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Preface

Limnology is a multidisciplinary science that covers biological, physical, and chemical prop‐
erties of lakes, rivers, and other waters of the inland aquatic ecosystem. Limnology has
many important aspects. These aspects are categorized into three main groups: (1) assessing
the quality and quantity of biological communities in the freshwater ecosystem, (2) deter‐
mining the physical and chemical properties, and (3) as a result of these evaluations, estab‐
lishing and applying a water management plan on the basis of limnological data.

The problems of worldwide freshwater resources (e.g., water pollution, climatic change,
salinization, decreasing water level, and loss of freshwater biodiversity) have become a se‐
vere limitation for the concept of the future ecosystem continuum. Freshwaters are fragile
and vulnerable ecosystems. That is why limnology is a subject with an ever-increasing im‐
portance. The purpose of this book is to discuss contemporary limnological problems by
putting a special emphasis on freshwater biota and application of management techniques
to monitor water quality.

Limnology: Some New Aspects of Inland Water Ecology is comprised of seven chapters written by
renowned experts from Algeria, Brazil, Canada, France, Nigeria, Turkey, and the United
States. These authors provide updated information on taxonomy, ecology, methodology, and
remote sensing. I would like to thank all of them for their invaluable contributions to this book.

Chapter 1 presents the importance of limnology and some of today’s problems (nanoparti‐
cles, microplastics, climatic change, etc.) affecting inland water ecosystems. Chapter 2 dis‐
cusses the occurrence of cyanobacterial Harmful Algal Blooms (cyanoHAB) as well as
environmental factors favoring their proliferation, possible human and animal health out‐
comes associated with their toxins, and a review of robust modeling approaches to predict
the bloom pattern. Chapter 3 mentions that Diatom-based indices are increasingly becoming
important parameters for the assessment of ecological conditions in lotic and lentic ecosys‐
tems. Chapter 4 explains the use of the functional feeding groups (FFG) method, which is
not similar to any traditional use of taxonomic analysis, in order to gain a rapid and efficient
insight into macroinvertebrate community composition and its function in freshwater eco‐
systems. Chapter 5 provides information about the main activities to develop a monitoring
system for quantifying water siltation caused by small-scale gold mining in the Amazon riv‐
ers using multi-satellite data. Chapter 6 presents the main limnological patterns of a tropi‐
cal/subtropical reservoir aiming to provide scientific protocols for management purposes
and a long-term water quality monitoring program in the Paranapanema River reservoir
cascade (southeastern Brazil). Chapter 7 focuses on the importance of water quality for "ra‐
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niculture" and its development protocols, as physical and chemical parameters of water
should be considered and analyzed together because all of these factors have a direct impact
on the culture systems.
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1. Introduction

Limnology covers biological, chemical, and physical qualifications of lakes and other bodies 
of inland water as a whole ecosystem. It has become a predominant sub-branch of ecology 
due to aquatic limiting environmental factors, population dynamics, and community struc-
ture. Limnology is the term derived from the Greek word limne—lake and pond. Although 
limnology initiated with lake studies, it has expanded its field with the studies on rivers, 
wetlands, and estuarine ecosystems.

Wetzel [1] clearly expresses that freshwater ecosystems are biological systems, and biology 
controls water quality under natural conditions, and freshwaters must be evaluated and man-
aged as biogeochemical systems. Each freshwater ecosystem maintains its balance under the 
current conditions (community composition and physicochemical factors) depending on its 
carrying capacity. Anthropogenic factors can change these conditions negatively. Therefore, 
engineering solutions are not sufficient alone. It is crucial to know the quality and functions 
of aquatic ecosystems in order to manage them successfully [1–3].

In that case, physical and chemical changes in habitat conditions lead to impairment in water 
quality. The physicochemical variable analysis is a classic method of controlling pollution 
and managing water quality. The community shows a habitat-specific distribution depending 
on its carrying capacity, and thus biological monitoring reflects the balance of that aquatic 
ecosystem within the cause-effect relationship [4]. Therefore, a water management tool has 
been developed by using bioindicators to evaluate the effects of the ecosystem quality on 
aquatic organisms [4–6]. Preserving water quality is a critical part of sustainable management 
of water basins. It affects the health of the hydrological system. A healthy system will provide 
better water quality and a more flexible ecosystem.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Problems of inland waters

Today, along with the advancement of technology, the property of pollutants given to the 
environment has started to become more destructive. The effects of combined environmental 
pollutants cause the ecosystem to deteriorate more rapidly. Many environmental factors can 
affect the community structure, distributions of organisms, and energy transfer between tro-
phic levels in inland aquatic ecosystem. Anthropogenic activities such as agriculture, domes-
tic and industrial wastewater discharges, and natural factors (geomorphology, hydrology, 
seasonal variations, and climate) change the physicochemical quality of water ecosystems.

2.1. Nanoparticles

Being used in a rapidly increasing rate in the world, the engineered nanoparticles (NPs) are 
widely present in many products when entering the aquatic ecosystem. Most of NPs are con-
verted into free metal ions in solution mainly depending on the particle size, surface area, 
and rough degree (such as npTiO2 and npZnO) [7]. For this reason, NP residues are present 
in numerous waste materials, and these nanoparticles have a potential risk for freshwater 
ecosystems [8, 9].

Nanoparticles TiO2 (npTiO2), zinc oxide (npZnO), cerium oxide (npCeO2), copper oxide 
(npCuO), and silver (npAg) are the most studied metal and metal oxide nanoparticles which 
have toxic effects on freshwater biota and food web dynamics. Even though the NP toxicity 
studies on freshwater organisms (algae, zooplankton, and fish) were carried out on differ-
ent experimental models, the impact of food web on NP toxicity is still not clear [8–12]. The 
behaviors of NPs in the aquatic system include aggregation, flocculation, redox reactions, 
speciation, dissolution (release of + ions like Zn2+), surface modifications (interactions with 
other metal and pollutants), and complexation with natural organic matter.

