels. The accumulation of nutrients (e.g., phosphorus total) in
Miranda reservoir can lead to eutrophication causing abnormal growth of the primary
producers, which can compromise the quality and balance of the aquatic ecosystem,
including the balance between biochemical pathways and physiological functions of
organisms, as mentioned by [9, 53].

The results of the AChE activity showed significant differences between NF and F2
in the water treatments, although some degree of neurotoxic alteration was still
observed between NF and F2 treatments, an improvement was observed considering
the associated ecotoxicological class (Figure 2E; Table 2). AChE activity stimulation
and inhibition allow the production of energy and materials by the cell when they are
needed and inhibit production when the supply is adequate [48], and in this study
seems to have been affected by the seston components, as can be seen from the
changes between NF and F2. A direct relationship between the degree of AChE
inhibition and toxicity might not always be expected. The reason for such variability
can mainly be attributed to biological differences between species that include
AChE sequence differences as well as differences in molecule affinities for the
AChE-active site.
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3.3.1.2 Pocinho reservoir

Figure 3 corresponds to the proposal of classes of disturbances and ecotoxicity
results for different parameters quantified inD. magna, after exposure to treatments of
the natural waters of Pocinho reservoir. Similar to what was observed for Miranda the
feeding rates of D. magna exposed to natural waters from Pocinho (NF) were not
significantly affected (Table 2) by the high presence of cyanobacteria (57.32%), nor
by the levels of total phosphorus, or the concentrations of zinc and mercury,
which were recorded above the EQS (Table 1). Even after the filtration treatments
(F1 and F2), these rates were not significantly altered, which shows that in terms of
feeding behavior, D. magna did not show significant disturbance in terms of feeding
rates, despite apparent differences between treatments (Figure 3A). However, in sub-
individual terms (biomarkers), regarding CAT activity, we found that with the appli-
cation of treatments with filtrations (F1 and F2), an improvement in the ecotoxico-
logical category was observed between the NF and F1 treatments, but the classification
from F1 to F2 worsened again (Figure 3B). However, in general, there was an
improvement between NF and F2, although not significant (Table 2), but sufficient to
decrease the ecotoxicological category from moderately disturbed to marginally dis-
turbed. Thus, at this location, we can see a potential negative interference of the
various components of seston in CAT activity, which were removed by the F1 treat-
ment, essentially highlight by the percentage of cyanobacteria. In F2, we may have a
potential influence of the high concentration of zinc (80.7 μg/L), compared to the
other sites and reservoirs (Table 1). In the absence of other biological communities,
zinc bioavailability may be greater and result in increased toxicity to D. magna. Zn
toxicity thresholds of D. magna can alter by a factor > 10 as a result of ecological
interactions and are highly dependent on Ptotal and pH value, with the lowest Zn
thresholds found in higher-P and higher-pH waters [55]. However, only a few cases
corroborate this finding in this work, and Pocinho does not fit into this perspective.
Furthermore, Fettweis et al. [55] evaluate the effects of 25 to 310 μg/L of Zn and pH 7.3
and 7.8 on 21-d daphnid population size and they concluded that the indirect effects of
Zn via producer-consumer relationships can outweigh the direct toxic effects.
According to the mentioned work, a higher phytoplankton Zn sensitivity at higher pH,
affecting food supply to D. magna, and an increased algal P content at higher Zn,
offering a nutritional benefit to daphnids that counteracts direct Zn toxicity under P
limitation [55]. These explanations can help to understand what happened between NF
for F1 and F2, not only in sub-individual but also individual responses (feeding rate).

Regarding GSTs activity (Figure 3C), a worsening was observed between NF and
filtration treatments (F1 and F2). In this case, we can refer to a potential greater
bioavailability of metal levels (Zn and Hg or others), in the absence of all seston
components, essentially the various biological communities in F2 treatment. These
results (Table 2) may indicate a potential interference of GSTs, in the antioxidant
defense or detoxification of eventually dissolved compounds, which increased along
with the water treatments, from NF to F2.

The levels of TBARS (Figure 3D; Table 2), all previous findings, both in terms of
analysis of our results (potential greater bioavailability of dissolved compounds in F2
treatment for Daphnia, which is a filtering organism) and by comparison with other
studies [9, 55], are reflected in this parameter, since it obtained a worse classification
(disturbed), after F2 treatment, comparatively with NF treatment. In fact, Rodrigues
et al. [9] had already selected TBARS levels as a relevant parameter in ecotoxicological
assessment studies of water quality with D. magna. Then, since oxidative damage
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(TBARS levels) is an indicator of LPO as a potential consequence of oxidative stress,
we can infer that it may be associated with the functional inefficiency of antioxidant
enzymes. However, the changes observed in the enzymatic activities of CAT and
GSTs support this fact.

The results regarding the AChE activity show an improvement between NF and
F2, wherein in this last treatment we achieved the classification of not disturbed.
These results indicate that the seston components (present in NF) could be causing
some degree of neurotoxic stress, but when organisms were exposed to F2 treatment,
these effects were mitigated. In this case, based on EQS values, the altered WFD
parameters (pH, Ptotal, Zn, and Hg), did not show potential toxicity in terms of
neurotransmission.

3.3.1.3 Aguieira reservoir

Figure 4 corresponds to the proposal of classes of disturbances (defined by colors)
and ecotoxicity results for different parameters quantified in D. magna, after exposure
to treatments of the natural waters of Aguieira reservoir. Similar to what was observed
for the studied Douro River reservoirs (Miranda and Pocinho), the feeding rate
parameter, in all treatments demonstrated a classification of not disturbed for all
studied locations (Figure 4A). Apart from the Ag3 site, no significant differences in
this parameter, among the treatments were recorded (Table 2). This site presented
characteristics that differentiated them from the other Aguieira sites, namely the
higher levels of total phosphorus recorded (0.08 mg P/L). Furthermore, higher per-
centages in terms of cyanobacteria biovolume (10.75%) were observed at this site. In
fact, this site was the one that showed the greatest concern in previous studies [8, 10,
12] due to the high nutrient levels, and other metal elements (Zn, Hg), conditions also
observed in the present study. In this sense, eutrophication in this reservoir, reported
by other authors [9, 10, 12, 31, 40], has been a concern in terms of water quality, and
in fact, supports our results. Indeed Ag3 site, with the application of filtration treat-
ments (mainly F2), showed an improvement in feed rates, which reinforces the idea
that the presence of several seston components is potential stress inductors for D.
magna that can be reflected in food behavior.

Contrary to expectable, and about the antioxidant defense biomarker, catalase
activity (Figure 4B; Table 2), a worse classification was observed in the locations Ag1
and Ag4 (in general moderately disturbed), compared to Ag2 and Ag3. In Ag2 and
Ag3, a classification of slightly disturbed was observed after filtrations (e.g., F2 treat-
ment). This classification is taking into account the seston components; on the other
hand, Ag1 and Ag4 report different scenarios. These sites presented high pH values,
and levels of Zn and Hg higher than defined EQS (Table 1). In addition, an ecological
potential, taking into account biological EQR, the classification was good or more
(Table 1). For this site, we observe that from NF to F2 there was an increase in
oxidative stress, possibly associated with greater availability of dissolved compounds
(besides quantified) to D. magna, in F2 treatment. In fact, the results of GSTs activity
support this potential finding (Figure 4C), but only for Ag1. According to Rostern
[30], the pH and concentration of inorganic metal ions (e.g., Zn and Hg) are key
factors for toxicity in the physiology and behavior of aquatic organisms. In previous
studies, metals such as Zn and mainly Hg are known to be inhibitors of enzymes’
activities and can disrupt antioxidant defenses [9, 30, 34, 35]. However, some care
must be considered when comparing sites in the same reservoir, as we only analyze a
tiny part of potential dissolved compounds. Moreover, the biological responses
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observed in the biomarkers, represent the results of an integrated response to complex
mixtures. Furthermore, the land occupation also represents an important source of
variation of contaminants input, and consequently biomarkers’ response. In addition,
land occupation is different in each site and also between reservoirs (Figure 1).

Regarding the TBARS levels (Figure 4D), despite significant variations between
treatments (Table 2), in the various sites, the results allowed classifying all treatments
as not disturbed. Based on this evidence, we can observe that the antioxidant defenses,
despite being altered and indicating potential oxidative stress associated with natural
water treatments, in terms of lipid peroxidation, were able to prevent the occurrence
of oxidative damage in exposed organisms. In fact, we cannot consider only the anti-
oxidant defenses involved in this work. Other unquantified defenses and metabolic
pathways may have acted to neutralize and prevent the occurrence of lipid peroxida-
tion, which could indicate disturbances in cell membranes, which were not observed.

The activity of acetylcholinesterase, despite showing high variations in terms of
percentage of inhibition (Figure 4E), was not significant between treatments
(Table 2), for organisms exposed to treatments, with water samples from Aguieira site.
The nonoccurrence of significant differences may be associated with high differences
between replicates for the same treatment. The different toxicity for organisms
exposed to the same conditions, but belonging to different replicates, can be considered
if we considered the intraspecific variations [56]. In this sequence, the authors refer
that the origin of population, animal body size, and pre-exposure history [e.g., organ-
isms from different cultures, different broods (although meeting the criteria of the
assay guidelines)] are realistic variables for zooplankton populations that cause differ-
ent acute toxicities in D. magna [56]. If we consider, for example, the results of the
mercury concentrations detected (Table 1), potential neurotoxicity would be expected.
Mercury is known to be a neurotoxin that causes structural damage to the brain and
inhibits enzymes’ activities needed for normal neurotransmission [30]. Tsui and Wang
[56] suggested that acute Hg toxicities were not simply caused by the different Hg body
burdens, and several other mechanisms may operate to result in such a varied Hg
toxicity (e.g., reduction of Hg uptake, enhancement of intrinsic tolerance, and increase
of antioxidant/detoxification activity). The same authors also measured the metal
concentrations in water and living D. magna and the results provided useful informa-
tion to explain whether the apparent tolerance modification was due to a change in
metal accumulation and/or to a change in other subtle parameters (e.g., intrinsic
tolerance and detoxification activity), which can also alter the neurotoxicity results.

3.3.1.4 Physicochemical and ecological potential vs. ecotoxicological approach

One of the fundamental using biomarkers in ecological risk assessment is based on
their potential ability to anticipate effects at higher levels of biological organization.
Due to the different sensitivity between ecotoxicological tools evaluated in this work,
and the presence of some confounding factors that could play an important role in the
final ecotoxicity evaluation, the result of the final ecotoxicological potential has been
calculated as the worst classification of all biochemical parameters quantified in D.
magna (Figure 5). According to this methodology, CAT and AChE activities parame-
ters were the ones that most contributed to the final ecotoxicological potential. Except
for Miranda, for the final NF treatment, in which the yellow color resulted from the
parameters GSTs activity and TBARS levels. If we consider the totality of the data, we
do not observe an improvement in the ecotoxicological potential, with the filtration
treatments, with a few exceptions. The only site where this improvement was evident
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was Ag2, which is corroborated by previous studies conducted in the same site but
using the microalga R. subcapitata [10]. As was done in the previous study, and due to
the different sensitivity between WFD parameters (physicochemical, chemical, and
biological elements) individually considered, the final ecological potential according
to WFD parameters has been calculated. This approach is more in line with the results
of the ecotoxicological potential, since considering the contamination classes of
ecotoxicity and respective colors, they present greater similarities (Figure 5) with NF
treatment (with all components), with the site Ag3 representing an exception. Several
reasons were pointed out throughout the manuscript, evidenced by this site, com-
pared to the remaining Aguieira sites reservoir, or even with Miranda and Pocinho. In
general, when we considered the sampling points where the ecological potential qual-
ification was bad or poor the similarities between ecologic and ecotoxicological
potential were fully agreed upon. The results of the present work allow us to confirm
that, when chemical stressors or seston components affect the organism’s homeostasis,
an ecotoxicological approach, provided by suitable ecotoxicological tools, could detect
these changes with accurate sensitivity. In fact, Rodrigues et al. [9] already demon-
strated that feeding bioassays and biomarkers (e.g., antioxidant defense and TBARS
levels) proved to be useful and reliable tools in the assessment of water quality. Notice
that an accurate battery of ecotoxicological tools is a direct measure of organism
functional responses, and they could have more impact on the decision-making pro-
cess than criteria based on concentrations of chemicals or other physical and chemical
parameters, as previously demonstrated by [10, 11].

4. Conclusions

The results of the current case study corroborate that cost-effective and rapid
screening short-term ecotoxicological tools, performed with natural waters, using the
model organism D. magna, could be useful to complement the determination of the
water ecological potential of reservoirs. In the case study of Portuguese reservoirs,
ecotoxicological tools evaluated (feeding bioassay and biomarkers) have been
performed obtaining good sensitiveness and complementarity between methodologies,
in most situations (intra- and inter-reservoirs). Moreover, high coincidences with the
ecological potential, recognized following the WFD parameters evaluation, have been
found especially when ecosystems’ disturbance due to several stressors was observed
(e.g., seston components as some phytoplanktonic organisms as cyanobacteria, pres-
ence of organic pollutants, and metals). For future comparative studies, we also sug-
gest the evaluation of the water treatments like those performed in this work, mainly
the F2 (water filtered through a sterile filter system with a porosity of 0.22 μm), to
evaluate seston quality, as it proved to be an important source of stress for D. magna.
This set of biological responses has presented good concordance with the ecological
potential of the reservoirs. These results encourage working further on the applicability
of cost-effective ecotoxicity tests and early warning tools for the evaluation of water
quality and their integration into the current monitoring programs.

Acknowledgements

This work was supported by National Funds (through the FCT—Foundation for
Science and Technology) and by the European Regional Development Fund (through

41

Perspective Chapter: Daphnia magna as a Potential Indicator of Reservoir Water Quality…
DOI: http://dx.doi.org/10.5772/intechopen.105768



COMPETE2020 and PT2020) through the research project ReDEFine (POCI-01-0145-
FEDER-029368) and the strategic program UIDB/04423/2020 and UIDP/04423/2020.
Sara Rodrigues and Sara Antunes are hired through the Regulamento do Emprego
Científico e Tecnológico – RJEC from the Portuguese Foundation for Science and
Technology (FCT) program (2020.00464.CEECIND and CEECIND/01756/2017,
respectively).

Conflict of interest

The authors declare no conflict of interest.

Ethical approval

All applicable international, national, and/or institutional guidelines for the care
and use of animals were followed.

Author details

Sara Rodrigues1,2*, Ivo Pinto1, Sandra Nogueira1 and Sara C. Antunes1,2

1 Faculty of Sciences, Department of Biology, University of Porto, Porto, Portugal

2 CIMAR/CIIMAR, Interdisciplinary Center for Marine and Environmental Research,
University of Porto, Matosinhos, Portugal

*Address all correspondence to: sara.rodrigues@fc.up.pt

© 2022TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

42

Limnology - The Importance of Monitoring and Correlations of Lentic and Lotic Waters



References

[1] European Parliament and of the
Council. Directive 2013/39/EU of the
European Parliament and of the Council
of 12 August 2013 amending Directives
2000/60/EC and 2008/105/EC as
regards priority substances in the field of
water policy. Official Journal of the
European Union. 2013;226:1-17

[2] Agência Portuguesa do Ambiente.
Plano de Gestão de Região
Hidrográfica—Região Hidrográfica
Do Vouga. Mondego E Lis (Rh4). 2016:
1-169

[3] Santos JI, Vidal T, Gonçalves FJM,
et al. Challenges to water quality
assessment in Europe—Is there scope for
improvement of the current water
framework directive bioassessment
scheme in rivers? Ecological Indicators.
2021;121:107030. DOI: 10.1016/j.
ecolind.2020.10703

[4] Arenas-Sánchez A, Rico A, Rivas-
Tabares D, et al. Identification of
contaminants of concern in the upper
Tagus river basin (Central Spain).
Part 2: Spatio-temporal analysis and
ecological risk assessment. Science
and Total Environment. 2019;667:
222-233. DOI: 10.1016/j.
scitotenv.2019.02.286

[5] Carere M, Antoccia A, Buschini A,
et al. An integrated approach for
chemical water quality assessment of an
urban river stretch through effect-based
methods and emerging pollutants
analysis with a focus on genotoxicity.
Journal of Environmental Management.
2021;300:113549. DOI: 10.1016/j.
jenvman.2021.113549

[6] De Baat ML, Kraak MHS, Van der
Oost R, et al. Effect-based nationwide
surface water quality assessment to
identify ecotoxicological risks. Water

Research. 2019;159:434-443.
DOI: 10.1016/j.watres.2019.05.040

[7] Escher BI, Stapleton HM,
Schymanski EL. Tracking complex
mixtures of chemicals in our changing
environment. Science. 2020;367(80):
388-392. DOI: 10.1126/science.aay6636

[8] Pinto I, Rodrigues S, Lage OM,
Antunes SC. Assessment of water quality
in Aguieira reservoir: Ecotoxicological
tools in addition to the water framework
directive. Ecotoxicology and
Environmental Safety. 2021;208:111583.
DOI: 10.1016/j.ecoenv.2020.111583

[9] Rodrigues S, Pinto I, Martins F, et al.
Can biochemical endpoints improve the
sensitivity of the biomonitoring strategy
using bioassays with standard species,
for water quality evaluation?
Ecotoxicology and Environmental
Safety. 2021;215:112151. DOI: 10.1016/j.
ecoenv.2021.112151

[10] Rodrigues S, Pinto I, Formigo N,
Antunes SC. Microalgae growth
inhibition-based reservoirs water quality
assessment to identify ecotoxicological
risks. Water. 2021;13:2605.
DOI: 10.3390/w13192605

[11] Roig N, Sierra J, Nadal M, et al.
Assessment of sediment ecotoxicological
status as a complementary tool for the
evaluation of surface water quality: The
Ebro river basin case study. Science and
Total Environment. 2015;503–504:
269-278. DOI: 10.1016/j.scitotenv.
2014.06.125

[12] Pinto I, Calisto R, Serra CR, et al.
Bacterioplankton community as a
biological element for reservoirs water
quality assessment. Water. 2021;13(20):
2836. DOI: 10.3390/w13202836

43

Perspective Chapter: Daphnia magna as a Potential Indicator of Reservoir Water Quality…
DOI: http://dx.doi.org/10.5772/intechopen.105768



[13] Pinto I, Rodrigues S, Antunes SC.
Assessment of the benthic
macroinvertebrate communities in the
evaluation of the water quality of
Portuguese reservoirs: An experimental
approach. Water. 2021;13:3391.
DOI: 10.3390/w13233391

[14] Rodrigues S, Pinto I, Martins F, et al.
An ecotoxicological approach can
complement the assessment of natural
waters from Portuguese reservoirs?
Environemental Science and Pollution
Research. 2022:1-15. DOI: 10.1007/
s11356-022-19504-4

[15] ISO 10304-1. Water quality—
Determination of dissolved anions by
liquid chromatography of ions—Part 1:
Determination of bromide, chloride,
fluoride, nitrate, nitrite, phosphate and
sulfate. 2007

[16] ISO 5663. Water quality—
Determination of Kjeldahl nitrogen—
Method after mineralization with
selenium. 1984

[17] ISO 14911. Water quality—
determination of dissolved Li+, Na+,
NH4

+, K+, Mn2
+, CA2

+, Mg2
+, Sr2

+ and
Ba2

+ using ion chromatography—
Method for water and waste water. 1999

[18] ISO 17294-2. Water quality—
Application of inductively coupled
plasma mass spectrometry (ICP-MS)—
Part 2: Determination of selected
elements including uranium isotopes 31.
2016

[19] INAG I.P. Manual para a avaliação da
qualidade Biológica da água em lagos e
albufeiras segundo a diretiva quadro da
água. In: Protocolo de amostragem e
análise para o fitoplâncton; Ministério do
Ambiente, do Ordenamento do
Território e do Desenvolvimento
Regional, Instituto da Água. Lisbon,
Portugal: Ministério do Ambiente, do

ordenamento do território, e do
desenvolvimento regional; 2009.
pp. 1-67

[20] ASTM. Standard Practice for
Conducting Acute Toxicity Tests with
Fishes, Macroinvertebrates, and
Amphibians, Reports E 729–80.
Philadelphia, USA: American Society for
Testing and Materials; 1980

[21] Baird D, Soares A, Girling A, et al.
The long-term maintenance of Daphnia
magna Straus for use ecotoxicity tests:
Problems and prospects. In: Lokke H,
Tyle H, Bron-Rasmussen F, editors.
Proceedings First European Conference
on Ecotoxicology. Denmark: Lyngby;
1988. pp. 144-148

[22] Queirós V, Azeiteiro UM,
Antunes SC. Feeding inhibition tests as a
tool for seston quality evaluation in
lentic ecosystems: Salinization impact.
Annales de Limnologie—International
Journal of Limnology. 2019;55(23):1-10.
DOI: 10.1051/limn/2019020

[23] Allen Y, Calow P, Baird DJ. A
mechanistic model of contaminant-
induced feeding inhibition in Daphnia
magna. Environmental Toxicology and
Chemistry. 1995;14:1625-1630.
DOI: 10.1002/etc.5620140923

[24] Sousa AP, Nunes B. Dangerous
connections: Biochemical and behavioral
traits in Daphnia magna and Daphnia
longispina exposed to ecologically
relevant amounts of paracetamol.
Environmental Science and Pollution
Research International. 2021;28(29):
38792-38808. DOI: 10.1007/s11356-021-
13200-5

[25] Bradford MM. A rapid and sensitive
method for the quantification of
microgram quantities of protein utilizing
the principle of protein dye binding.

44

Limnology - The Importance of Monitoring and Correlations of Lentic and Lotic Waters



Analytical Biochemistry. 1976;72:
248-254. DOI: 10.1006/abio.1976.9999

[26] Aebi H. Catalase in vitro. Methods in
Enzymology. 1984;6:105-121.
DOI: 10.1016/s0076-6879(84)05016-3

[27] Habig WH, Pabst MJ, Jakoby WB.
Glutathione-S-transferases – The first
enzymatic step in mercapturic acid
formation. The Journal of Biological
Chemistry. 1974;249(22):7130-7139.
DOI: 10.1016/S0021-9258(19)42083-8

[28] Buege JA, Aust SD. Microsomal lipid
peroxidation. Methods in Enzymology.
1978;52:302-310. DOI: 10.1016/
s0076-6879(78)52032-6

[29] Ellman GL, Courtney D, Andres VJ,
et al. A new and rapid colorimetric
determination of acetylcholinesterase
activity. Biochemical Pharmacology.
1961;7:88-95. DOI: 10.1016/0006-2952
(61)90145-9

[30] Rostern NT. The effects of some
metals in acidified waters on aquatic
organisms. Fish & Ocean Opj. 2017;4(4):
555645. DOI: 10.19080/
OFOAJ.2017.04.555645

[31] Cabecinha E, Cortes R, Alexandre
Cabral J, et al. Multi-scale approach
using phytoplankton as a first step
towards the definition of the ecological
status of reservoirs. Ecological
Indicators. 2009;9:240-255.
DOI: 10.1016/j.ecolind.2008.04.006

[32] Kroll SA, Llacer CN, De La Cruz CM,
et al. The influence of land use on water
quality and macroinvertebrate biotic
indices in river within Castilla-La
Mancha (Spain). Limnetica. 2009;28:
203-214. DOI: 10.23818/limn.28.16

[33] Masindi V, Muedi KL.
Environmental contamination by heavy
metals. In: HEM S, Aglan RF, editors.

Heavy Metals. London: IntechOpen;
2018. DOI: 10.5772/intechopen.76082

[34] Kim H, Kim J-S, Lee Y-M. Changes
in activity and transcription of
antioxidant enzymes and heat shock
protein 90 in the water flea, Daphnia
magna—Exposed to mercury.
Toxicology and Environmental Health
Sciences. 2017;9(5):300-308

[35] Kim H, Yim B, Bae C, Lee YM. Acute
toxicity and antioxidant responses in the
water flea Daphnia magna to xenobiotics
(cadmium, lead, mercury, bisphenolA,
and 4-nonylphenol). Toxicology and
Environmental Health Sciences. 2017;9:
41-49

[36] He ZL, Yang XE, Stoffella PJ. Trace
elements in agroecosystems and impacts
on the environment. Journal of Trace
Elements in Medicine and Biology. 2005;
19(2–3):125-140. DOI: 10.1016/j.
jtemb.2005.02.010

[37] Szatten D, Habel M. Effects of land
cover changes on sediment and nutrient
balance in the catchment with cascade-
dammed waters. Remote Sensor
Research. 2020;12(20):3414.
DOI: 10.3390/rs12203414

[38] Feranec J, Jaffrain G, Soukup T,
Hazeu G. Determining changes and
flows in European landscapes 1990–
2000 using CORINE land cover data.
Applied Geography. 2010;30:19-35.
DOI: 10.1016/j.apgeog.2009.07.003

[39] Bordalo AA, Teixeira R, Wiebe WJ.
A water quality index applied to an
international shared river basin: The case
of the Douro river. Environmental
Management. 2006;38:910-920.
DOI: 10.1007/s00267-004-0037-6

[40] Vasconcelos V, Morais J, Vale M.
Microcystins and cyanobacteria trends in
a 14 year monitoring of a temperate

45

Perspective Chapter: Daphnia magna as a Potential Indicator of Reservoir Water Quality…
DOI: http://dx.doi.org/10.5772/intechopen.105768



eutrophic reservoir (Aguieira, Portugal).
Journal of Environmental Monitoring.
2011;13:668-672. DOI: 10.1039/
c0em00671h

[41] Lari E, Steinkey D, Steinkey RJ,
Pyle GG. Daphnia magna increase
feeding activity in the presence of four
amino acids. Journal of Plankton
Research. 2018;40(5):537-543.
DOI: 10.1093/plankt/fby038

[42] Barata C, Varo I, Navarro JC, et al.
Antioxidant enzyme activities and lipid
peroxidation in the freshwater
cladoceran Daphnia magna exposed to
redox cycling compounds. Comparative
Biochemistry and Physiology Part C.
2005;140(2):175-186. DOI: 10.1016/j.
cca.2005.01.013

[43] Rodrigues S, Antunes SC,
Correia AT, Nunes B. Acute and chronic
effects of erythromycin exposure on
oxidative stress and genotoxicity
parameters of Oncorhynchus mykiss.
Science Total Environment. 2016;545:
591-600. DOI: 10.1016/j.
scitotenv.2015.10.138

[44] Lionetto MG, Caricato R, Calisi A,
et al. Acetylcholinesterase as a biomarker
in environmental and occupational
medicine: New insights and future
perspectives. BioMed Research
International. 2013;321213:1-8.
DOI: 10.1155/2013/321213

[45] Rodrigues S, Antunes SC,
Correia AT, Nunes B. Toxicity of
erythromycin to Oncorhynchus mykiss at
different biochemical levels:
Detoxification metabolism, energetic
balance, and neurological impairment.
Environmental Science and Pollution
Research. 2019;26(1):227-239.
DOI: 10.1007/s11356-018-3494-9

[46] Rhee JS, Kim BM, Jeong CB, et al.
Effect of pharmaceuticals exposure on

acetylcholinesterase (AChE) activity and
on the expression of AChE gene in the
monogonont rotifer, Brachionus
koreanus. Comparative Biochemistry and
Physiology Part C. 2013;158(4):216-224.
DOI: 10.1016/j.cbpc.2013.08.005

[47] US EPA. SCE policy issues related to
the food quality protection act. Office of
pesticide programs science policy on the
use of cholinesterase inhibition for risk
assessment of organophosphate and
carbamate pesticides. Federal register.
1998:63

[48] Britannica. The Editors of
Encyclopaedia. “enzyme”. Encyclopedia
Britannica. 2022, Available from: https://
www.britannica.com/science/enzyme
[Accessed: April 27, 2022]

[49] Uberti F, Bardelli C, Morsanuto V,
et al. Stimulation of the nonneuronal
cholinergic system by highly diluted
acetylcholine in keratinocytes. Cells,
Tissues, Organs. 2017;203:215-230.
DOI: 10.1159/000451023

[50] Liu HC, Yuan BQ, Li SN. Developing
antibodies from cholinesterase derived
from prokaryotic expression and testing
their feasibility for detecting
immunogen content in Daphnia magna.
Journal of Zhejiang University-SCIENCE
B. 2016;17(2):110-126

[51] Chen W, Song L, Ou D, Gan N.
Chronic toxicity and responses of several
important enzymes in Daphnia magna
on exposure to sublethal microcystin-LR.
Environmental Toxicology. 2005;20(3):
323-330. DOI: 10.1002/tox.20108

[52] Freitas EC, Pinheiro C, Rocha O,
Loureiro S. Can mixtures of cyanotoxins
represent a risk to the zooplankton? The
case study of Daphnia magna Straus
exposed to hepatotoxic and neurotoxic
cyanobacterial extracts. Harmful Algae.

46

Limnology - The Importance of Monitoring and Correlations of Lentic and Lotic Waters



2014;31:143-152. DOI: 10.1016/j.
hal.2013.11.004

[53] Wojtal-Frankiewicz A,
Bernasińska J, Frankiewicz P, et al.
Response of Daphnia’s antioxidant
systems to spatial heterogeneity in
cyanobacteria concentrations in a
lowland reservoir. PLoS One. 2014;9:
e112597. DOI: 10.1371/journal.
pone.0112597

[54] Palma P, Ledo L, Alvarenga P.
Ecotoxicological endpoints, are they
useful tools to support ecological status
assessment in strongly modified water
bodies? Science and Total Environment.
2016;541:119-129. DOI: 10.1016/j.
scitotenv.2015.09.014

[55] Fettweis A, De Schamphelaere K,
Smolders E. Zinc toxicity to Daphnia
magna in a two-species microcosm can
be predicted from single-species test
data: The effects of phosphorus supply
and pH. Environmental Toxicology and
Chemistry. 2018;37(8):2153-2164.
DOI: 10.1002/etc.4171

[56] Tsui MTK, Wang WX. Acute
toxicity of mercury to Daphnia magna
under different conditions.
Environmental Science & Technology.
2006;40:4025-4030. DOI: 10.1021/
es052377g

47

Perspective Chapter: Daphnia magna as a Potential Indicator of Reservoir Water Quality…
DOI: http://dx.doi.org/10.5772/intechopen.105768





49

Chapter 3

Wetlands as the Preferred Roosting 
and Breeding Site of Sarus Crane, 
Grus antigone (Linneaus, 1758)
Sarita Rana and Harsh Gulati

Abstract

Indian Sarus Crane, Grus antigone a world’s tallest flying bird. The present study 
was conducted from November 2019 to October 2020 in the Dhanauri wetland. 
A total of 71 individuals of Sarus crane were noted. Consisted of 59 adults and 12 
juveniles. A study found that the maximum number of Sarus Crane was found to 
perform roosting (53%) and nesting (15%) activities in wetland areas as compared 
to other habitats Wetlands perform several ecological functions such as groundwater 
recharging, maintenance of balance between drought and flooding situations, nutri-
ent cycle, and also conservation of biodiversity. Wetland encroachment will also be 
detrimental in near future. If the encroachment will remain, then there may be risk 
of the disappear of wetland areas resulted in imbalance in the nature. The importance 
of preserving and promoting the ecosystem of wetlands cannot be over emphasized 
for the sake of agriculture, water conservation and the economy. In the present study 
it is investigated that human activities are using wetland area for different purposes 
like, construction of houses, roads, agricultural land and overfishing etc. In view of 
this finding, it can be suggested that regular monitoring of the bio-parameters and 
recording the changes, if any, should help maintain the natural vibrancy of the valu-
able natural assets of marshlands in Uttar Pradesh.