The size of nanomaterials has a direct and critical effect on the mechanical and physiological 
activities in aquatic organisms [8]. Especially NPs are absorbed during filtration, hence have 
an impact on feeding ability in Daphnia magna and plays a crucial role in cellular uptake. 
Nanoparticles can change the community composition at the level of species that are more 
sensitive or tolerant to environmental contamination. Gokce et al. [8] explain that as a result of 
the effect of increasing NP concentrations, population growth rate reduces depending on the 
delay of progeny, delay of the reproduction period, and mortality rate. Taken together, these 
results have revealed that NPs exposure may display a negative effect on community dynam-
ics of aquatic organisms and on food chain structures in freshwater ecosystems particularly 
for a long period.

2.2. Microplastics

Nowadays, plastics have a wide usage area due to increasing population. The environmental 
impacts first began to be noticed in the seas in the 1970s. While in terms of sea and seashore 
pollution the effects of plastics have been studied intensively, their effects on freshwater eco-
systems and organisms have attracted the attention of researchers in recent years. Different 
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criteria can be considered in the grouping of plastics: size (micro-, 1–5 mm; meso-, <5 mm; 
and macroplastics, coarse structure), primary and secondary plastics, and density, low- and 
high-density plastics. Plastics are suspended in water or accumulated in sediment according 
to these properties [13].

The damage/hazard to the aquatic ecosystem varies according to the properties of plastics. 
Plastics indicate accumulation in organisms by feeding on water column or sediment. They 
have a mechanical and chemical effect on living things. They also cause organic and metal 
pollution.

Due to the formation of large specific areas of microplastics and their hydrophobic structure 
based on their small size, they cause the accumulation of organic matters and metals.

Fish is the most studied group in freshwater ecosystems. It has been defined that microplas-
tics have accumulated in the gill, digestive system, and even muscle tissues. As a general 
effect, it has been found that they cause differences in the immune system and changes in 
leukocyte levels and oxidative stress levels [13–15]. It has also been observed in invertebrates 
that it accumulates in the digestive system by feeding group. Different levels of microplastic 
accumulation are found in benthic invertebrates according to the way of feeding. Daphnia 
species, which are widely used as experimental model organisms, have been detected in the 
digestive system as well as the clutch. In acute and chronic assays, it has been found that 
immobilization increases and survival time and reproduction decrease [16].

Different types and concentrations of microplastics have been identified in different lakes 
and streams. The microplastics have different sources: the primary and secondary plastics 
(such as private care products and the wastewater from the treatment facilities located in the 
vicinity). As a result, anthropogenic pollution accumulates in the water body and sediment. 
In addition, as a result of absorption of different chemical groups along with changing of 
environment conditions (temperature, pH, salinity, etc.), formation of the different pollu-
tion load depending on the microplastic nature causes the deterioration of water quality in 
the freshwater ecosystem. It is inevitable that this pollution load will be transported to fish, 
waterfowl, and human beings via the food web.

2.3. Medical wastes

The widespread emergence of resistance to pharmaceutics among pathogens has become one 
of the most critical issues worldwide. Hospital wastewater contains a group of organisms that 
cause various diseases, and it plays a major role in the spreading of drug-resistant pathogens 
by becoming a pollutant by improving the growth, propagation, and warming properties 
in the environment. Especially wastewaters that are involved in lakes and rivers cause very 
important problems [17]. These conditions have become a major problem for public health, 
particularly in developing countries as they can be transmitted directly or indirectly to human 
beings and animals from the aquatic food web [18].

Due to the excessive increase in the human population, the quality and quantity of pollutants 
in inland water ecosystems have changed. One of these contaminants is pharmaceuticals. 
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Nanoparticles can change the community composition at the level of species that are more 
sensitive or tolerant to environmental contamination. Gokce et al. [8] explain that as a result of 
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results have revealed that NPs exposure may display a negative effect on community dynam-
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pollution the effects of plastics have been studied intensively, their effects on freshwater eco-
systems and organisms have attracted the attention of researchers in recent years. Different 
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criteria can be considered in the grouping of plastics: size (micro-, 1–5 mm; meso-, <5 mm; 
and macroplastics, coarse structure), primary and secondary plastics, and density, low- and 
high-density plastics. Plastics are suspended in water or accumulated in sediment according 
to these properties [13].

The damage/hazard to the aquatic ecosystem varies according to the properties of plastics. 
Plastics indicate accumulation in organisms by feeding on water column or sediment. They 
have a mechanical and chemical effect on living things. They also cause organic and metal 
pollution.

Due to the formation of large specific areas of microplastics and their hydrophobic structure 
based on their small size, they cause the accumulation of organic matters and metals.

Fish is the most studied group in freshwater ecosystems. It has been defined that microplas-
tics have accumulated in the gill, digestive system, and even muscle tissues. As a general 
effect, it has been found that they cause differences in the immune system and changes in 
leukocyte levels and oxidative stress levels [13–15]. It has also been observed in invertebrates 
that it accumulates in the digestive system by feeding group. Different levels of microplastic 
accumulation are found in benthic invertebrates according to the way of feeding. Daphnia 
species, which are widely used as experimental model organisms, have been detected in the 
digestive system as well as the clutch. In acute and chronic assays, it has been found that 
immobilization increases and survival time and reproduction decrease [16].

Different types and concentrations of microplastics have been identified in different lakes 
and streams. The microplastics have different sources: the primary and secondary plastics 
(such as private care products and the wastewater from the treatment facilities located in the 
vicinity). As a result, anthropogenic pollution accumulates in the water body and sediment. 
In addition, as a result of absorption of different chemical groups along with changing of 
environment conditions (temperature, pH, salinity, etc.), formation of the different pollu-
tion load depending on the microplastic nature causes the deterioration of water quality in 
the freshwater ecosystem. It is inevitable that this pollution load will be transported to fish, 
waterfowl, and human beings via the food web.