Keywords: Sarus crane, wetlands, roosting, breeding, Dhanauri wetland

1. Introduction

Indian Sarus Crane, Grus antigone a world’s tallest flying bird [1–3]. These birds 
are monogamous and believed to mate for life and suffer the loss of their mates even 
to the point of starving to death [4]. Due to their habitat destruction, their number 
is declining gradually, and also listed as vulnerable species as per the IUCN red list 
of threatened species [5]. It is the only species of breeding crane in India [6]. These 
birds mainly prefer to live in a habitat like a wetland, marshland that is covered 
with water during monsoon season, plenty of paddy rice fields, and grassland [7, 8]. 
Wetlands play a critical role in maintaining many natural cycles and supporting a 
wide range of biodiversity. They purify and restock our water, and provide the paddy 
and fishes that feed millions. They serve as a natural sponge against drought and 
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flooding, protect our shorelines and help fight climate change. Wetlands are par-
ticularly important providers of all water-related ecosystem services. They regulate 
water quantity, groundwater recharge, and can contribute to regulating floods and 
the impacts of storms. Wetlands also help in erosion control and sediment transport, 
thereby contributing to land formation and increasing resilience to storms. All these 
ecosystem services improve water security, including security from natural hazards 
and climate change adaptation. Wetlands are the major habitat for most of the world’s 
waterbirds and key habitat for migratory species. Almost all of the world’s waterbirds 
use wetlands as feeding and breeding grounds. Migratory water birds use wetlands 
throughout their range which can sometimes literally be from pole to pole. The 
feeding, breeding and stop-over areas across and between continents that migratory 
birds depend on requires coordinated wetlands conservation efforts among many 
nations. Sarus Crane is considered a flagship species that residing a large wetland 
covered by agricultural land [9]. These birds are omnivorous, and mainly prefer to 
feed on insects, small fishes, frogs, and some aquatic plants and seeds as well [3, 6]. 
Sarus cranes generally make association during the pre-monsoon and winter seasons 
[3, 10]. Among North India, Uttar Pradesh holds the largest population of this species 
unfortunately intensive data collection is not available for the state. Wetlands perform 
several ecological functions such as groundwater recharging, maintenance of balance 
between drought and flooding situations, nutrient cycle, and also conservation of 
biodiversity [11, 12]. Sarus cranes usually spend most of their time in wetlands to get 
respite from extensive heat in summers. They congregate into large groups, prior to 
breeding season in wetland habitat. Bursting with biodiversity, wetlands are a vital 
means of storing carbon. Wetlands are also tremendously productive ecosystems that 
provide a myriad of services to society worldwide. Due to the shrinkage of wetlands, 
they generally prefer to forage on agricultural crops. The present study was carried 
out to collect information about the preference for wetland habitat by Sarus Crane 
during breeding and a non-breeding season in Dhanauri wetland, Uttar Pradesh 
which is one of the favorite sites of these cranes. Continued population declines of 
many species of aquatic birds indicate the need for additional understanding of how 
human activities negatively impact water quality and bird populations and what 
mitigative actions can be taken.

2. Materials and methods

2.1 Study area

The study was conducted from November 2019 to October 2020 in the Dhanauri 
wetland. This wetland is located in Thasrana village of Greater Noida, Uttar Pradesh. 
Dhanauri wetland is located at 28020′12.54” N latitudes and 77037′09.77″ E longitudes 
covers a total area of around 100 acres surrounded by agricultural land. The wetland 
is filled with water in monsoon and is also home to the largest number of Sarus cranes. 
While a large number of migratory birds make this wetland a good avian diversity 
spot.

2.2 Data collection

Before making regular observations, a preliminary survey was carried out to iden-
tify the preferred habitat of Sarus Crane and to know their status. Initial information 
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on Sarus inhabited areas was collected through a questionnaire filled by the villagers, 
farmers, and other respondents of the area. GIS sampling was carried out in order to 
find their distribution. eTrex Garmin GPS was used to record different coordinates 
during the study period. Point count methods were made to count the number of the 
cranes in the study area, by using recorded GPS coordinates we prepared a distribu-
tion map. Arc GIS 10.8 in conjugation with Google earth pro was used to locate vari-
ous sightings of Sarus Crane. Trail cameras (Cuddy back with motion sensors) and a 
Digital camera (Canon SX70 HS) were used to document the presence or absence of 
Sarus Cranes at the nest as well as various threat factors behind their vulnerability. 
Various activities of the birds were observed at the selected sites by monitoring them 
during the morning and evening hours; 06.00 h–7.30 h and 17.00 h–19.30 h, respec-
tively. Sarus Cranes were recorded in groups and each flock was treated as a separate 
sample unit, with one GPS point recorded for each.

3. Results

A total of 71 individuals of Sarus crane were noted. Consisted of 59 adults and 12 
juveniles. During our study, Sarus crane was seen in pairs or family groups for the 
whole year but during the non-breeding season for the formation of pairs or finding 
their mates they form a congregation of 60–70 individuals. The present study found 
that these birds mainly prefer wetland areas (n = 54) while present in congregations 
during the non-breeding season while selecting their mate (Table 1 and Figure 1). 
There were only 7 individuals of Sarus cranes has been observed for a long time which 
was not associated with a large group and they were continuously foraging in agri-
cultural land. Our study also has suggested that the group with very a much smaller 
number of juveniles as in group 4 already had 2 pairs i.e., 2 males and 2 females were 
not interested to join the congregation. It has been observed that these birds engage in 
social displays to facilitate the pairing of unmated birds.

During the study, a maximum number of Sarus Crane was found to perform roost-
ing (53%) and nesting (15%) activities in wetland areas as compared to other habitats 
(Figure 2). However, foraging was strongly preferred in the agricultural landscape, 
which is likely due to the availability of food in farmlands. It also has been noted that 
male attracts females to display dance-like movement and also display beak touching 
behavior as well as flipping up and down while chasing another individual. Dhanauri 
wetland holds the maximum number of Sarus Crane (Figures 3–5).

Parameters Group 1 Group 2 Group 3 Group 4

GPS coordinates 28020′12.54” N
77037′09.77″ E

28020′14.18” N
77037′07.04″ E

28020′18.10” N
77037′14.25″ E

28020′08.12” N
77037′03.83″ E

Habitat Wetland, 
grassland

Wetland Wetland Agricultural land

Adult 23 10 10 16

Juvenile 02 03 06 01

Total (n) 25 13 16 17

Table 1. 
Number of individuals of Sarus crane in different groups.
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Figure 1. 
Map showing 4 different groups noted in Dhanauri wetland.

Figure 2. 
Various activities performed by Sarus crane in different habitat of Dhanauri wetland.

Figure 3. 
Congregation of Sarus crane in Dhanauri wetland.
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4. Discussion

The agricultural land around the Dhanauri wetland is also important for Sarus 
Crane as it frequently uses them to foraging, nest building and breeding. This is 
largely owing to the fact that this site provides a vast expanse of shallow waters. 
By way of its long beak, these birds mostly forage in water usually less than 30 cm 
deep [13]. The ecological suitability of this site in Uttar Pradesh is due to the 

Figure 4. 
Roosting of Sarus crane in Dhanauri wetland, Uttar Pradesh.

Figure 5. 
Sarus crane building nest in water.
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thriving paddy fields and the absence of the pressure of urbanization. The exist-
ing wetlands provide a healthy ecosystem for Sarus cranes and other flora and 
fauna. Our study revealed that the distribution of Sarus Crane depends upon the 
suitability of the niche within the habitat. During the non-breeding season, these 
birds are mostly restricted to the agricultural land, because they spend maximum 
time foraging for food. Cranes mainly prefer wetland for roosting and nesting and 
agricultural land for feeding. Instead of building their nests in wetlands, as usual, 
these birds also move to agricultural land for hiding and to protect their nest and 
eggs from predators. Due to the ever-increasing urbanization, some other water 
bodies, that Sarus Cranes may visit, have become unsuitable for nesting during 
the breeding season. This alarming situation is an eye-opener for the state admin-
istration in particular and people in general. The Sarus habitat is outside protected 
areas, in natural wetlands with low water depth, marshy and fallow areas and 
agricultural fields. They play a vital role in ecological balance by controlling the 
population of harmful insects and have significant cultural importance, while 
also being sociable. Sarus is omnivorous, feeding on fish and insects, as well as 
roots and plants. Wetlands also help in erosion control and sediment transport, 
thereby contributing to land formation and increasing resilience to storms. All 
these ecosystem services improve water security, including security from natural 
hazards and climate change adaptation. Wetlands are the major habitat for most 
of the world’s waterbirds and key habitat for migratory species. Almost all of the 
world’s waterbirds use wetlands as feeding and breeding grounds. If the protec-
tion of this unique habitat of Sarus Cranes receives the priority it deserves, a 
multidimensional strategy can be drawn to involve all stakeholders. Wetland 
encroachment will also be detrimental in near future. If the encroachment will 
remain, then there may be risk of the disappear of wetland areas resulted in 
imbalance in the nature. Carbon dioxide gas will increase, as a result there will be 
depleting of ozone layer and it will create several diseases like bronchitis, various 
skin diseases etc. to living organisms. The homelands of plants, water birds, and 
animals will be affected. All these are directly or indirectly need for human being. 
This will degrade the environment near future. In the present study it is inves-
tigated that human activities are using wetland area for different purposes like, 
construction of houses, roads, agricultural land and overfishing etc. The wetland 
area is going to decrease day by day due to human encroachment. At the grass-root 
level, village-based education programs and other local developmental programs 
should be helpful in creating an ambiance for improving the conservation of 
wetlands [6].

5. Conclusion

The importance of preserving and promoting the ecosystem of marshlands 
cannot be over-emphasized for the sake of agriculture, water conservation, 
and the economy. The Dhanauri wetland supports a rich diversity of flora and 
fauna, including a variety of water birds. Due to the ever-increasing pressure of 
urbanization, a wetland in India is shrinking fast. Besides, several human activi-
ties increasingly pollute these precious water bodies. Our study indicates that 
Sarus Cranes mostly prefer agricultural land near Dhanauri wetland because it is 
the least disturbed habitat providing protection to their nests and progeny from 
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predators. The direct encouragements to conserve biodiversity as an efficient tool 
in the delivery of conservation results in a way that also offers developmental ben-
efits to local people. Authors suggest conserving regular monitoring of the wet-
lands and record the changes if any, should help to maintain the natural vibrancy 
of the valuable natural assets of wetlands in Uttar Pradesh. The importance of 
preserving and promoting the ecosystem of wetlands cannot be over emphasized 
for the sake of agriculture, water conservation and the economy. The wetlands of 
Uttar Pradesh support a rich diversity of flora and fauna, including a variety of 
water birds. Due to the ever-increasing pressure of urbanization, wetlands in the 
study area especially Dhanauri wetland shrinking rapidly. Besides, several human 
activities increasingly pollute these precious water bodies. Continued popula-
tion declines of many species of aquatic birds indicate the need for additional 
understanding of how human activities negatively impact water quality and bird 
populations and what mitigative actions can be taken. Considering this finding, it 
is possible to infer that regular monitoring of bio-parameters and documentation 
of changes, if any, will help in the conserving natural beauty of Uttar Pradesh.
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Chapter 4

Pollutants of Emerging Concern 
in Urban Wastewater Impacted 
Aquatic Environments and 
Management Recommendations
Nqobizitha Siziba and Emmanuel Tapiwa Sero

Abstract

Contamination of aquatic environments by pollutants of emerging concern (PEC) 
creates new public health and environmental threats. Over the years, Africa has 
struggled to adequately treat wastewater before discharged into the environment. 
The situation is expected to be worsened by the more challenging to treat PEC like 
pharmaceuticals, endocrine disrupters, microplastics, surfactants, cyanotoxins, 
radioactive and flame retardants. Generally, the pollution of aquatic environments 
will have serious negative impacts on organisms that depend on the affected sources. 
Elsewhere, a number of research studies have reported the occurrence of these pol-
lutants and in some cases exceeding the recommended levels. However, in Africa and 
other developing countries, a few studies have focused on PEC in aquatic resources. In 
this review, discussions are centered on the: (i) occurrence of PEC in African aquatic 
environments, (ii) potential risks to aquatic ecosystems and human health, and  
(iii) current chemical and biological monitoring techniques. There is need to include 
PEC in the research studies and routine environmental monitoring programmes 
particularly before the urban wastewater is discharged into the environment. Passive 
biomonitoring through using biomarkers like oxidative stress proteins and gonadal 
histopathology may be more informative and cheaper way of monitoring PEC than 
chemical analysis.

Keywords: pollutants of emerging contaminants, urban wastewater, aquatic 
ecosystems, biomonitoring

1. Introduction

Aquatic ecosystems are core to life as aquatic organisms, terrestrial animals and 
human beings depend on these fragile environments for water. However, aquatic 
ecosystems have been negatively affected by a number of anthropogenic factors like 
damming, overexploitation, agriculture and discharge of poorly treated wastewater. 
Among these factors, the discharge of poorly treated wastewater from urban settle-
ments is one of the key challenges that continue to degrade the aquatic ecosystems 
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in Africa [1, 2]. The urban wastewater-induced degradation of aquatic ecosystems 
may be attributed to the slackening development of infrastructure meant for efflu-
ent management. To date, most of the water quality studies on aquatic ecosystems 
in developing countries have largely focused on physicochemical parameters such 
as heavy metals, biological oxygen demand, dissolved oxygen, suspended solids, 
chemical oxygen demand etc., whilst negligible attention has been given to pollutants 
of emerging concern (PEC).

Globally, PEC is increasingly becoming an ecological and public health threat as 
most of wastewater treatment plants were not designed to extract and treat these. PEC 
include both synthetic and naturally occurring compounds that are not normally mon-
itored within the aquatic environments but have been recognized as having adverse 
ecological and health effects. These pollutants have the ability to affect humans and 
aquatic animals’ resident in affected ecosystems even at low doses. The realization of 
the presence of these pollutants has raised research interests to address source path-
ways, their fate, transformations and impact on life. A study by [3] grouped the PEC 
into 11 major types: personal care products, pharmaceuticals, industrial chemicals, 
polycyclic aromatic hydrocarbons, volatile organic compounds, pesticides, mycotox-
ins, cyanotoxins, radioactives, microplastics and particulate organic matter.

In Africa, urbanization has been linked to the pollution of downstream water 
bodies, for example, the downstream pollution of Lake Chivero [1, 4] and Khami 
Dams [2, 5, 6] in Zimbabwe. This has been attributed to the discharge of poorly 
treated urban wastewater [7–9]. Therefore, in developing countries, water resources 
in urbanising catchments are likely to be the hotspots of PEC. Africa has been swiftly 
urbanizing over the last decades with its urban population having been predicted 
to triple over 40 years, from 395 million people in 2010 to 1.339 billion in 2050 [10]. 
However, it is important to note that swift urban expansion in Africa is coupled with 
slackened sewage infrastructural development resulting in the discharge of poorly 
treated sewage into the environment. Furthermore, the current sewage treatment 
technologies that are in use in Africa do not factor in the treatment of PEC. Owing 
to the pressure linked to the discharge of poorly treated urban wastewater into the 
environment and a general lack of awareness, the likelihood of pollution by PEC is 
great. Therefore, there is a need for research and monitoring programmes to focus on 
PEC, particularly on the urbanizing catchments.

2. Pollutants of emerging concern in developing countries

2.1 Pharmaceuticals

Pharmaceuticals are largely synthetic organic compounds used in alleviating pain 
or as antimicrobials, antivirals and contraceptives. The use of pharmaceuticals by 
humans is followed by excretion of the residual traces of these drugs through urine or 
faecal matter into the environment. Therefore, with the increasing urban population 
coupled with the dilapidating wastewater treatment infrastructure, it is expected 
that large quantities of these pharmaceuticals are discharged into the environment. 
Elsewhere, the availability of data on contamination of water resources by pharma-
ceuticals has been increasing [11–14]. In Africa, some studies on pharmaceuticals 
have been conducted in South Africa [15–17], Kenya [18–20] and Nigeria [3, 21, 22]. 
This review will focus on antibiotics and contraceptive drugs due to their wider use in 
municipal areas of developing countries.
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In Zimbabwe, the contraceptive method mix is dominated by the pill with more 
than two-thirds of women using this hormonal method [23]. Estrone was detected 
in the range of 0.90 to 4.43 ng/L in raw water samples of the Vaal river [24]. The Vaal 
River drains most of the wastewater from the metropolitan City of Johannesburg 
and has been termed one of Africa’s workhorse. Presence of these contraceptives in 
aquatic ecosystems has been linked with diverse negative effects that include intersex 
organisms [25, 26], abnormal secondary sex characteristics [27–29], reduced fecun-
dity [30] and changes in population sex ratios [31]. Most of these effects have dire 
consequences on the populations of the affected organisms. Wastewater discharged 
from Bulawayo; Zimbabwe has been reported to be the major source of contraceptive 
contamination in affected water bodies [6]. In this city, the highest oestrogenic effects 
were reported in Umguza Dam [6], one of the most polluted dams in Bulawayo [2]. 
A study by Teta and others [6] reported feminization of male fish in Umguza Dam, 
a broader threat to aquatic life. On the other hand, Bacterial Antibiotic Resistance 
(BAMR) is now a global concern that is reversing the progress that had been made 
in containing bacterial infections [11, 32, 33]. Misuse and overuse of antimicrobials 
is the main contributing factor to the evolution of antimicrobial resistance (AMR). 
Elsewhere, antimicrobial-resistant bacteria have been found in the environment with 
drinking water reported to be the main transmission route of these pathogens to 
human beings [34]. BAMR is common in areas with extensive use of antibiotics [35] 
and thus urban wastewater that is discharged into the environment is expected to be 
rich in pharmaceutical residuals including antibiotics [36–38]. Although antibiotics 
have been vital in improving human and animal health, these drugs find their way 
into the aquatic environment largely because of their frequent and unregulated use 
plus lack of capacity by most urban wastewater treatment plants to remove the antibi-
otics during wastewater treatment [35, 36]. The antibiotic residues that find their way 
into the environment exert selective pressure on bacteria leading to the evolution of 
antibiotic resistance [35, 39].

In Zimbabwe, strains which caused outbreaks of both cholera and typhoid were 
reported to be drug-resistant with patients showing poor response to commonly used 
drugs [40–42]. The heavily polluted Lake Chivero, the portable water source for the 
capital city of Zimbabwe, Harare, and underground water contamination has been 
cited as some of the possible sources of pathogens causing the recurring outbreaks of 
diarrheal diseases including cholera and typhoid in the capital. Both chromatography 
and spectroscopy methods have been used to identify known pharmaceuticals in 
water [43, 44]. However, the drug sector is developing very fast thus it is always a 
challenge to come up with a list of chemical compounds to be included for analysis. 
This makes chemical analysis process much of a daunting task. Furthermore, the 
pharmaceuticals exist in water below the detection limits of most analytical equip-
ment but at the same time have detrimental effects on resident organisms. Moreover, 
chemical analyses do not reveal biological effects of pharmaceuticals. Consequently, 
biomonitoring approaches have been preferred over chemical analyses to assess the 
effects of pharmaceuticals on organisms. Biomonitoring involves the systematic 
measurement of the effects of pollutants by focusing on structural, physiological and 
genetic changes in living organisms as a response to the exposure.

2.2 Microplastics

Collectively African countries are estimated to be the second largest contributors 
of plastic waste to rivers. The plastic waste eventually ends up in oceans [45]. Plastic 
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industry remains core to modern economies and human development. In the year 2016, 
about 335 million tonnes of plastics were produced [46] and this figure continues to 
increase in proportion to the increasing human population. The level of microplastic 
pollution is predicted to be higher in developing countries due to lack of proper waste 
management facilities which may cause large quantities of plastics to end up in the envi-
ronment [47]. Plastics can be classified into six types: polyethylene (PE), polypropylene 
(PP), polyamide (PA), polyvinyl chloride (PVC), polystyrene (PS), polyurethane 
(PUR), and polyethylene terephthalate (PET) [48–50]. Plastics can also be grouped 
by their physical structure into five groups: fragments, micro-pellets, fibres, films and 
foam [51]. Micro pellets originate from different sources like washing powders and 
paints, fibres derived from synthetic textiles, foam cushioning material and fragments a 
result of breakdown of items such as plastic bottles and packaging materials [52].

Most plastics degrade into smaller particles over time through mechanical forces, 
thermo-degradation, photolysis, thermo-oxidation and biodegradation processes 
[53]. Therefore, microplastics (< 5mm) might arise through degradation or directly 
from a range of products including washing powder, rinse-off cosmetics and personal 
care [54, 55]. It is these smaller microplastics (MPs) that are observed to be dominat-
ing in the aquatic food webs [56] but with biological effects not well understood. 
Generally, in Africa, the extent of MPs within the inland waters remains largely unre-
ported. Some of the few studies in South Africa [57], Botswana [58], Nigeria [59], and 
Kenya [60] have observed the microplastics in gut contents of fish. Analytical tech-
niques that have been used to assess microplastics include the basic light compound 
microscope, Fourier Transform Infrared Spectroscopy (FTIR), Rahman Spectroscopy, 
and pyrolysis followed by GC/MS.

2.3 Cyanotoxins

Cyanobacteria also known as blue-green algae are part of aquatic algae that are 
known for producing biotoxins called cyanotoxins. Nutrient enrichment of aquatic 
systems largely by the discharge of poorly treated urban wastewater [1, 5], agricul-
tural and industrial runoff has increased the proliferation of these harmful algae. The 
cyanotoxins that are normally produced after cell lysis following the collapse of the 
algal blooms have hepatotoxic, neurotoxic, carcinogenic and teratotoxic, cytotoxic 
and dermatotoxic effects [61–63]. The cyanobacteria genera that have been observed 
to be responsible for the formation of toxic blooms in aquatic systems include 
Microcystis, Cylindrospermopsis, Anabaena, Aphanizomenon and Planktothrix. The 
main cyanotoxins that are produced by these cyanobacteria are microcystins, cylin-
drospermopsin, anatoxin-a and saxitoxins. According to [64], hepatotoxic microcys-
tins are the most widespread class of cyanotoxins and are widely used as indicators of 
the presence of cyanotoxins in aquatic systems.

Serious chronic human and animal health problems, and in some cases mortali-
ties have been linked to cyanotoxin poisoning [65, 66]. According to [67], 1.0 μg/L 
(0.001 mg/L) is the recommended level for microcystin in drinking water whereas 2 
000 Microcystis cells/mL have been recommended as the upper limit of cyanobacteria 
in drinking water for animals [68]. Research on cyanotoxins is still limited in Africa 
with a few studies having been done in Zimbabwe [4, 69] and South Africa [70, 71]. 
Currently, cyanotoxins are being implicated in the deaths of elephants in Botswana, 
South Africa, Zimbabwe [72] and fish in Zimbabwe [1]. In Harare, Zimbabwe cyano-
toxin poisoning has been linked to the increase in gastroenteritis [73, 74], liver cancer 
[75] and the death of fish in Lake Chivero [1].
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The cyanotoxins have been detected in nutrient-rich systems, particularly those 
systems that receive poorly treated urban wastewater. The microcystin concentrations 
ranged between 3.67 to 86.08 mg/L in hypertrophic Hartbeespoort Dam, South Africa 
and between 0.1 to 49.41 mg/L in Kruger National Park [76]. In a heavily polluted Lake 
Chivero in Zimbabwe, microcystin concentrations ranged between 18.02 to 22.48 μg/L 
[75]. High levels of microcystins, ranging from 0.58 to 2.65 μg L−1, were detected in Lake 
Tana, Ethiopia [77]. The assessment of microcystin in a major drinking water source, 
Legedadi Reservoir, of Addis Ababa, Ethiopia recorded levels ranging between 61.63 and 
453.89 μg L−1 [78]. The few studies done in Maputo and Gaza provinces indicated the 
occurrence of microcystin-LR, ranging from 6.83 to 7.78 μg•L−1 [79]. Therefore, levels of 
cyanotoxins in eutrophic aquatic resources in Africa, such as those that receive poorly 
treated wastewater, may be above the WHO guideline value of 1.0 μg L−1 and thus point-
ing towards high risks to public and environmental health. We suggest that quantitative 
cyanotoxin measurements be included in the water quality monitoring programs as 
guiding precautionary actions to mitigate the risks to public health and biodiversity.

2.4 Surfactants

Globally, the market size of surfactants is about US$42.1 billion, and it is expected 
to rise to US$52.4 billion by 2025 [80]. Surfactants are utilised in the production of 
detergents, textiles, paints, polymers, pharmaceuticals, pesticides, paper, personal care 
products and in mining for the extraction of minerals through flotation. Surfactants are 
amphipathic molecules possessing both hydrophilic heads and hydrophobic tails [81]. 
Depending on the type of charge on the hydrophilic head, surfactants can be categorized 
into five groups: anionic, cationic, non-ionic, semi-polar and amphoteric. Cationic 
surfactants possess a positive hydrophilic group, while anionic surfactants contain 
negatively charged hydrophilic functional groups [82]. The non-ionic surfactants (TAS) 
possess a non-ionized hydrophilic group(s), while the charge on the hydrophilic sites of 
amphoteric surfactants changes as a function of pH [83, 84]. The anionic, cationic, and 
amphoteric surfactants constitute 65% of surfactants on the global market size.

Owing to the extensive use of surfactants in urban areas, these molecules are 
discharged with wastewater and end up contaminating the receiving water bodies. 
Some of these water bodies like Lake Chivero and Darwendale in Zimbabwe also serve 
as portable water sources for the municipalities thereby raising public and environ-
mental health concerns. Anionic surfactants like the linear alkylbenzene sulfonates 
(LAS) have been associated with various ecotoxicological effects on aquatic/ter-
restrial ecosystems [82, 85] and humans [83]. Surfactants are also known to reduce 
the resistance of aquatic biota to environmental stresses affecting reproduction and 
growth processes [86, 87]. Surfactants also increase the solubility of most contami-
nants thus increasing their toxicity in aquatic environments [88, 89]. The enormous 
adverse effects of surfactants on health and the environment necessitates the need to 
include them in environmental monitoring programmes.

3. Monitoring of PEC

3.1 Chemical analysis and biomonitoring techniques

Monitoring of PEC is critical for conservation, guiding remediation efforts as well 
as biodiversity and human life protection from the adverse effects of these. This is 
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highly challenging for several reasons: PEC are very diverse and together with their 
transformed products and their variations will increase as nations push the innova-
tion agenda aimed at coming up with alternatives. Therefore, the available specialised 
equipment by far does not cover the full range of PEC. Some of these methods are 
either still being developed or are yet to be adapted to our systems. Furthermore, PEC 
affects life at low concentrations and there is a need for equipment to have low detec-
tion limits to allow for proper risk assessment. Currently, Africa and other developing 
countries are lagging behind with respect to the required state-of-the-art equipment 
to competitively monitor the PEC in aquatic bodies. The reasons being that of poor 
awareness and consequently low budget prioritisations.

In contrast to the challenging and expensive chemical analysis methods, bio-
monitoring technologies provide a relatively cheaper and more integrated method 
for monitoring the PEC. Biomonitoring in aquatic ecosystems is the detection of 
substances or their effects on organisms, compared to analyzing chemical pollutants 
in water samples. Biomonitoring follows two major approaches: the bioindicator and 
biomarker methods. The biological indicator method uses the presence or absence 
of organism(s) to indicate the level of certain critical factors including pollutants 
[90]. A biomarker is a naturally occurring biological molecule, gene, or structural 
characteristic expressed as a response to the exposure of an organism(s) or cell(s) 
to a particular pathological or physiological process, disease or in this case pollut-
ants. Biomarkers are detectable biochemical and tissue-level changes in response to 
exposure to pollutants. Between these two approaches, it is the biomarker approach 
that is increasingly being supported for use in monitoring PEC in aquatic systems 
[91–93]. Biomonitoring through the use of biomarkers can detect the exposure, 
the effect, or reveal susceptibility. Biomarkers are the best approach to identifying 
an early response to contaminants [94] and are much more sensitive to identifying 
organism stress than the community responses. They are normally the key pillar of 
bioindication method [95]. Using fish and aquatic snails, a number of studies have 
been conducted in Zimbabwe to assess the biomarkers that are expressed in polluted 
aquatic ecosystems. These studies have shown the expression of antioxidant enzymes 
[96–98], histological pathology of gills and liver [99], reduced fecundity and femi-
nization [6] in polluted aquatic ecosystems. These studies conducted in Zimbabwe 
are providing evidence that biomarkers might provide an alternative to the chemical 
analysis methods to monitor PEC in aquatic systems of developing countries such as 
Zimbabwe.

4. Conclusions and outlook

This review shows that in Africa, research and monitoring programmes on PEC 
are still very limited. The fact that PEC is still missing in most water quality and 
aquatic ecosystems monitoring and research programmes is an indication that aware-
ness of these is still limited and thus they are less prioritised in various initiatives. 
The few published studies are pointing out that water bodies receiving urban waste-
water are likely to be the hotspots of PEC, but the effects are still poorly understood. 
Chemical analyses, using very expensive equipment that might not be easily acces-
sible in developing countries, are still the main means of generating information on 
PEC. The few studies that have been conducted in developing countries are showing 
the presence of PEC and in some cases exceeding the recommended limits. It was 
highlighted that the other limitation of using the chemical analysis methods stems 
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from the equipment available on the market having poor sensitivity resulting in 
failure to detect PEC at low concentrations. Therefore, biomonitoring using bio-
markers is suggested as an alternative. Although still in its infancy, biomonitoring 
using biomarkers will provide a cheaper and more integrated way of monitoring 
PEC in aquatic systems. Therefore, there is a need for more studies aimed at assess-
ing the feasibility of using biomarkers for monitoring PEC in aquatic ecosystems, 
particularly those that receive urban wastewater. This paper further recommends the 
need to: (i) improve awareness of the existence of PEC, (ii) assess the effectiveness of 
the current wastewater treatment plants in the removal of PEC, (iii) include PEC in 
the routine monitoring programmes by municipalities, (iv) governments and other 
funding agencies should fund research on PEC to address knowledge gaps.
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Abstract

Nature-based solutions (NBS) include actions that are inspired and/or powered 
by nature. The level of human intervention can vary from no or minimum interven-
tion to the creation of the entire new ecosystems. One of the types of such solutions 
are natural water reservoirs (NWRs) with recreational and bathing functions, in 
which natural water self-purification processes are used. Mechanical, biological, and 
chemical self-purification processes are used to filter water in natural swimming 
pools. The elimination of nutrients (nutrients) and bacterial contamination takes 
place through the use of biological filter beds, usually planted with aquatic vegeta-
tion. Implementation of natural water reservoirs also showed a multitude of positive 
effects on the environment benefits including: enhancing the natural capital, promot-
ing biodiversity, creating new habitats, mitigating water runoff, enhancing water 
resilience, contribution to urban heat island (UHI) mitigation, increasing air quality, 
and improvement of local climate.

Keywords: nature-based solutions, natural water reservoirs, natural systems

1. Introduction

Intensive urban development has an increasingly stronger impact on the non-
urbanized environment. At the same time, cities and their inhabitants face a huge 
scale of challenges, such as: air pollution, the existence of the urban heat island 
(UHI), water excess or scarcity, loss of natural habitats, or social stratification. The 
use of Nature-based solutions is an effective means of dealing with many of these 
problems simultaneously [1].

The concept of Nature-based solutions (NBS) refers to solutions that are powered 
by nature and are implemented to manage natural systems in a way that balances 
benefits for both nature and society [2]. They were defined by International Union 
for Conservation of Nature [3] as “Actions to protect, sustainably manage and restore 
natural and modified ecosystems that address societal challenges effectively and 
adaptively, simultaneously providing human well-being and biodiversity benefit.”
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NBS include actions that are inspired and/or powered by nature. The level of 
human intervention can vary from no or minimum intervention to the creation of the 
entire new ecosystems [4, 5]. Therefore, as NBS can be considering establishment of 
protected areas or conservation zones, actions directed to controlling urban expan-
sion, gardens and parks of different size, green roofs, and facades as well as creation 
of new waterbodies [6].