2.3. Medical wastes

The widespread emergence of resistance to pharmaceutics among pathogens has become one 
of the most critical issues worldwide. Hospital wastewater contains a group of organisms that 
cause various diseases, and it plays a major role in the spreading of drug-resistant pathogens 
by becoming a pollutant by improving the growth, propagation, and warming properties 
in the environment. Especially wastewaters that are involved in lakes and rivers cause very 
important problems [17]. These conditions have become a major problem for public health, 
particularly in developing countries as they can be transmitted directly or indirectly to human 
beings and animals from the aquatic food web [18].

Due to the excessive increase in the human population, the quality and quantity of pollutants 
in inland water ecosystems have changed. One of these contaminants is pharmaceuticals. 
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Pharmaceuticals are emerging as aquatic ecosystem contaminants, and their concentrations 
in water bodies are an increasing environmental issue [17–20]. Although their positive effect 
on health (human, veterinary, water culture, etc.) is significant, antibiotic-resistant bacteria 
and genes are found in freshwater environments, and their transfer to the food chain causes 
numerous negative effects. Different antibiotic pharmaceuticals are crucial environmental 
micro- and nano-pollutants, and their presence in freshwater is a serious environmental prob-
lem. Several antibiotics have been reported in freshwater habitats. This is parallel to the global 
increase in antibiotic consumption [19].

The detection of pharmaceutics in treated wastewater was first reported by Fent et al. [21] in 
1976 in Kansas City, USA. Twenty-five different pharmaceutical concentrations above 1000 ng 
L−1 in the Lee River (England) were recorded in 1981. Globally, there is antibiotic contamina-
tion in freshwater habitats despite the presence of an advanced waste treatment plant in the 
USA and European countries. The situation is much more serious in the middle- and low-
developed countries [19].

Several studies have been carried out on freshwater and sediment-receiving wastewater 
contaminant with pharmaceutics. In a recent study by Varol and Sünbül [20], different lev-
els of 37 antibiotics, 10 metals, and 19 organochlorine pesticides were analyzed in 6 fish 
species from the Karakaya Dam Reservoir (HEPP), Turkey. Fish is one of the groups used 
as bioindicators for the evaluation of water quality and pollutants such as antibiotics and 
heavy metals and are taken directly from the water column and trophic transfer [17, 18, 20]. 
Therefore, for human health, it is very important to determine the levels of these pollutants 
in consumable fish species because the consumption of these fish species is the main way of 
exposure to pollutants.

Appropriate management of hospital wastewater should be implemented to reduce the prob-
lem at each healthcare facility. Therefore, the mixing of pharmaceuticals and hospital wastes 
with the increase in surface water, which is the receiving medium, should be prevented.

The ozonation, chlorination, and UV disinfection used independently or in combination in the 
disinfection of medical and pharmaceutical wastes are among the most investigated subjects 
and have demonstrated several performances. The use of coagulation technology to reduce 
antibiotic-resistant genes in wastewater treatment plants has been found to be more effective 
[17]. Moreover, graphene-based TiO2 composite photocatalysts are efficient methods for the 
removal of antibiotics, antibiotic-resistant bacteria, and genes from wastewaters [17]. In addi-
tion, as a result of administration of TiO2 photocatalysis under UV irradiation in combination 
with H2O2, good removal efficiencies of antibiotic-resistant bacteria and antibiotic-resistant 
genes (both intracellular and extracellular forms) from aquatic media were reported.

2.4. Climatic change and the related effects

Water temperature is an important environmental factor that limits survival, growth, and repro-
duction of plants and animals. Plant and animal populations are more likely to survive if they 
enter fields with climatic conditions similar to their natural habitats. The increase in water tem-
perature and salt concentration and even pH change due to global warming cause the invasive 
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species to spread to new habitats. The higher evaporation rates with the decrease in precipita-
tion cause the water level to decrease, and thus most of the water ecosystems are under threat.

Climate change is a substantial factor affecting species invasion, biodiversity, and aquatic ecosys-
tem structure in freshwater. The impact of climate change on freshwater biodiversity is increasing 
the speed of biological invasions [22]. Changes in climatic conditions, population dynamics of the 
indigenous species, and the composition and structure of communities can change the function-
ing of ecosystems. Similar to the observed responses of indigenous species, climate change can 
directly affect the possibility of invasive species entering a different aquatic ecosystem [22, 23].

Especially, salmonid fish and cold stenothermic macroinvertebrates are expected to disappear 
from many central and southern European river systems. In central and northern European 
countries, a general increase has been observed in a number of Mediterranean Odonata spe-
cies, and African Odonata species are also expanding into southern Europe. However, the 
dispersal of Euro-Iberian species narrowed [24, 25].

The increased water temperature has caused significant changes in the European benthic 
invertebrate community. It is estimated that approximately 5–20% of invasive species have 
potent effects on receptor environments [24]. Endemic taxa will be under threat as a result of 
both losses of habitat and reduced connection between habitats, especially when water flow 
connections are broken.

Therefore, it is of great importance to reduce the anthropogenic effects of global climate 
change, which leads to warming and acidification of freshwater in the world. Prevention of 
nonindigenous species from entering into new habitats is of critical significance.

Algal bloom and eutrophication are one of the huge results of climate change. Furthermore, 
algal bloom cause increasing water temperature and nutrients, and deterioration of natural 
and/or human-induced eco system balance. Especially in lakes and streams, the decrease in 
water level and the abundance of toxic algae species are among the important problems faced 
by today’s inland water ecosystems. Particularly, Cyanobacteria and the other harmful algae 
bloom cause contamination of drinking water sources and aquaculture and can harm the 
economy and human health.