One type of such artificial waterbodies are natural water reservoirs (NWRs) with 
recreational and bathing functions, in which natural water self-purification processes 
are used. Mechanical, biological, and chemical self-purification processes are used 
to filter water in natural swimming pools. The elimination of nutrients and bacterial 
contamination takes place through the use of biological filter beds, usually planted 
with aquatic vegetation. Specified, specially selected for water parameters, mineral 
deposits are able to capture pollutants, pathogens as well as nutrients dissolved in 
water, mainly phosphates [7]. Therefore, NWR meets the most important criterion 
set to NBS: the conscious use of natural minerals and plants is a priority, not a supple-
ment to conventional infrastructure.

Secondly, NBS are called as challenge-orientation action that contributes to 
alleviate well-defined environmental, societal, and economic problems [8]. Among 
them, however, IUCN [3] emphasized that NBS must effectively address societal 
challenges as well as result in a net gain to biodiversity and ecosystem integrity. 
Among most commonly mentioned challenge areas addressed by NBS are climate 
change adaptation and mitigation, disaster risk reduction, food and water security, 
human health and socioeconomic development, as well as environmental degra-
dation and biodiversity loss [6, 9, 10]. Although the main goal of natural water 
reservoirs’ implementation is directed to societal challenge, which can be named 
as “health and wellbeing,” these waterbodies contribute to many others challenges. 
Regarding the environmental dimension, these waterbodies donate biodiversity 
enhancement by the introduction of native plant species associated with the aquatic 
environment. These plants together with water area create new aquatic and semi-
aquatic habitats that attract animal species, including amphibians, reptiles, and 
migrating birds [11]. Next to habitat creation function, natural water reservoirs face 
challenges such as disaster risk reduction and water management. They fulfill func-
tion of small retention waterbodies that collect rain and storm water and prevent 
against rapid water runoff from the urbanized areas [11]. Regarding the climate 
change adaptation and mitigation challenge, natural water reservoirs have direct 
impacts on greenhouse gas emissions via carbon storage and sequestration in vegeta-
tion, temperature cooling, and creation of shadows that impact human thermal 
comfort [12].

Implementation of natural water reservoirs also showed a multitude of positive 
effects on the environment benefits including: enhancing the natural capital, promot-
ing biodiversity, creating new habitats, mitigating water runoff, enhancing water 
resilience, contribution to UHI mitigation, increasing air quality, and improvement of 
local climate [13]. The benefits provided by NBS may include different spatial scales: 
from area under action, through the surrounding areas, to the cityscape or even 
regional scale IUCN [3]. NWR are well known to provide a set of distinct benefits in 
relation to different special scales. Among cultural services are recognized benefits 
such as improvement of physical and mental health, increase of recreational value 
and educational opportunities, as well as tangible esthetic and spiritual benefits 
resulting from the contact with nature and people [11].
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2. Materials and methods

Despite its significant potential, blue and green infrastructure is still insufficiently 
researched in Polish conditions and, therefore, remains little used as a means of 
counteracting the effects of climate change and adapting our cities.

2.1 Study area

As the study area was selected the water system within the municipal park in 
Zduńska Wola (Poland) - 51° 35 ‘52.9 “N/18 ° 55’ 58.2” E. The park is located in the 
very center of the city, in the valley of the Pichna River, flowing through the city in 
the east–west direction. It is the largest green area in the city, covering an area of 
about 10 ha. It was established at the turn of the twentieth century as a private garden 
of Zenon Anstadt, the owner of the adjacent brewery. The factory owner made the 
park available to residents over time.

The design concept assumed the rebuilding of municipal ponds together with 
the surrounding area, with particular emphasis on the optimal solution for sealing, 
filling, and maintaining the purity of water in the ponds. The park is characterized by 
varied topography, the highest point of which is in the north and slopes to the south, 
toward the Pichna River valley, supplying two park ponds that are the closure of the 
compositional axis. In terms of nature, the area has significant values due to old trees 
and the water system.

As part of the preparatory work for the revalorization of the park, a number of 
studies and analyses were carried out, including assessment of the sanitary state of 
the waters of the Pichna River that supplies reservoirs and flows through the park. On 
this basis, it turned out that degree of the river pollution (among others, as a result 
of the discharge of untreated water from nearby traffic routes) makes it impossible 
to restore the water system while further supplying the ponds with river water. 
Therefore, it was decided to use complex and modern technological solutions that 
enable the renovation of the water system to ensure a satisfactory degree of purity and 
transparency of the water in the ponds. The idea of rebuilding the existing ponds into 
scenic and recreational reservoirs was based on Western European solutions used in 
municipal swimming ponds with natural water purification. It consisted of, inter alia, 
on the appropriate shape of the reservoirs, the use of natural mineral and plant filters 
and proper water circulation in order to repeatedly intensify the natural processes of 
water self-purification. In addition, the appropriate shaping of the shoreline and the 
introduction of swamp vegetation ensured a natural appearance of the ponds, which 
blend harmoniously with the surrounding landscape, which significantly contributed 
to the attractiveness of the entire park.

The ponds cover the area of 10,067 m2 and consist of a recreation and viewing 
area and a mineral and plant filter. The solution is based on the use of the sorption 
capacity of a substrate consisting of natural ion-exchange minerals and absorbents 
of nitrogen, phosphorus, and heavy metals, as well as aquatic and rush plants. Water 
filtration technology based on the German FLL [14] standards for swimming ponds 
was used to ensure the best water parameters. The water surface area in the viewing 
and recreation area is approx. 3952 m2, and the area covered with water and rush 
vegetation is 2664 m2. The surface of the water in the pond with the mineral-plant 
filter is 757 m2, and the area of the mineral-plant filter planted with water and rush 
vegetation is 2694 m2, which is a total of 53% of the area planted with plants.
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2.2 Methodology

The design concept assumed the rebuilding of municipal ponds together with 
the surrounding area, with particular emphasis on the optimal solution for sealing, 
filling, and maintaining the purity of water in the ponds. Therefore, in 2015, it was 
developed detailed design documentation, taking into account a series of processes 
that promote the natural purification of water in ponds. In spring 2017, the project 
was started. Prior to profiling the bottom of the ponds, the water and marsh vegeta-
tion as well as permanent weeds were removed, and the concrete slabs that had previ-
ously protected the pond slopes were removed. The subsequent step was to remove 
the layer of silts and peat from the bottom of the ponds and to prism them for the use 
in coastal areas. Appropriate control and drainage was installed at the bottom of the 
ponds to monitor subcutaneous waters during sealing of the ponds. Then, the bottom 
of ponds was properly shaped in accordance with the designed profiling. Each 30-cm 
layer of soil was compacted so that the formed slopes would not erode at a later stage 
of use.

Surface of the bottom of the pond had to be leveled and thoroughly compacted 
(larger depressions were buried in layers and compacted), free of sharp objects—
stones, glass, etc. Sealing of the pond consisted in spreading 400 g/m2 of geotextile. 
For a proper sealing of the pond, EPDM foil 1.02 mm thick with a certificate of 
neutrality with respect to flora and fauna in the ponds was used (Photo 1). In order to 
maintain the water table at a constant, designed level, it was necessary to permanently 
stabilize the edges of the pond at the appropriate level (deviations from the level 
could not be more than 1 cm). The entire bottom of the tanks, including the pond 
shore (about 1 m wide), was lined with twice washed gravel (16–32 mm fraction) 
with a 20-cm-thick layer.

The key element of the entire water system conditioning the purification of water 
in the ponds was the implementation of the mineral-plant filter (regeneration tank). 
Purification of water in ponds is based primarily on the proper selection of filtra-
tion material (mineral in properly developed proportions adapted to the content of 
elements in the water supplying the tanks) and forcing water circulation in a closed 
system, equipped with pumps, overflows, mechanical-mineral filter and relevant 
from phyto- and rhizo-filtration point of view—swamp filter (mineral bed planted 
with plants).

Water quality, when using biologically active sorption filters, depends on the 
material used and its adsorption properties and intensity of biochemical processes. 
It is extremely important in the process of effective removal of organic compounds 
(above all, phosphorus and nitrogen compounds) as well as elements present in trace 
amounts (e.g. heavy metals) [15]. Therefore, the mineral substrate Biozamonit® 
(4–16 mm fraction) was used, which is the nitrogen, phosphorus, and heavy metals as 
well as parasites sorbent with the addition of FerroSorp® iron hydroxide (phosphorus 
absorbent). This trade name includes lime-silica rocks (bedrock), zeolite, dolomite, 
or limestone grits in appropriate proportions [16].

Due to the high calcium content, it is the bedrock that is one of the most effec-
tive reactive materials used to remove phosphorus from aqueous solutions [17]. 
Furthermore, during thermal treatment, its sorption capacity increases significantly 
(from 60.5 g P∙kg −1 at 250°C to 119.6 g P∙kg −1 at 1000°C) [18] due to the break-
down of calcium carbonate into calcium oxide and carbon dioxide. As the firing 
temperature increases, the reaction also increases: from 6.80 to 12.4 after roasting at 
900–1000°C [18, 19].
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Water pollution can be removed using mechanical, physicochemical, and bio-
logical methods. Therefore, in parallel with the use of physicochemical methods, 
a biologically uncomplicated method, which is phytoremediation, was used. It is a 
technology for the purification of ground and surface waters, and even soil and air, 
which uses the natural predisposition of specific taxa of plants capable of growing 
and developing in ecosystems contaminated with inorganic and organic substances, 
as well as for their uptake, accumulation, or biodegradation [20].

Therefore, several habitat zones have been arranged in the pond. In the open 
water, plants with delicate, flabby stems, and fine leaves (adapting their requirements 
to the depth of the zone) were planted (Figure 1). Water lily with decorative leaves 
and flowers were planted in the bottom layer. There are also numerous zooplankton 
species in this zone, which very effectively support water filtration [21]. The banks 
were planted with iris, calamus, and other littoral species, as well as plants from 
wetland habitats—sedge, horsetail, and mint [22]. All species were selected according 
to the habitat requirements criterion.

3. Results and discussion

The use of mineral-plant filtration bed in ponds is aimed at eliminating the most 
adverse biogenic compounds (phosphorus and nitrogen) and maintaining optimal 
physical and chemical parameters of water (similar to those found in natural oligo-
trophic reservoirs). Artificial stimulated conditions served to limit the development 
of unicellular and filamentous algae, determining the natural and scenic values of 
ponds (each additional gram of phosphorus above the allowed norm can generate the 
development of filamentous algae weighing 250 kg).

In the water reservoirs given in the analyses, a natural mineral substrate 
Biozamonit® was used as an absorbent of phosphorus, nitrogen, and heavy metals. 
Composition of the above mineral deposit contains, among others, bedrock, roasted 

Figure 1. 
Mineral-plant filter with visible plantings of purple loosestrife, bulrush, and Calamus (photo: W. Walczak).
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rock, zeolite, calcareous grits, ferrosorp, and dolomite grits in appropriate propor-
tions. Biozamonit® contains, among others, additions of roasted rock, which accord-
ing to tests, has a contents of CaO and SiO2 of 238.6 and 550.1 g∙kg–1, respectively. 
Therefore, the efficiency of PO4-P removal from an aqueous solution with an initial 
concentration of 1.84 and 2.88 mg∙dm−3 by the roasted rock is 88% and 70%, respec-
tively [23]. It is also important to place the substrate in the appropriate parts of the 
filter bed, because the filtration processes in the mineral-plant bed take place through 
the vertical forced flow of water through the mineral bed.

It was the filtration, ion exchange, and buffer properties that determined the use 
of the aforementioned mixture as the best for this type of pond, successfully used in 
other projects of reservoirs of a scenic and recreation nature. The filter bed is also a 
habitat supporting the growth of nitrifying bacteria that are very important in the 
process of ammonia decomposition.

In order to increase sorption properties, the bed was planted with water and 
marsh plants with the best properties of absorbing the biogenic compounds from 
water. Plants that are used for the biological purification of water belong to the 
group of the so-called repository plants, highly effective also in removing toxins, 
protecting banks, reclamation, and cleaning soil or water. They capture pollution, 
pathogens, and phosphates dissolved in water and at the same time strive to stabilize 
water chemistry. Among the most commonly used plants for this purpose, there are 
helophytes (marsh plants), emery hydrophytes, and submersible hydrophytes that 

Physicochemical 
parameter tested

Measurement 
unit

Tap water for filling 
the ponds (before 

treatment)

Pond water I season 
(spring 2018)

Pond water 
II season 

(spring 2019)

pH — 7.3 7.8 7.9

Manganese mg∙dm–3 0.023 0.01 0.02

Ammonia mg NH4∙dm–3 <0.060 0.04 0.02

Nitrate mg NO3∙dm–3 2.05 0.8 0.5

Nitrite mg NO2∙dm–3 0.01 0.02 0.02

Electrical 
conductivity

μS∙cm–1 452 357 223

Turbidity NTU 0.51 0.8 0.65

Total hardness dH 12.65 7 6

Carbonate 
hardness

dH 4 6 6

Color mg∙dm–3 Pt 5 8 8

Chloride mg∙dm–3 <5.0 5.5 8.6

Sulfide mg 
SO42– ∙dm–3

<20 < 20 < 20

Soluble 
phosphorus

mg∙dm–3 0.05 0.006 0.005

Total phosphorus mg∙dm–3 0.25 0.035 0.025

Table 1. 
Summary of water test results.
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live completely under the water [24]. Both reservoirs were planted with aquatic and 
underwater plants, including those with a covering function.

As a result of the sorption properties of the mineral-plant filtration bed (regenera-
tion tank) in the first and second year of using the ponds, the amount of dissolved 
phosphorus (P), one of the biogenic factors, decreased 10-fold compared to the 
amount contained in tap water used to fill the ponds. Thus, as shown in Table 1, it 
has come close to the European standards regarding the purity of water in bathing 
tanks. The amount of nitrates decreased fourfold and ammonium threefold. The 
carbonate hardness remains at the right level around 6 dH, and the pH of the water is 
optimal. The complete elimination of harmful nutrients is impossible, because they 
are periodically influenced by the evapotranspiration process, feces of water birds, 
plant pollen, or small particles of airborne pollutants. As experience from other water 
reservoirs with scenic and recreational functions shows, the use of effective mineral 
and plant beds with appropriately selected physicochemical properties contribute to 
the effective filtration of water in ponds.

4. Conclusions

Significant benefits of the construction of retention ponds are the possibility of 
collecting water for use in periods of drought, providing habitats for wild plants and 
animals in urbanized areas, and functional and compositional enhancement of public 
green areas. An additional benefit is the ability to purify water from contaminants 
from surface runoff through sedimentation and phytoremediation.

In order to increase the usability of the pond, especially in urbanized areas 
(Figure 2), it is worth designing it in such a way as to enable recreational use 
by various age groups of users as well as to provide the opportunity to conduct 
environmental education. The location of the reservoir should contribute to the 
improvement of the continuity of naturally functioning areas and thus favor the 
ecological role of this element, significantly increasing biodiversity in the urban 
environment.

Figure 2. 
Pond before renovation (photo: Milecka M.).
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The observations to date indicate a very high efficiency of natural self-purification 
of water in bathing reservoirs [7]. This is possible thanks to the enormous vital 
activity of the biocenosis of natural swamp systems—from microorganisms to plants 
and algae, which are in dynamic balance with each other. They trigger a number of 
physical, chemical, and biochemical processes such as sedimentation, adsorption, 
oxidation, and the exchange of volatile substances between the atmosphere and water 
(release of gaseous metabolic products into the atmosphere), which, by interacting 
with each other, maintain the biological balance in the pond (Figure 3). The reduc-
tion of coliforms or enterococci on properly designed filters is particularly effective, 
so much so that the standards required by sanitary regulations are usually achieved 
with reserve [25]. On the other hand, one of the most difficult technical challenges 
posed by such solutions is to maintain the phosphate concentration in the top-up and 
bathing water at the level characteristic of oligotrophic waters [7]. In terms of effi-
ciency, the analyzed joints are cheaper to maintain and implement than conventional 
solutions.