As a result, many lakes, rivers, wetlands, and estuaries can be affected by climate change, 
eutrophication, water level decreases, biodiversity reduction, and invasive species. For this 
reason, water management plans should be prepared. An important deficiency in most of 
the regions investigated in limnology studies is that freshwater management plan and strong 
connections between the institutions should be implemented by the decision-making institu-
tions on limnological concepts and sustainable plans. Efficient and practical adaptive mea-
sures should be taken at the local scale, both limnologically and economically.

3. Conclusions

The quality and quantity of pollutants have also changed depending on the advancing technol-
ogy and industry. Considering the rapidly decreasing freshwater resources, the magnitude of 
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the danger also arises. The accumulation of pollutants in the water ecosystem and the aquatic 
food web results in magnified concentrations of pollutants.

The existence of an increasing number of conflicting freshwater uses is a consequence of the 
increased anthropogenic pressure on the freshwater ecosystem balance and carrying capacity. At 
this point, the importance of limnology emerges once. Index methods developed on investigation 
of the community structure and dynamics of the aquatic organisms (spatial and temporal varia-
tions) and long-term monitoring allow the effects of pollutants on the ecosystem to be reliable.

It is a disastrous picture. However, it is observed that global freshwater resources are getting 
worse in the future. Knowledge about water, its management, and use will continue to grow 
and evolve in the future. The fact that limnology is a multidisciplinary science enables the 
determination of ecosystem questions from a wide perspective and the preparation of realistic 
management plans. Therefore, it is important for decision-makers to form and plan water 
quality standards on the basis of the principles of limnology.
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Abstract

This chapter will present an overview of cyanobacterial harmful algal blooms (cyano-
HABs) and biotic and abiotic factors, as well as various aspects associated with these 
worldwide ecological bursts. The exact causes of the cyanoHABs are still not well 
defined, but eutrophication and climate change (temperature increase, light intensity 
variation, etc.) are the two assumed main factors that may promote the proliferation and 
expansion of cyanobacterial blooms. However, these premises need to be profoundly 
investigated as the optimal combination of all factors such as increased nutrient loading, 
physiological characteristics of cyanobacterial species, and climate effects which could 
lead to the blooming pattern will require robust modeling approaches to predict the 
phenomena. Negative issues associated with cyanoHABs are diverse including the toxic 
products (cyanotoxins) released by certain taxa which can damage the health of humans 
and animal habitats around the related watershed as well as generate a huge water qual-
ity problem for aquatic industries.

Keywords: cyanobacteria, cyanotoxins, freshwater ecosystems, mathematical modeling, 
ecotoxicity
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life-giving resource for humanity. However, these water bodies are fragile and anthropic 
pressures such as discharge of sewage, industrial pollutants, eroding soil, and deposition of 
effluents rich in nitrates and phosphorus cumulating by the tourist industry and urbanization 
have accelerated the rate and extent of their continuous eutrophication which has led to a 
loss of water quality and biodiversity. Worldwide, the massive proliferation of cyanobacterial 
harmful algal blooms (cyanoHABs) is among the major undesirable effects resulting of eutro-
phication [1–4]. To date, environmental factors identified as contributing toward their global 
expansion included increased nutrient inputs via anthropogenic activities and temperatures 
and CO2 concentrations due to changing global climate [5–10]. Nevertheless, these aspects 
need to be investigated in the future and the combination of increased nutrient loadings, 
physiological characteristics of cyanobacterial species, and climate change such as increase 
of temperature and variation of light intensity and quality will require robust modeling 
approaches to predict the blooming phenomena.

Since freshwater bodies around the world can be used as drinking water reservoirs or rec-
reational areas, the blooming phenomena have gained attention as possible health hazards. 
The problems associated with toxic cyanobacterial blooms in these different areas are diverse, 
from environmental asphyxiation due to excessive consumption of oxygen, to purely esthetic 
problems in recreational areas when the blooms are a colorful and often smelly scum on the 
surface of the water [5, 11, 12]. To these common problems are added productions by cer-
tain species of cyanobacteria of various secondary metabolites with a specific toxic potential 
(hepatotoxins, neurotoxins, and dermotoxins) causing water quality problems for fisheries, 
aquaculture, farming, and sanitary hazards to human and animal health [13–17]. This chap-
ter focuses on the cyanoHAB occurrence as well as on environmental factors favoring their 
proliferation, possible human and animal health outcomes associated with their toxins and a 
review of robust modeling approaches to predict the bloom pattern.

2. Involving factors in cyanoHAB pattern

2.1. Abiotic factors

Among the abiotic factors, nutrients, including inorganic nitrogen (N) and phosphorus (P), 
temperature, and light intensity, and hydrodynamic parameters of the water body (turbidity 
and residue time) have been reported as the most important factors in the proliferation of cya-
nobacteria [2, 4, 6]. The availability of nutrients such as N and P is essential for the growth of 
cyanobacteria. For example, field experiments by monitoring surveys of phytoplankton for 3 
years (2012–2014) in Lake Erie (U.S.A.) showed that inter-annual differences in the duration, 
intensity, and toxicity of cyanobacterial blooms in this area were considered related to in-lake 
and tributary nutrient (N and P) concentrations [2]. This ecosystem observation is consistent 
with other earlier field and laboratory studies which have shown that cyanobacterial bloom 
occurrence and cyanobacterial species growth in cultures, respectively, have been controlled 
by the availability of both inorganic nitrogen and phosphorus [18–21]. However, cyanobacte-
ria taxa such as N2-fixing (diazotrophic) and non-N2 fixing (nondiazotrophic) species have a 
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variety of mechanisms to compete for nitrogen. A strong relationship between the growth and 
toxin synthesis of diazotrophic and nondiazotrophic cyanobacteria and inorganic dissolved N 
in the medium has commonly been reported in the literature [22–25]. Efforts often focus on 
total nitrogen (TN) and there exist important gaps in the understanding of how N speciation 
(NO3