Figure 3. 
Recreational pond after 2 years of operation (photo: Walczak W.).
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Chapter 6

Subterranean Waters in Riviera 
Maya of the Yucatan Peninsula: 
Vulnerability and the Importance 
of Monitoring
Luis M. Mejía-Ortíz, Alejandro L. Collantes-Chávez-Costa, 
Cruz López-Contreras and Oscar Frausto-Martínez

Abstract

The Mexican Caribbean coast has great scenic beauty both on the surface and 
underwater, which is why it has been a developing area for tourism since the 1970s, 
establishing sites such as Cancun and Playa del Carmen and empowering others 
such as Cozumel and Tulum. Their biological richness is enormous, especially in 
the Mesoamerican Reef of which they are a part. However, this richness and scenic 
beauty are not possible without the ecological assemblages that exist within these 
regions’ adjacent ecosystems, mainly the surrounding seasonally dry tropical forest 
and the coastal wetlands that, together with the oceanographic characteristics of 
the Caribbean Sea, potentiate it, turning the region into the most visited in Latin 
America. To this end, groundwater plays a very important role in the assemblages of 
biotic and abiotic elements that are shared with the Caribbean Sea; thus, its constant 
monitoring allows us to identify how the changes that occur in the tropical forest are 
producing various changes in the composition and abundance of coastal reef ele-
ments. Here, we present results of our study of groundwater conditions (temp, pH, 
oxygen dissolved, and salinity) in nineteen cenotes and underground rivers of the 
Riviera Maya and six cenotes of Cozumel. We also profiled the predominant vegeta-
tion on the surface of this region, which is a seasonally dry tropical forest, to under-
stand the components and functioning of these subterranean ecosystems to assess 
their vulnerability and identify their threats from human development (population 
growth, tourism development, mobility capacity). These threats not only affect the 
cave and coastal organisms but also the tropical karstic landscapes that are character-
istic of these systems.

Keywords: underground, aquatic monitoring, ecological links, vulnerability

1. Introduction

The groundwaters in many places around the world are sources of freshwater for 
human use [1]. In Mexico, the Yucatan Peninsula is the largest freshwater source in the 
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region. Its soil is mainly karstic, allowing a high porosity and filtration of rainwater 
to the underground [2, 3]. Due to this reservoir, the tropical forest is tall and exuber-
ant because the soil layer is thin enough to allow tree roots to reach the aquifer. The 
extreme hot conditions cause the forest to be dry or semi-dry [4, 5]. Over many years, 
these conditions have produced thousands of conduits and entrances [6, 7] that reach 
to coastal areas as subterranean rivers. The richness of the Caribbean Sea establishes 
important conditions for the proliferation of coral reefs [8]. The terrestrial ecosystems 
(tropical forest, mangrove, and dune) are connected by underground waters that 
establish links among the adjacent terrestrial and marine ecosystems (coastal lagoons, 
sea grass, and coral reefs). However, this role that is important, has been poorly valua-
tion, and the groundwaters has a unique characteristics that produce a special ecosys-
tems [9]. The state of Quintana Roo and its coast have natural attractions with unique 
scenic beauty, such as Caribbean beaches, reefs, lagoons, and archeological sites, 
among others. Tourism is based on sun and sand, but there are other tourist attrac-
tions that are highly visited, such as nature reserves and cultural areas [10]. This set of 
attractions motivated the creation of Cancún in 1970, which became the largest and 
most important tourist destination in Mexico and the Caribbean [11]. Natural attrac-
tions also led to the development of the Riviera Maya in the 1990s, which is equally as 
recognized as Cancun [12]. Together, these locations receive around 12 million visitors 
per year [13]. Initially, tourists visited for the coastal and marine landscape, but in 
recent years visitors have become more interested in the cenotes and underground 
activities. All these, therefore that another human activity such as mobility, pork 
farms, soil extractions and growing of the cities are the development project that in 
the next years will produce environmental impacts in special to water [14]. For these 
reasons, it is important to monitor the water to understand how the ecosystems work.

2. Material and methods

From 2016 to 2020, we profiled 19 cenotes in Riviera Maya and six in Cozumel 
(Figure 1) using the Hydrolab Data Sonde 5 (Hydrolab DS5) to identify the differ-
ent layers and variations. We recorded dissolved oxygen (±0.01 mg/l), pH (±001 
pH), salinity (±0.01%), and water temperature (±0.01°C). The Hydrolab DS5 was 
programed to record every 30 seconds and the divers introduce in the cave during one 
and half hours. At the same time, recording of faunal composition was conducted 
to identify crustaceans such as isopods, different species of shrimp, amphipods, 
and remipedes [15–17]. Divers also recorded tree roots into the aquifer using taxo-
nomic guides [18, 19] and identified the systems with clear water discharges to the 
Caribbean Sea. We also examined tourism and tourist activities in the Riviera Maya 
and Cozumel and corroborated this data with vegetation and soil use in the surround-
ing the cenotes as well as with data reported in the literature.

3. Results

3.1 Environmental conditions

After checking the profiles of twenty-four underground systems, it was possible to 
recognize three main ecosystems. The first is a freshwater ecosystem that is not strati-
fied and that has similar conditions of oxygen, temperature, and pH in superficial 
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and bottom areas. We recorded 10 sites in freshwater ecosystems (Table 1), some of 
which are shallow ponds and some of which are 15 meters deep.

In these profiles, the water column is not stratified accordingly with the salinity 
content. The temperature and oxygen dissolved have a negative relationship with 
the depth because both variables decrease as depth increases. However, pH values 
are more independent and showed variations, possibly due to the biochemical karst 
process, as has been reported for other systems [20] (Figure 2).

The second type of ecosystem is a brackish/marine water ecosystem. In these 
ecosystems the marine entrance has a direct connection with the sea. As such, some 
marine animals such as echinoderms and some species of fish live in caves. In these 
systems the mixing zone between freshwater and marine water is all time and only in 
some season is possible identify stratification in the water column. We recorded two 
systems in this study (Figure 3 and Table 2).

The third type of ecosystem is an anchialine pool, which is a subterranean estuary 
containing freshwater and marine water separated by a mixing zone called the halo-
cline. Anchialine pools can be found at different depths according to their distance 
from the sea. In this study, we recorded thirteen of these systems in the Riviera Maya 
and Cozumel. In these ecosystems, the stratified water column is due to the salinity 
changes that produce similar conditions of temperature, pH, and oxygen dissolved. It 
is interesting that in these environments the most rich species were found just past the 
halocline in the marine layer.

In anchialine ecosystems the temperature and oxygen dissolved decrease as depth 
increases, and both have a direct relationship with the halocline at different depths. 

Figure 1. 
Location of the different cenotes in the Riviera Maya and Cozumel.
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However, in the case of Cenote Calavera, the temperature increases at same time 
that the marine layer is present. In contrast, the pH values in all cenotes are higher in 
comparison with the superficial layer due to the alkalinity value of the marine layer 
(Figure 4).

These three main ecosystems exist in different places according with several factors 
such as surrounding vegetation but mainly with the depth when the subterranean branch 
cave reaches, but also is relationship with the distance from the coast that the cenote 
(entrance) is located because the incorporation of the marine layer is most important in 
the those systems close to the coastal area but far away to the coastal line the freshwater 
lenses is more wider whilst that the marine layer is found to deeper area (Figure 5).

3.2 Surrounding vegetation to the aquifer

The semi-evergreen seasonal forest is the dominant tropical forest in the study 
area, and in the state of Quintana Roo [21, 22]. In Mexico, this kind of seasonal 

Figure 2. 
Examples of profiles according to the depth of freshwater ecosystems. A, B, and C graphs are for the Santa Cruz 
system, and D, E, and F graphs are for the Vaca ha system. Salinity is represented by continuum lines with □, 
and temperature, oxygen dissolved, and pH are represented by dashed lines with •.
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tropical forest is known as a tropical evergreen forest [23] or medium semi-evergreen 
forest [24]. This vegetation develops in the Aw climate [25], characterized by a short 
but well-marked dry season, which in the area extends from November to May, dur-
ing which short, sporadic, and infrequent rains may occur (191 mm in average), in 
addition to a rainy season the rest of the year, with rainfall around 1000 mm and an 
average annual temperature between 20 and 25°C. A semi-evergreen seasonal tropical 
forest grows on mainly flat terrain with shallow soils (20 or 35 cm deep), generally of 
the Rendzina type, and with outcrops of limestone [4].

Figure 3. 
Examples of profiles of brackish/marine ecosystems according to diving time. A, B, and C graphs are for casa cenote 
from the Actun ha system, and D, E, and F graphs are for cenote Aerolito in Cozumel. Salinity is represented by 
continuum lines, and temperature, oxygen dissolved, and pH are represented by dashed lines with •.

Systems Salinity Environmental conditions Organisms recorded

Casa Cenote Brackish/Marine water The water profile is not 
stratified; just the mixing 
zone; and the temperature, 
oxygen dissolved, and pH 
showed values similar in the 
superficial and deeper layers

Typhlatya pearsei; Metacirolana 
mayana

Aerolito Brackish/Marine water Procaris mexicana; 
Metacirolana mayana; 
Xibalbanus cozumelensis; 
Copidaster cavernicola; 
Ophionereis conmutabilis

Table 2. 
Record of brackish/marine water subterranean ecosystems with environmental conditions and fauna registered.
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Although a large area of this tropical seasonal forest is currently secondary, relics 
of the original forest can still be found [26]. Several tree strata define its vertical 
structure with the abundant presence of climbers and epiphytes and a well-developed 
shrub layer as well as an herbaceous layer composed of seedlings from the species at 
the upper strata [18]. The characteristic tree species are Bursera simaruba (L.) Sarg., 
Metopium rownie (Jacq.) Urb., Vitex gaumeri Greenm., Brosimum alicastrum Sw., 
Manilkara zapota (L.) P. Royen, and Psidium sartorianum (O.Berg) Nied. Among 
the most frequent shrubs are Acacia collinsi Saff., Bauhinia jenningsii P. Wilson, and 
Eugenia acapulcensis Steud. To name a few. In the epiphytic stratum, there are species 
such as Brassavola nodosa (L.) Lindl. And Selenicereus testudo (Karw. Ex Zucc.) Buxb.

The height of trees in the semi-evergreen seasonal tropical forest ranges from 18 to 
25 m [24]. Trees of up to 35 m can also be found [4]; these are associated with better 
environmental conditions [18] such as areas with greater soil depth and karst water 
bodies (cenotes). The vegetation associated with these cenotes has the same floristic 
composition of the semi-evergreen seasonal tropical forest, but the tree stratum 
shows to be characteristically evergreen with a greater abundance of epiphytes 
(Figure 6) [4, 19].

Figure 4. 
Examples of profiles according to the depth of the water column of anchialine ecosystems. A, B, and C graphs 
are for cenote Calavera, and D, E, and F graphs are for cenote Chempita in Cozumel. Salinity is represented by 
continuum lines with □, and temperature, oxygen dissolved, and pH are represented by dashed lines with •.
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4. Discussion

4.1 Tourist activity in the cenotes and its impacts

The great diversity and scenic beauty of the Riviera Maya, both on the surface 
and underwater, is related to the different types of ecosystems and large amounts of 
natural resources. This has facilitated the diversification of tourist activity, which now 
also includes exploring underground rivers, cenotes, and caves [27].

Visits to cenotes have increased significantly. The arrival of sargassum on the coast 
of Quintana Roo has motivated visitors to move to these spaces [28], since tourism 
service providers have recognized them as a substitute for beaches.

The cenotes have great landscape and cultural importance. Their underwater 
landscapes are geologically sculptural, which, together with their link to the general 
Mayan culture, creates a synergy in the visit. The cultural importance of cenotes dates 

Figure 5. 
Schematic underwater profile where it is possible to see the relationship (halocline) between freshwater (light 
blue) and marine (dark blue) layers, according to depth and distance from the sea. The tree roots that reaching the 
aquifer to maintained the semi-evergreen state of tropical forest and mangrove vegetation.
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to pre-Hispanic times, and rituals and offerings learned from their Mayan ancestors 
are still performed these days to request rain, care for crops, and to ask for permission 
to enter the cenote [29]. Cenotes contain unique fauna and flora, formations such as 
stalagmites and stalactites, and ritual elements of the Mayan civilization. In addition, 
the areas around the cenotes are usually surrounded by jungle, mangrove, or palm 
and with different species of fauna that give each site an evocative power. This is why 
it is in these areas that observation and interpretation walks of the Mayan culture are 
offered.

The cenotes not only have unique esthetic natural characteristics that entice people 
to visit them, but they are also repositories of unique species of flora and fauna, which 
is where the biological and ecological importance of these systems lies [30]. Although 
cenotes are highly fragile ecosystems, there are currently no regulations for their use 
and management. In addition, since they are not isolated systems but rather they con-
nect with groundwater that sometimes connects with the sea [31], their inappropriate 
use can cause unquantifiable impacts on the rest of the ecosystems with which they 
interact [28].

The excess of tourists in the cenotes is putting the aquifer and its aquatic biota 
at risk. Visitors introduce physical, chemical, and biological agents into the ceno-
tes, such as garbage, sunscreens, repellents, creams, and fecal matter. These con-
taminants can alter the system, causing changes in temperature, erosion, increase 
in fecal coliforms, and excess nutrients that can generate irreversible impacts 
[27, 28]. Several of the cenotes studied experience high tourist activity (Table 1) 
because they are being offered as recreational spaces for swimming, snorkeling, 
diving, and hiking.

Figure 6. 
Vegetation type and land use for the study area.
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The three ecosystem types discussed have a strong relationship with the dynam-
ics of tropical dry forest function, especially in those that are far away from the 
coast. However, these relationships also exist in coastal areas where the vegetation 
type is characterized by mangrove and dune. How as been reported to terrestrial 
cave environments they are not isolated and in these cases the cave systems fully of 
water have interesting relationship with the out ecosystems surrounding [32]. The 
freshwater from the aquifer in Quintana Roo is one of the best-conserved reser-
voirs in the country, but at same time it faces several threats. Exponential popula-
tion growth has occurred in Playa del Carmen, Tulum, Puerto Morelos, Akumal, 
Cozumel, and Puerto Aventuras, thus increasing demand for water. Tourism 
activity is changing from sun and beach activities to activities in the cenotes and 
adjacent ecosystems, especially the dry tropical forest [14]. This transition in 
tourism increases the threat to all underground systems because these new activi-
ties cause pollution by dissolved agents and solid wastes, as has been reported by 
several local organizations [33].

System Use

Crustacea Little tourist activity

27 Steps Little tourist activity

Taj Maha Frequent tourist activity

Casa Cenote Frequent tourist activity

Vacaha Frequent tourist activity

Calavera Frequent tourist activity

Santa Cruz Frequent tourist activity

Yum Ha Little tourist activity

Rancho Regina No tourist activity

Rancho San Felipe Nohoch Frequent tourist activity

Aerolito Little tourist activity

Xcan Ha Frequent tourist activity

Tres Potrillos No tourist activity

Cocodrilo No tourist activity

Chankanaab Tourist use only for observation

Chempita (Jade Caver) Frequent tourist activity

Boca del Puma Frequent tourist activity

Tres Bocas Frequent tourist activity

Actun Jaleb No tourist activity

Eden (jardin del EDEN) Frequent tourist activity

Muevelo Rico No tourist activity

Aktun Muknal No tourist activity

Dos Arboles No tourist activity

Odyssey No tourist activity

Bang No tourist activity

Table 4. 
Tourist activity in cenotes.
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This region is experiencing a continual increase in tourism and mobility 
infrastructure [10] that together with the water demands evidently change the 
underground water conditions because exist the risk that if the pumping water 
increase the marine layer occupied these subterranean spaces and this work show 
the first photograph of these ecosystems under study which, possibly in one or two 
decades will be change. All these threats are present due to the economic benefits 
of tourist activity in the area. The different options to diminish the damage include 
environmental instruments and laws established by institutions such as the Federal 
Attorney for Environmental Protection (PROFEPA), Secretariat of Environment and 
Natural Resources (SEMARNAT), and National Commission of Natural Protected 
Areas Mexico (CONANP). Some proposed actions to reduce the harmful impacts 
of increased tourism include wastewater treatments, avoiding developing artificial 
greens like golf courses, stadiums, and parks, forbidding the injection of wastewater 
to deeper aquifers, and environmental education.