− and NH4
+) influences cyanobacterial blooms and cyanotoxin synthesis. For example, in 

lakes showing symptoms of N limitation during late summer, numerous studies reported that 
cyanobacteria such as Microcystis, a non-N2 fixing genus, have been shown to become dominant 
by rapidly assimilating recycled ammonium [26–29]. Indeed, laboratory and in situ studies have 
shown that cyanobacteria appear to out-compete other algal species for reduced N forms such 
as ammonium and urea [26, 27, 30]. For example, Donald et al. [31] reported that fertilization of 
the lake Wascana (Canada) with ammonium increased total algal abundance about 350% and 
cyanobacterial biomass over 500%. In a recent study examining the effects of different forms of 
N (nitrate, ammonium, and urea) in Lake Erie (U.S.A.), Chaffin et al. [32] have shown that the 
ammonium enrichment resulted in greater cyanobacterial biovolume than in the nitrate and 
urea enrichments. While nitrate is generally the most abundant form of nitrogen in freshwater 
ecosystems, it is the least preferred form of nitrogen, since its uptake by cyanobacteria requires 
multiple steps of intracellular reduction to ammonia [32–34]. Hence, while nitrogen (N) plays a 
primary role in shaping the relative abundance of cyanoHABs in a freshwater ecosystem, phos-
phorus (P) likely acts and interacts to influence these populations as well. The ability of cells 
to store phosphorus as polyphosphates [35] allows them to double several times even in phos-
phorus-limiting conditions [36]. Phosphorus affinities are higher in cyanobacteria compared to 
eukaryotic algae [37]. The concentration of phosphorus around 0.03 mg L−1 is enough for the 
sufficient growth of the cyanobacteria [38]. Therefore, phosphorus is commonly considered to 
be the limiting nutrient in freshwater ecosystems, and high concentrations of this nutrient often 
correlate to the occurrence of cyanobacterial blooms worldwide [2, 6, 39–42]. In contrast, instead 
of considering the effects of N and P separately, numerous studies highlight the importance 
of the ratio of TN to TP (TN:TP) in determining cyanobacterial growth [42, 43]. For example, 
several studies in many freshwater bodies showed that when the ratio TN:TP decreased, a shift 
has been reported in phytoplankton assemblages toward cyanobacteria dominance [2, 12, 44].

Light intensity and quality are other important factors in phytoplankton growth. Phytoplankton 
can photosynthesize, using the pigments chlorophyll-a (Chl-a) and -b, therefore at a certain 
light intensity, depending on the species, the algae will be at maximum productivity. The 
pigments are also sensitive to specific wavelengths: blue and red light. Using two species as 
an example, Aphanizomenon flos-aquae is less light dependent than Dolichospermum flos-aquae, 
so in situations where there is less light, Aphanizomenon flos-aquae would be at maximum 
production. The cyanobacterial light harvesting mechanism is different from that of the 
eukaryotic algae and contains phycobiliproteins, which allows cyanobacteria to absorb light 
from a wide light spectrum [36]. In the fast-changing light environment, cyanobacteria have a 
photoadaptation mechanism, which reduces the number of harvesting mechanisms and turns 
the energy into the heat [36]. There is also a photoprotective mechanism that cyanobacteria 
use: energy dissipation mechanism [36]. They have a UV photoprotection mechanism as well: 
mycosporine-like amino acids (MAAs) and scytonemin that absorbs UV light and helps them 
to survive with high level of irradiance [45].
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Water temperature leads to cyanobacterial bloom development and plays a critical role in 
buoyancy and assimilation of essential nutrients and synthesis of toxins [46–48]. For example, 
Kosten et al. [19] by examining 143 lakes along a latitudinal transect ranging from subarctic 
Europe to southern South America found that temperature and TN concentrations were the 
strongest explanatory variables for cyanobacterial biomass. This finding is also consistent 
with that reported by Beaulieu et al. [20] who examined the proliferation of cyanobacteria in 
1147 lakes and reservoirs of different trophic status in the United States and showed that the 
best linear multiple regression model for predicting these events was based on TN and tem-
perature of the lake water. Therefore, in terms of global climate change, it is obvious that the 
increase of water temperature will be observed, and cyanobacteria will have the prevalence in 
the growth rate compared to the other phytoplankton.

Turbidity is another factor that influences algal growth. The particulate matter in the water 
column affects light penetration and temperature of the water. An excess of sediments in the 
water would decrease the light penetration, which in turn may prevent large algal blooms. 
The sediments also aid in lowering the amount of temperature fluctuations in the water. A 
more consistent and possibly lower temperature would help prevent large algal blooms [49]. 
The higher the pH, the higher diversity of cyanobacteria can be found with a prevalence of 
nonfixers (Microcystis spp.), while N-fixers are more dominant at low pH [50]. The structure 
of the lake plays the accessory role in bloom formations. The depth of a water body, speed 
of flow, and presence of small coves make every water body unique and need additional 
attention.

Abiotic factors described above are not the only ecological factors influencing the occurrence 
and frequent dominance of cyanobacteria in the phytoplankton. Their widespread represen-
tation in freshwaters depends also on biotic factors such as buoyancy, allelopathic effects, and 
zooplankton grazing among others that will be examined in the next section.

2.2. Biotic factors

Cyanobacterial species have numerous physiological adaptations that permit them to exploit 
nutrients and light differentially. Some species belonging to the genera Microcystis, Anabaena 
(renamed Dolichospermum), Planktothrix, Aphanizomenon, and Cylindrospermopsis among others 
possess gas vesicles that provide them buoyancy and vertical movement through the water 
column and can therefore effectively dominate other pelagic planktonic algae for available 
sunlight and nutrients [51]. This physiological capacity confers a substantial ecological advan-
tage to these species, as they can congregate at a dense mass in the water column of stratified 
lakes and move up and down in the water column to maximize photosynthesis in the surface 
layers where there is more photosynthetically active radiation and to take up nutrients in dark 
deeper layers where the concentration of nutrients is higher. In addition, the ability of these 
genera to fix and assimilate dissolved nitrogen gas when the external concentrations of dis-
solved nitrate and ammonia fall to low levels is a supplementary biotic factor that offers them 
an ecological advantage over other phytoplanktonic species [52, 53]. Moreover, the resistance 
of the larger, gas-vesicle colony-forming cyanobacteria such as Microcystis to sinking loss or 
consumption by grazers can provide a significant advantage when this factor operates against 
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small, nonmotile unicellular phytoplankton [54–56]. In addition, some species of cyanobac-
teria produce allelopathic substances that prevent the growth of submerged vegetation and 
other algae [57, 58], as well as increased resistance to predation by zooplankton, reducing the 
diversity of grazing species, and therefore the formation of blooms [59]. Besides zooplankton 
grazing, fish activities, benthic fauna, bacteria relationship, and viral lyses are considered as 
supplementary biotic factors that control algal blooms [7].

3. Mathematical modeling: a necessary approach for studying 
cyanoHAB proliferation

3.1. General context

As we notice from previous parts, relationships between the bloom patterns and involved fac-
tors are highly complex, therefore appropriate prognostic techniques to forecast blooms and 
evaluate their spatio-temporal evolution are indispensable. However, due to the complicity 
and nonlinearity of the phenomenon, none of the research on predictive approaches seems 
accurate and none has performed well to date. Moreover, no existing research could help to 
identify the very important factor: thresholds of blooms under the environmental conditions. 
This part of the chapter will review some mainstreams of mathematical models used in the 
bloom prediction.

3.2. Deterministic versus probabilistic

With the development of super-powerful computers and computational techniques, many 
mathematical models for predicting the algal growth have been developed in recent years. 
There are two main families of mathematical models which are commonly used: determin-
istic and probabilistic (or stochastic). The deterministic approach can be chosen when the 
nature of problem and dataset have well determined, repeatable, and fixed outputs for the 
same inputs. This means they have a precise cause-effect relationship. Conversely, a stochastic 
approach is preferable when a system has some inherent randomness and we must estimate 
possible outcomes with their occurrence probability to define its behavior. Stochastic models are 
fundamentally built based on the randomness and uncertainty of the nature of bloom pattern, 
reflected through a large amount of field data. These data are indispensable for the modeler to 
validate and test the precision and accuracy of their models. Among the category of stochastic 
models, machine learning techniques provide many powerful tools to solve some relevant 
difficulties in predicting HAB. Machine learning techniques were developed for quantita-
tive finance, enabling researchers to tap huge datasets. There are many publications in recent 
years in which diverse Supervised Machine Learning (SML) models have been applied to 
solve a wide range of problems, including the Artificial Neural Network (ANN) and Support 
Vector Machine (SVM). ANN is a SML approach widely used to predict the algal abundance 
[60–64] while SVM is used much less in algal research [65–67]. Some studies used genetic 
algorithms (GA) to create prediction model [68, 69]. The basic concept of these models lies in 
the combined effects of a set of explanatory variables (Xi) on one or some target variables (Yi), 
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small, nonmotile unicellular phytoplankton [54–56]. In addition, some species of cyanobac-
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other algae [57, 58], as well as increased resistance to predation by zooplankton, reducing the 
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tive finance, enabling researchers to tap huge datasets. There are many publications in recent 
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and then classification or regression decision depending on the nature of Yi. The variables Yi 
(outputs of the study) in most of the models target the pigment Chl-a, which stands for the 
growth of algal communities, biomass (algal abundance) quantity, and the number of algal 
cell counts.

Wei et al. [61] suggested a model to predict the timing and magnitude of four different types 
of algae: Microcystis, Oscillatoria, Synedra, and Phormidium. Algal blooms responded to the 
orthogonal combinations of water temperature, light penetration, dissolved oxygen, chemical 
oxygen demand, total nitrogen (TN), total phosphorus (TP), zooplankton, and pH value. This 
study used backpropagation ANN; data in this study were collected monthly during 15 years 
from 1982 to 1996 and these data were divided randomly into two sets: training dataset and 
testing dataset. This study also analyzed the sensitivity of the model in which pH played a 
key role in the blooming of algae and all four types of algae are more sensitive to TP than TN.

Another study conducted by Wilson and Recknagel [60] used feedforward ANN to predict 
the bloom of algae in Australia. They suggested a regression model between four inputs 
(phosphorus, nitrogen, underwater light, and water temperature) and one main output (bio-
mass) was designed. In 30-day-ahead model, beside algae biomass, they added the second 
output chlorophyll-a and used time delay neuron network structure where inputs are one-
time step (e.g., 30 days) in the past relative to output variables. Fernández et al. [70] suggested 
a model to predict the presence of cyanotoxins in fresh water in Spain. A group of six inputs 
consisting of both biological and chemical factors is used and the output is the presence of 
cyanotoxins (μg L−1). The most significant aspect of this model is the product of the concentra-
tion of M. aeruginosa and W. naegeliana, followed by turbidity, total phosphorus, alkalinity, 
and water temperature. This model used generic algorithm (GA) and multivariate adaptive 
regression spline (MARS) techniques in which 10-fold cross validation was used to train and 
validate the model. Park et al. [62] developed an early-warning model for freshwater algal 
bloom based on Chl-a concentration using ANN and SVM. These authors used the weekly 
data in 7-year period (from 2006 to 2012) to design a 7-day interval prediction model for two 
lakes in Korea. Five water quality parameters including Chl-a, orthophosphate as phosphorus 
(PO4-P), ammonium nitrogen (NH3-N), nitrate nitrogen (NO3-N), water temperature, and two 
meteorological data (solar radiation and wind speed) are inserted as inputs and output for 
ANN and SVM models.