The discussed ecosystems are facing natural and anthropogenic impacts, high-
lighting their vulnerability. As such, monitoring their water conditions is highly 
important (Tables 3 and 4).

5. Conclusions

This chapter presented results of our study of groundwater conditions (temp, pH, 
oxygen dissolved, and salinity) in nineteen cenotes and underground rivers of the 
Mexican Caribbean corridor from Tulum to Puerto Morelos (Riviera Maya, Yucatan 
Peninsula) and six cenotes of Cozumel. We also profiled the predominant vegetation 
on the surface of this region, which is a seasonally dry tropical forest, to understand 
the components and functioning of these subterranean ecosystems to assess their vul-
nerability and identify their threats from human development (population growth, 
tourism development, mobility capacity). We identified three types of underground 
aquatic ecosystems: freshwater, brackish/marine water, and anchialine.

Rapid growth in tourism in the Riveria Maya and Cozumel, among other loca-
tions, is polluting and contaminating these regions’ ecosystems and thus it is of great 
importance to monitor these ecosystems and the fauna that inhabit them to identify 
their capacity for resilience.
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Chapter 7

Monitoring of Temporary Ponds
as Indicators of Environmental
Quality
Claudia Campanale, Vito Felice Uricchio
and Carmine Massarelli

Abstract

Temporary ponds represent a specific type of ecosystem extensively widespread
worldwide. They are better known as copular pools, ephemeral waters, karst sink-
holes, seasonal wetlands, and vernal pools. Among these, Mediterranean Temporary
Ponds (MTPs) represent a priority habitat according to the Natura 2000 network of
the European Union. Their main characteristic is represented by their depth of only a
few centimeters and lack of communication with permanent water bodies. MTPs
habitats are vulnerable to human activities, especially agriculture, and they are con-
sidered priority habitats to safeguard. Threats affecting this habitat are various and
many and depend on specific site conditions, including intensive agriculture, tree
planting, abandonment of traditional land use, and excessive grazing. In the present
manuscript, we report the results of monitoring activity of some of these sites in
Southern Italy aimed at understanding the ecological status of these ephemeral eco-
systems with a specially developed methodology based on data integration.

Keywords: temporary ponds, microplastic pollution, pesticides, data integration, GIS

1. Introduction

Temporary ponds are a common natural habitat, abundantly widespread in all
biogeographical regions [1]. Other ecological studies indicate that temporary ponds
are habitats of some biological importance because they can host a considerable
number of rare and endemic species [2–4]. These habitat types are currently highly
threatened. Almost all temporary ponds are shallow, and most can be easily destroyed
by drainage works for agricultural or urban development purposes [5]. Their small
water volumes influence their high susceptiblity to pollution [6, 7], including emerg-
ing pollutants such as microplastics (MPs) and pesticides [8, 9]. To these threats is
added that deriving from a lack of awareness: even if located within protected areas,
temporary ponds have not always been evaluated by professionals in the same way as
other freshwater ecosystems better known as lakes, rivers, and permanent ponds.
Consequently, the conservation of the temporary ponds has never been to the
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attention of the administrators, and without any criteria, they have been destroyed
over time for various purposes [2].

Among the threatening factors for these environments, we must also consider the
ongoing climate changes on a global scale: it is probable that temporary ponds, with
their delicately balanced hydrological regimes, are susceptible particularly to these
changes and over a few years they could significantly reduce [10]. Another aspect of
difficulty in providing correct information to the administrators of the territory to
combine development needs with conservation criteria for these habitats is the lack of
information.

Studies on temporary ponds are at least 50 years late compared to those of better-
known water bodies, so this article aims to propose a multidisciplinary methodology
to carry out the monitoring of temporary ponds to identify the pressures that insist on
the hydrographic basin and sub-basin of interest. Temporary ponds (Figure 1) can be
defined simply, as “lentic water bodies with a recurrent dry phase” [1]. This descrip-
tion includes a large range of water bodies, including tiny puddles that can hold water
for only a few days and water bodies subjected to dryness after a few weeks or years.
Like other freshwater habitats, temporary ponds are also changeable: as the duration
of the hydroperiod increases, they turn into semi-permanent ponds and dry out only
in years of drought.

A distinctive feature of temporary ponds is that they can form almost anywhere, it
is only necessary for water to accumulate in a depression in the ground and silt to
prevent water from infiltrating underground quickly. Their ease of formation and, at
times, their persistence over time means that they are present almost everywhere in
different types of ecosystems, both of natural and non-natural origin. They can form
as a result of small barriers created by the fall of trees as in depressions caused by man:
vehicle furrows, quarry bottoms, etc.

Among the temporary ponds, the ponds located in the Mediterranean region, so-
called Mediterranean Temporary Ponds (MTPs) [11] are classified as priority habitats
according to the Natura 2000 network of the European Union (Natura code 3170,
Habitats Directive 92/43/EEC). They are situated in many Mediterranean countries.
They are categorized as “priority” due to their elements with a unique and important
meaning for one or more living species. They include a peculiar flora composition,

Figure 1.
Some temporary ponds in the Puglia region (South Italy).
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succession stage, and/or structural factor. Since they are humid depressions,
periodically subject to temporary seasonal submersions, they host plant communities
of great richness and originality even if not very showy, they are rich from a floristic
point of view with rare and exclusive species of these environments [12, 13]. Several
temporary ponds in the Mediterranean region vary from small copular ponds 50 cm
deep hollowed out in rocks to almost permanent lakes, sometimes covering more
than several hectares. They present a consistent variability in size, shape, depth,
biodiversity (flora and fauna), and time of flooding [14–18]. The increased
urbanization and agriculture combined with climate change has led to the extinction
of a vast number of temporary ponds in the Mediterranean region [18].

Temporary Mediterranean ponds exhibit significant variability regarding the
length of their hydrological period. They often form in karst areas and are in
equilibrium with the aquifer, which in some circumstances can lead to a rise in the
water level. In natural karst environments, the permeability and slope and other
geological properties determine how much water the duration of the hydroperiod and
therefore the composition of the ecosystem generated by the temporary ponds.

As temporary ecosystems, MTPs represent an important and sensitive transition
between aquatic and terrestrial environments and act as retention basins for
macroplastics and MPs [8]. However, only a very few works to date have investigated
the presence of MPs in temporary ponds and in particular in mountain karst ponds
[19], rainwater retention ponds [20–22], and sport fishing ponds [23], or small water
bodies [24].

Mediterranean temporary pond habitats are very susceptible to anthropic
pressures [25], due to their particular physical and ecological features. Their value is
frequently overlooked [26, 27] due to their small size and seasonality.

In many Mediterranean temporary ponds, human activities create great pressure.
However, the high biodiversity that can be found has been preserved thanks to
balances with human activities that have become less and less impacting [12, 27].

The development of agriculture and urbanization in the Mediterranean region
influence the health status of numerous sites with temporary ponds [27, 28].

The increase in urbanization in the Mediterranean region has led, due to urban
expansion and connecting infrastructures, to the extinction of numerous temporary
ponds. Inadequate management practices, such as soil removal, drainage, overgrazing,
and intensive agriculture, have seriously endangered these fragile ecosystems [29].

Intensive farming practices can lead to significant changes in the catchment area.
Since a large part of the territory is ploughed, consequently, an increase in erosion is
induced and the transported sediments are increasingly filling the small depressions of
the ponds, thus modifying the hydroperiod.

The same phenomenon always has another consequence, namely an additional
supply of nutrients to the ponds, thus contributing to their eutrophication and a
decrease in environmental quality.

Furthermore, the pollution of temporary ponds is increased by intensive
agricultural activities due to the extensive use of pesticides and fertilizers. Not
infrequently, there is also the abandonment of domestic and industrial and polluting
waste (as in the previous image) [30, 31]. The overload of nutrients reaching
temporary ponds is a widespread danger in the Mediterranean-macroclimate
territories. This occurs mainly due to the fertilizers run-off from neighboring
areas [32].

Temporary ponds can be used to understand the quality of the environment of the
basin concerned as being small areas in which pollutants transported in run-off water
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are deposited. So they can provide an assessment of the quality of the soil and water
matrices of large areas by sampling at a single point and having some information
about the places, also available from open-source databases [33]. Following this
methodology, it is possible to use temporary ponds as indicators of quality and possi-
ble environmental degradation.

2. Material and methods

2.1 Study area

The temporary ponds investigated are located within the area of the Lama Balice
Regional Natural Park, a territory that still preserves, despite the various scattered
phenomena of consolidated and ongoing use, a high landscape quality, attributable to
the typical features of the agricultural landscape of the Puglia countryside. These
ponds are formed due to heavy rains and are very ephemeral as the karst landscape
accentuates the leaching of water into the subsoil.

In the Lama Balice Torrent Basin, lithological terms of the Cretaceous carbonate
succession of the Murgia emerge on which deposits of the Plio-Pleistocene coverage
rest; there are also alluvial deposits from the Holocene age located on the bottom of
the main erosive furrows. Referring to the geological map of Italy in 1:100,000 scale
[34] and the geological map of the Murge and Salento in 1:250,000 scale [35], in the
area of the Lama Balice Torrent basin (Figure 2), the following lithostratigraphic units
are recognized: Murge’s limestones, Gravina’s calcarenite, terraced marine deposits,
and alluvial deposits [36]. The water inputs come from rain, surface run-off, snow
melt, and also from groundwater. Outflows occur by infiltration, overflow, and
evapotranspiration. If the groundwater level is higher than the bottom of the pond,
the pond water will tend to replenish the aquifer.

These environments, considering their proximity to an urban area, can play an
essential role in maintaining and strengthening the link between human populations,
wild flora, and fauna (mainly local and migratory birds) and can also be considered:

• A stepping-stone that is a fragment of natural habitat surrounded by an
unsuitable landscape, which acts as a rest area, refuge, and dispersal for various
species;

• A new biodiversity hotspot;

• A playful-educational and esthetic-recreational type tool for schools and cultural
associations.

The protection of this pond is a great opportunity for the two districts. Its small
size makes it easier to manage and protect and its perception by the public.

2.2 Water matrix sampling and chemical analyses

Three sites classified as MTPs habitats located in Southern Italy (Puglia region) and
called MTP n.1, MTP n.2, and MTP n.3 were investigated to assess their role in the
accumulation of Plant Protection Products (PPPs). Moreover, several environmental
parameters were monitored on a seasonal basis at each site, including water depth,
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temperature (T), pH, dissolved oxygen (D.O.), redox potential (ORP), salinity,
electrical conductivity, total dissolved solids (TDSs), chemical oxygen demand
(COD), nutrients (phosphates, nitrates, nitrites, and ammonium), and alkalinity.

Water samples composed of, at least three replicates for each site, were collected
for a minimum of 3L of water volume for each sample and preserved in dark glass jars
stored at 4°C until analyses [37].

Significant ions and nutrients were quantified by ion chromatography. Otherwise,
the environmental parameters were measured in situ by a field multiparameter probe
from HANNA Instruments.

The analysis of more than one hundred PPP residues was performed through Ultra
High-Pressure Liquid Chromatography-TandemMass Spectrometry (UHPLC-MS/MS),
mainly based on multiresidual methods.

Following is reported the list of the PPPs investigated (Table 1).

Figure 2.
The Lama Balice Torrent basin (Base map from Bing Maps).
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n° Substance LOQ (μg/L)

1 2.4-D 0.005

2 Acetamiprid 0.005

3 Acido Gibberellico 0.025

7 Azinfos etile 0.005

8 Azinfos metile 0.005

9 Azoxystrobin 0.005

10 Bensulfuron-methyl 0.005

11 Bentazone 0.005

12 Boscalid 0.005

13 Bromoxinil 0.005

14 Chlorantraniliprole 0.005

15 Chloridazon 0.005

16 Chlorotoluron 0.005

17 Chlotianidin 0.005

18 Cicloxidim 0.005

19 Cimoxanil 0.005

20 Clodinafop-Propargyl 0.005

21 Clopyralid 0.005

22 Cyazofamid 0.005

23 Cypermethrin 0.025

24 Cyprodinil 0.005

25 Dazomet 0.025

26 Deltamethrin 0.005

27 Demeton 0.005

28 Diclorvos 0.005

29 Difenoconazol 0.005

30 Dimethenamid 0.005

31 Dimethomorph 0.005

32 Ditianon 0.025

33 Diuron 0.005

34 Dodina 0.005

35 Ethofumesate 0.005

36 Etofenprox 0.005

37 Etoprofos 0.005

38 Fenamidone 0.005

39 Fenhexamid 0.005

40 Fenpirazamina 0.005

41 Fention 0.01
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n° Substance LOQ (μg/L)

42 Flonicamid 0.005

43 Fluazifop-P-Butile 0.005

44 Fludioxonil 0.005

45 Flufenacet 0.005

46 Fluopicolide 0.005

47 Fluopyram 0.005

48 Fluroxypir 0.01

49 Formetanato 0.005

50 Hexythiazox 0.005

51 Imidacloprid 0.005

52 Ioxynil 0.005

53 Iprovalicarb 0.005

54 Isoproturon 0.005

55 Lenacil 0.005

56 Malation 0.005

57 Mandipropamid 0.005

58 Mcpa 0.005

59 Mecoprop (MCPP) 0.005

60 Mesosulfuron-Metil 0.005

61 Metalaxyl-M 0.005

62 Metamidofos 0.005

63 Metamitron 0.005

64 Metazaclor 0.005

65 Methiocarb 0.005

66 Metomil 0.005

67 Metossifenozide 0.005

68 Metrafenone 0.005

69 Mevinfos 0.005

70 Myclobutanil 0.005

71 Oxadiazon 0.005

72 Oxamil 0.005

73 Penconazol 0.005

74 Phenmedipham 0.025

75 Phosmet 0.005

76 Picoxystrobin 0.005

77 Pinoxaden 0.005

78 Prochloraz 0.005

79 Propamocarb 0.005
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Regarding glyphosate, AMPA, and glufosinate, a test aliquot from each water
sample was treated following the derivatization procedure described by [38].

The instrumental analysis was conducted with a triple quadrupole mass-
spectrometer system (TSQ Altis, Thermo Scientific, Massachusetts, USA) equipped
with an Electro Spray Ionisation (ESI) source and coupled to a Vanquish Horizon
UHPLC System (Thermo Scientific, Massachusetts, USA).

2.3 Insect monitoring

Reference studies on insect populations are increasingly relevant and necessary in
the middle of the acceleration of concern for current trends of insects. The need to
monitor insects is increasingly emerging as considered in continuous decline and
above all because they can provide an ecological response based on many aspects such
as occurrence and distribution, phenology, abundance and biomass, diversity and
composition of the species [39]. Visual investigations are commonly used to document
the abundance and diversity of insects that can be easily identified on the field, often
with the help of binoculars and close focus networks. These investigations generally
involve researchers who document the presence of a species or count the total number
of individuals of each species observed during a standardized investigation. The most

n° Substance LOQ (μg/L)

80 Propiconazolo 0.005

81 Propizamide 0.005

82 Pyraclostrobin 0.005

83 Pyrimethanil 0.005

84 Quinoxyfen 0.005

85 Sedaxane 0.005

86 Spinosad 0.025

87 Spiroxamine 0.005

88 Tebufenpyrad 0.005

89 Terbutilazina.desetil-(metabolita) 0.005

90 Terbutrina 0.025

91 Tetraconazole 0.005

92 Thiamethoxam 0.005

93 Thiophanate-Methyl 0.005

94 Tiacloprid 0.005

95 Tolclofos-Methyl 0.025

96 Triallate 0.005

97 Tribenuron Metile 0.005

98 Triciclazolo 0.005

99 Zoxamide 0.005

Table 1.
PPPs analyzed by multiresidual method and related limits of quantification (LOQ).
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frequently used methods include (1) transepts, (2) counts for points, and (3) counts
for areas. We specify that visual investigations are commonly used to document the
abundance and diversity of insects that can be easily identified on the field, often with
the help of binoculars and nets with a closed focus. These investigations generally
involve researchers who document the presence of a species or count the total number
of individuals of each species observed during a standardized investigation. For this
type of monitoring, 1 km transepts were considered with the high sun on a windless
and rainless day.