Recently, Nelson et al. [71] used the Random Forest algorithm to characterize and quantify 
relationships between 10 different conditions and five dominant cyanobacteria genera. All 
explanatory variables were lagged by 1-month step to reflect the division rates of cyanobac-
teria in natural environments. Outputs are the biomass values of five different types of cya-
nobacteria genera.

As approaches using the probabilistic models are limited due to their complex concepts and 
high randomness levels, especially due to the needs of a large amount of data to validate 
them, which use various factors that influence cyanobacterial growth, the deterministic strate-
gies will allow the evaluation of the risks associated with cyanobacteria in the context of “less 
data needed” and moreover, many physical parameters could be incorporated in coupling 
with biochemical factors. Various deterministic approaches [72–78] have been used in the 
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understanding of the distribution of cyanobacteria. The Lagrangian deterministic model fol-
lows the cyanobacterial colony in the water column so that a mathematical model can be 
created to describe bloom density. The Kromkamp and Walsby [72] model is only used to 
estimate settling velocities and the Visser et al. [76] model is an improved model, which 
incorporates the irradiance-response curve of density change and proposed an equation that 
describes the rate of density change in the dark. The Lagrangian approach is used for study-
ing movement of cells in a laboratory setting, but an Eulerian approach enables exploration 
of full-scale spatial distribution of cells at specific times. Bruggeman and Bolding [79] built a 
framework called the Fortran-based framework for aquatic biogeochemical models where the 
biochemical model was connected to a physical model. Then a self-contained complex bio-
logical model was combined with a hydrodynamic model by the Fortran-based framework 
for aquatic biogeochemical model. This model was used to calibrate physiological parameters 
for the phytoplankton. Recently, the work of Ndong et al. [80] has shown a sophisticated 2D 
Eulerian frame model to evaluate the phototactic behavior effect of cyanobacteria, as well as 
the effects of light and wind on the distribution of cyanobacteria and estimate coupled effects 
of biological and physical factors on cyanobacteria.

The new tendency of research based on the deterministic approach is using remote sensing 
data or satellite imagery in the detection of the spatiotemporal patterns of blooms and explains 
how they change under the environmental conditions. The issue with this imagery is that the 
movement patterns of cells in the water column may be missed. The response to light intensity, 
nutrient levels, and temperature also needs to be considered, which means that numerical data 
along with imagery are required to complete the data. Agent-based models have been used to 
observe the 2D and 3D transport trajectories of cyanobacteria. These models are coupled with 
an Eulerian model, which allows the cyanobacteria to drift in the model [81–83].

3.3. Future perspectives

The overall and common goal of all models was to attempt to explain the risks of algal/ 
cyanobacterial blooms and to study their evolution under environmental conditions leading 
to the improvement or decision process used to monitor cyanobacteria. However, as previ-
ously mentioned, almost all existing models have focused on the target variables such as Chl-a 
concentration development, cell count numbers of taxa or genera, biomass, etc.; from them, 
authors could conclude about the bloom situation. There are therefore two main directions 
of modeling among many others that should be developed: (1) determination of biophysical 
threshold for blooms and (2) quantifying and modeling the toxin concentration released by 
toxic species.

Remote sensing data combined with machine learning algorithm are also an encouraging 
perspective. But one of the potential pitfalls for machine learning strategies is the extremely 
low signal-to-noise ratio. Machine learning algorithms will always identify a pattern, even if 
there is none. In other words, the algorithms can view flukes as patterns and hence are likely 
to identify false strategies. Every model regardless of what category it belongs to can have its 
weak and strong points and need a serious validation step to be universally applicable, useful, 
and accurate.
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along with imagery are required to complete the data. Agent-based models have been used to 
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3.3. Future perspectives
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ously mentioned, almost all existing models have focused on the target variables such as Chl-a 
concentration development, cell count numbers of taxa or genera, biomass, etc.; from them, 
authors could conclude about the bloom situation. There are therefore two main directions 
of modeling among many others that should be developed: (1) determination of biophysical 
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4. Dominant taxa found in cyanoHABs in freshwater

Although cyanobacterial blooms are a worldwide phenomenon, there are differences in 
typical genera found in temperate and tropical regions (Table 1). Microcystis was the most 
frequently occurring bloom genus throughout the world, while Cylindrospermopsis and 
Dolichospermum (Syn. Anabaena) blooms occurred in various tropical areas such as Australia, 
America, and Africa.

5. Negative outcomes from cyanoHABs

5.1. Cyanobacterial toxins and their environmental concentrations

Cyanotoxins are classified according to their mode of action into three families: neurotoxins 
(nervous system), hepatotoxins (liver), and dermotoxins (skin) [4, 17, 91]. Blooms formed 
by cyanobacteria producing hepatotoxins (microcystins and cylindrospermopsin) are more 
widespread than neurotoxic blooms [4, 92–95] and therefore, they are considered priority for 
biomonitoring, especially in drinking and recreational waters.

Cyanotoxins are intracellular toxins that are released into water only during cellular senes-
cence or death and lysis or through water treatment processes such as application of algaecide 
[96, 97]. Therefore, total concentrations (intracellular plus extracellular) of microcystins, the 

Region Dominant species References

Africa Microcystis flos-aquae, M. wesenbergii, Oscillatoria sp., Dolichospermum sp., Lingbya sp.,  
Anabaenopsis sp.