2.4 GIS procedure

To identify a functional operational flow, the areas of interest that act as a hydro-
graphic basin for each temporary pond identified in the area along the main branch of
the Lama Balice were first identified. This procedure was implemented in a Geo-
graphical Information System (GIS) software by processing the Digital Elevation
Model (DEM) of the Puglia region with the module watershed basins in the open-
source software SAGA GIS [40, 41].

In addition, for each sub-basin, again through a GIS-based procedure, the main
crops present are identified and sorted from largest to smallest by extension in hect-
ares. This procedure makes it possible to correlate any identified pesticide residues
with the prevailing crops [30].

Finally, always through this methodology, it is possible to identify the areas of the
territory where other temporary ponds could potentially form.

2.5 Landscape metrics

Again through GIS and supported by the use of recent high-definition maps, such
as those achievable through a drone [42], it is possible to calculate the following
metrics relating to the anthropogenic activities associated with disturbance activities
and which can contribute in various ways to the evaluation of the quality status of
the water matrix of the ponds. These metrics consist of mapping quarries, paths, and
land cover changes for each sub-basin to obtain information with high added value
with the analysis of the distance matrix and concentration maps. Specifically, the
assessments are carried out through the calculation of anthropic pressure indicators
such as the degree of fragmentation of the biotope produced by the road network
(IND1PA), constriction of the biotope (IND2PA), diffusion of anthropic disturbance
(IND3PA) [43], and as foreseen in the Manuals for habitat monitoring by ISPRA [44]
get this information:

1.Nearness to environmental detractors, such as:

• mining and landfills;

• potentially contaminated areas;

• contaminated areas;

• vulnerable areas from nitrates of agricultural origin and vulnerable areas
from plant protection products (also useful for measuring the pressure on
the habitat due to agricultural activities);
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• areas at risk of desertification;

• areas with strong tourist pressure;

• proximity to treatment plants and pipelines for urban wastewater;

• pollution of surface waters (if applicable) measured as pollution by N, P,
BOD due to the drainage basin;

2.Pressure on habitat due to agricultural activities is measured as:

• nearness to agricultural activities and to areas vulnerable to nitrates of
agricultural origin and vulnerable areas to plant protection products;

• assessment of the degree of habitat fragmentation based on Corine Land
Cover [45];

3.Proximity to the road network is measured as the distance of the habitat from the
nearest road segment;

4.Habitat consumption measured in % of the habitat occupied by anthropogenic
artifacts;

5.Proximity to an airport facility is measured in % of the habitat within 5 km of an
airport.

2.6 Field surveys

During the field surveys, it is advisable to note down what may be additional
disturbing factors of the habitat, with an intensity scale that will allow identifying the
factors that most negatively affect the habitat: for example, waste abandonment
practices (it is suggested to count only areas in which the abandonments cover an area
greater than 30 square meters), massive spreading of livestock effluents, and any
other aspect that could interfere with the naturalness of an area.

2.7 Data integration

Given the different data sources, it was necessary to think about a data inte-
gration methodology. It is often necessary to compare different types of data, and
therefore it is necessary to make them comparable through the creation of a single
unified dataset. The resulting dataset differs from a simply combined superset in
that the points in the new dataset contain information that is new to the data that
originated it.

To this end, a form for field surveys was created by integrating other aspects
required by the Italian Environmental Agency (ISPRA) [46] with normalized
scales to be able to compare the collected data. The purpose of this action is
precisely to standardize a method for fine-tuning the estimate of anthropogenic
activities on habitats and ecosystems capable of combining multiple cognitive
needs.
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3. Results and discussion

3.1 Results of chemical investigations

Following (Tables 2 and 3) the results of the chemical investigations carried out in
the three MTPs identified are reported.

As far as the environmental parameters and the concentration of the nutrient
observed, theMTP n.3 resulted in the richest of the investigated elements among the three
sites selected. The proximity to the marine environment is demonstrated by the higher
levels of conductivity and salinity encountered compared to the other two internal sites.
Noteworthy is also the water temperature of 24°C revealed in MTP n.3 very higher
compared to the other two sites, and it is also greater concerning themean seasonal values.

Parameter Unit of measure MTP n.1 MTP n.2 MTP n.3

pH 8.28 7.2 8.3

D.O. % 120.55 47 281.2

D.O. mg/L 9.6 3.77 19.4

ORP mV 139.4 158.2 102

CONDUCTIVITY ms/cm 09.46 11.28 23.07

TDS ppm 9.74 10.14 11.65

SALINITY PSU 08.63 9.16 14

T °C 19.63 18.47 24.5

PHOSPHATES mg/L 0.32 0.13 0.15

NITRATES mg/L < 1 < 1 < 1

AMMONIUM mg/L <0.02 <0.02 0.258

NITRITES mg/L <0.02 <0.02 0.0329

COD mg/L 31.2 37.4 113.4

Table 2.
Results of the analyses of the environmental parameters and nutrients investigated in the three identified study sites.

PPP name Biocide
action

CAS MF MW LOQ
(μg/L)

Concentration (μg/L)

MTP n.1 MTP n.2 MTP n.3

Acetamiprid Insecticide 135410-20-7 C10H11ClN4 222.67 0.005 < LOQ < LOQ < LOQ

AMPA Herbicide 1066-51-9 CH6NO3P 111.0 0.025 0.075 < LOQ 0.085

Bentazone Herbicide 25057-89-0 C10H12N2O3S 240.28 0.005 < LOQ < LOQ 0.006

Carbendazim Fungicide 10605-21-7 C9H9N3O2 191.19 0.005 < LOQ < LOQ 0.05

Glyphosate Herbicide 1071-83-6 C3H8NO5P 169.1 0.025 < LOQ < LOQ 0.05

Imidacloprid Insecticide 138261-41-3 C9H10ClN5O2 255.66 0.005 < LOQ < LOQ 0.09

Metalaxyl Fungicide 57837-19-1 C15H21NO4 279.33 0.005 < LOQ < LOQ 0.006

MF: molecular formula; MW: molecular weight; and LOQ: limit of quantification.

Table 3.
Results of the PPPs investigated in the three identified study sites.
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Regarding the residues of the PPP investigated, about 7 % of the substances
analyzed were revealed in a quantifiable amount. Among the substances positively
quantified, two of these were insecticides (Acetamiprid and Imidacloprid), two fun-
gicides (Carbendazim and Metalaxyl), and three herbicides (Bentazone, Glyphosate,
and AMPA). In the MTP n.3, all these pesticides were found to be above the limit of
quantification and with higher concentrations. On the contrary, in MTP n.2, just two
of these were positively quantified and in MTP n.1 six of seven. At no site were any
exceeding of the regulatory threshold values found.

3.2 Results of the GIS procedure

The results of the applied GIS procedure are reported below. In Figure 3, it is
possible to observe the subdivision of the main basin into subbasins and the actual
coincidence, with margins of error of a few meters (absolutely acceptable given the
presence of morphological aspects that can alter the natural conformation of the
territory such as roads and small bridges) of the temporary ponds with their closing
sections. It is interesting to note that other temporary ponds could potentially form in
areas with other closed sections.

The identification of sub-basins and cultivation practices for each of them is very
important as it allows to identify the potential origin of the sources of contamination
that have the greatest impact on these delicate ecosystems. The proposed monitoring
sheet is filled out for each of them.

3.3 Results of insect monitoring

The results relating to the number of identified insects, for each monitored site, are
reported directly in Table 4.

Figure 3.
Basins and sub-basins identified.

114

Limnology - The Importance of Monitoring and Correlations of Lentic and Lotic Waters



M
on

it
or
ed

si
te
s
n.

%
x1

0
L
an

d
U
se

of
th
e
su

b-
B
ac
in

n.
of

il
le
ga

l
la
nd

fi
ll
s

fo
r
km

2

n.
of

w
at
er

di
sc
ha

rg
es

fo
r
km

2

n.
si
te
s
w
it
h

sp
ar
ks

of
zo

ot
ec
hn

ic
al

ef
fl
ue

nt
s
fo
r

km
2

ot
he

rs
fo
r

km
2

H
is
to
ri
ca
l

in
fo
rm

at
io
n,

fo
r
ex

am
pl
e

re
cl
ai
m
ed

si
te
s
fo
r
km

2

n. as
ph

al
te
d

ro
ad

s
th
at

in
te
rs
ec
t

a
tr
an

se
pt

n.
di
se
as
es

id
en

ti
fi
ed

on
pl
an

ts

In
se
ct
s

su
m

of
th
e

vo
ic
es

an
d

su
bt
ra
ct
io
n

of
th
e

nu
m
be

r
of

us
ef
ul

in
se
ct
s

M
ea
n

N
um

be
r

of
pe

st
ic
id
es

fo
un

d

N
um

be
r
of

co
nt
am

in
an

ts
(m

et
al
s)

fo
un

d

T
O
T
A
L

m
ax

10
m
ax

10
m
ax

10
m
ax

10
m
ax

10

A
gr
ic
ul
tu
ra
l

Pa
st
ur
e

U
rb
an

n.
ex
cl
us
iv
e

sp
ec
ie
s

n.
op

po
rt
un

is
ti
c

sp
ec
ie
s

Su
b-

B
as
in

n.
1

1
9

1
0

1
0

0
0

1
0

2
5

5
4

3.
00

1
0

0.
25

2
8

2
0

0
0

0
0

0
0

1
4

5
2

Su
b-

B
as
in

n.
2

1
9

1
0

0
0

1
0

0
1

0
7

8
3

2.
67

0
0

0.
38

2
9

1
0

0
0

0
0

0
1

0
6

8
3

3
9

1
0

0
0

0
0

0
1

0
7

8
2

Su
b-

B
as
in

n.
3

1
8

1
2

2
0

1
0

2
2

3
2

6
14

11
.0
0

5
3

0.
05

2
9

1
0

1
0

0
0

0
1

1
1

6
8

Su
b-

B
as
in

n.
4

1
7

1
2

3
0

1
0

2
1

3
1

7
16

14
.5
0

5
3

0.
04

2
7

2
1

2
0

0
0

2
1

4
2

6
13

115

Monitoring of Temporary Ponds as Indicators of Environmental Quality
DOI: http://dx.doi.org/10.5772/intechopen.107885



Su
b-

B
as
in

n.
5

1
7

1
2

3
0

2
0

3
1

2
1

7
17

14
.5
0

5
3

0.
04

2
7

2
1

2
0

1
0

2
1

2
2

6
12

Su
b-

B
as
in

n.
6

1
7

1
2

2
0

2
0

3
1

3
3

7
15

14
.0
0

5
3

0.
05

2
7

2
1

2
0

1
0

2
1

3
2

6
13

Su
b-

B
as
in

n.
7

1
6

1
3

8
1

3
1

2
4

3
2

10
30

30
.6
7

5
3

0.
03

2
6

1
3

6
2

2
2

1
3

4
1

9
28

3
5

2
3

6
0

3
2

4
5

5
0

9
34

Le
ge
nd

of
th
e
cl
as
si
fi
ca
ti
on

0
ve

ry
ba

d

0,
1

ba
d

0,
2

sc
ar
se

0,
3

m
ed

iu
m

0,
4

go
od

0,
5

ve
ry

go
od

T
ab

le
4.

R
es
ul
ts
ac
hi
ev
ed

af
te
r
ap

pl
yi
ng

th
e
m
et
ho
do
lo
gy

fo
r
ea
ch

m
on
ito

re
d
te
m
po
ra
ry

po
nd

.

116

Limnology - The Importance of Monitoring and Correlations of Lentic and Lotic Waters



3.4 Data integration results

Below are the results achieved for each temporary pond monitored and the relative
monitoring carried out at different points for each sub-basin. Table 1 shows the data
for a simple and immediate comparison.

In Figure 4, the resulting data integration values mapped on GIS are reported.

4. Discussion

The results show that along the path from upstream to downstream of the entire
catchment area of the Lama Balice, n. 3 different situations: upstream, the quality state
can be defined as intermediate and going downstream, it first becomes good and then
worsens. This can be explained by the presence of a highly natural area between the
mountain area where the city of Bitonto is located and the valley area where, in addition to
the city of Bari, there are numerous anthropogenic activities, especially of industrial type.

Rather than evaluating the absolute value of the score obtained, this methodology
is considered more appropriate for a relative evaluation of the state of the places. The
colors that are assigned also represent a priority for intervention in certain areas and
facilitate the understanding of dynamics in progress: for example, discontinuous
colors suggest the presence of limited and site-specific changes.

The different inspections carried out and the results of the application of this
methodology made it possible to identify some best practices to be implemented for
the management of the embankments, such as:

Figure 4.
The classification of the state of sub-basins carried out through the monitoring of temporary ponds.
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• avoiding the use of herbicides to control the vegetation of the ditches and their
embankments and also to maintain a high diversity of habitats along the banks of the
canals;

• favor grazing along the edges of the ditches to the advantage of annual plants and
some invertebrates;

• keep isolated trees and patches of shrubs to allow shading of large sections of the
ditches;

• avoid planting new trees or hedges with species that are not typical of the
ecosystem and keep existing plants low and manage shrub vegetation along the
ditches to increase the presence of waterfowl and other animal species;

• maintain these ecosystems to create suitable habitats for invertebrates, a source
of food for avifauna;

with the following application implications:

• review of the authorization processes (discharges and withdrawals);

• review of environmental impact assessment procedures so that they take into
account these fragile ecosystems;

• implementation of the codes of good agricultural practice that fall within the field
of measures aimed at achieving/maintaining the quality objectives of a water
body according to the DQA.

The innovative aspects that can be introduced by adopting this methodology refer
to the systematic use in operational investigation practices of methodologies based on
“knowledge management” that allows the collection, evaluation, analysis, integration,
and interpretation of all the information available regarding decision-making or
investigative need, allowing to represent the interactions and evolutions. This tech-
nique favors the deepening of the theoretical bases of predictivity, through the more
intrinsic analysis of the cases that led to the configuration of environmental pollution,
the reconstruction of the relative model and the interpolation, for predictive purposes,
of what and when it may occur. The development of the monitoring method, predic-
tive analysis, the creation of concentration maps, and overall the creation of an
information system for the management and use of the data collected and transmitted
can be based on techniques of knowledge extraction through Machine methodologies.
Learning and Data Mining (clustering, sequence clustering, decision trees, time series,
and logistic regression) and Association Rules Discovery to identify information based
on associative rules are able to describe an interesting relationship between different
phenomena taking place in extremely complex environments and ephemeral [47].

5. Conclusions

It is most important to recognize the crucial ecological role of temporary ponds.
The numerous threats interesting these habitats are gradually causing their extinction,
especially in the Mediterranean region where, unfortunately, not all states must
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comply with European legislation because they are not included in the Economic
Community. Therefore, the aforementioned environmental legislation does not apply
to them. However, the conservation of ponds, regardless of laws and states of origin, is
essential, and appropriate political and management measures should be taken imme-
diately to prevent their disappearance.

The results of the present study show how temporary ponds can be used to
improve the knowledge necessary for understanding the matrices’ quality status in the
River Basin of interest. The application of the proposed methodology made it possible
to identify that in some areas, there is a greater risk on the water matrix and in others
on the soil matrix based on a retro analysis based on the evaluation of pressures.

As far as water bodies are concerned, this type of monitoring not only allows the
identification of a series of site-specific pressures but also an assessment of the state of
the water matrix when monitoring operations are challenging to implement due to
environmental conditions (e.g. dense vegetation or the presence of difficult accesses).
In addition, considering these types of torrents, they are naturally created in a karst
landscape, and therefore, their monitoring is carried out only on underground water
bodies increasing costs for the opening through excavation and maintenance of
wells. With this methodology, monitoring surface water bodies could be extended
by increasing the cognitive picture of the quality of the water matrix with a
minimum cost.

The integrated evaluation of the analysis of pressures and monitoring data can
therefore be used to guide environmental control activities based on criteria of prior-
ity. This approach makes it possible to integrate the results of environmental controls,
for example, both in the planning of monitoring and in the definition of protection
measures.
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