[3, 48, 84, 85]

Western Asia Planktothrix rubescens, M. aeruginosa, Nodularia spumigena, Aphanizomenon 
ovalisporum, P. agardhii, Synechocystis sp., Dolichospermum sp.

[84, 86]

Southern Asia Dolichospermum sp., Aphanizomenon sp., Microcystis sp., Cylindrospermopsis sp., 
Planktothrix sp.

[84, 86]

Eastern Asia Dolichospermum sp., Microcystis sp., Aphanizomenon sp., Merismopedia sp., 
Cylindrospermopsis sp., Nostoc sp., Planktothrix sp.

[7, 84, 85]

Oceania D. planctonicum, D. circinale, Aphanizomenon tenuicaulis, C. raciborskii,  
A. ovalisporum, A. issatschenkoi, P. rubescens, Kamptonema formosum, M. aeruginosa, 
M. panniformis

[48, 84–86]

South and 
Central America

M. aeruginosa, Cylindrospermopsis sp., Dolichospermum sp., Nodularia sp., Lingbya sp. [7, 48, 84, 85]

North America M. aeruginosa, M. viridis, M. wesenbergii, Aphanizomenon schindleri, D. flos-aquae,  
D. planctonicum, D. circinale, D. lemmermani, D. smithii, D. viquiera, C. raciborskii,  
P. rubescens, Lyngbya majuscula, L. wollei, Phormidium sp., Woronichinia naegeliana

[7, 87–89]

Europe Microcystis sp., Dolichospermum sp., Aphanizomenon sp., Planktothrix sp., Nodularia sp.,  
Cylindrospermopsis sp., Phormidium sp., Anabaenopsis sp., Gloeotrichia sp.

[7, 84, 86, 90]

Table 1. Dominant cyanobacterial taxa recorded worldwide.
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most common cyanotoxins, vary from trace to several milligrams per liter [91, 98]. For exam-
ple, very high concentrations have been reported up to 8428 μg L−1 in Southwest wetlands, 
Australia [99], 19,500 μg L−1 in Lake Suwa, Japan [41], 23,718 μg L−1 in Dam Nhanganzwane, 
South Africa [100], 29,200 μg L−1 in Lake Oubeira, Algeria [101], or 36,500 μg L−1 in Lake 
Horowhenua, New Zealand [102]. Messineo et al. [103] reported that in several Italian lakes, 
concentrations of total cylindrospermopsin varied from nondetectable values up to 126 μg L−1. 
However, neurotoxins are less common in the freshwater ecosystems. For example, Rapala 
et al. [104] reported up to 1070 μg L−1 of saxitoxin in Finnish lakes. Anatoxin-a was detected 
in two shallow reservoirs (Konstantynów and Kraśnik) in Poland at concentrations ranging 
from 0.03 to 43.6 μg L−1 during a bloom of D. flos-aquae [105]. Recently, Roy-Lachapelle et al. 
[106] reported that the concentrations of the BMAA in 12 different lake waters in Canada 
ranged between 0.009 and 0.3 μg L−1.

5.2. Ecotoxicological effects of cyanotoxins

Cyanotoxins such as hepatotoxins and neurotoxins target in humans and animals the liver 
and nervous system, respectively, but they often have important side effects too. When pres-
ent in freshwater ecosystems, they may also affect organisms at different trophic levels, espe-
cially those having identical or similar target organs, tissues, or cells.

5.2.1. Acute effects

The occurrence of cyanoHABs in aquatic ecosystems is often associated with fish mortal-
ity (Figure 1). In addition, terrestrial organisms such as livestock, dogs, and birds that are 
associated with these freshwater ecosystems in which cyanoHABs occur may also be at risk 
of cyanotoxins exposure from preying on toxic aquatic prey and/or drinking contaminated 
water. For example, Georges Francis was the first in 1878 to implicate cyanobacteria in the 
poisoning of farm animals, in Alexandrina Lake, Milang, Southern Australia [107]. Since then, 
a significant number of cases of animal poisonings attributable to cyanotoxins have been 
documented worldwide [108–111]. Fish and invertebrates which are exposed over their entire 
life cycle to cyanotoxins are the most aquatic organisms affected, followed by birds, livestock 
and poultry, and dogs [111]. Acute ecotoxicity data of cyanotoxins were compiled by several 
studies [112–114]. The most documented cyanotoxin effects are those on microcystins due to 
their occurrence at high concentrations up to 28 mg L−1 and the dominance of cyanobacterial 
species producing them [91]. In addition, depending on their mechanism of action as potent 
and specific inhibitors of protein phosphatases and inducer of oxidative stress, microcystins 
can affect a range of invertebrate and vertebrate organisms [109, 114, 115]. Therefore, they 
cause changes in the trophic levels and adverse impacts on the functioning of freshwater eco-
systems. This begins with the zooplankton community, which has its composition changed, 
especially by the mortality of certain species resulting therefore in the reduction of their diver-
sity [59, 109, 116, 117]. For example, the copepod Diaptomus birgei was the most sensitive to 
microcystins with a lethal concentration (LC50) at 48 h of 0.45 to 1.0 μg mL−1 followed by the 
cladoceran Daphnia pulex, D. hyaline, and D. pulicaria with LC50 at 48 h of 9.6, 11.6, and 21.4 μg 
L−1, respectively [109].
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However, mollusks and decapods appeared to be relatively tolerant to microcystins [109, 111]. 
For example, the LC50 at 96 h for microcystin-LR equivalent in the decapod Kalliapseudes schu-
bartii [118] and the crayfish Procambarus clarkia [119] is 1.58 and 0.567 mg L−1, respectively. 
Similarly, bivalves bioaccumulate high concentrations of microcystins without symptoms of 
acute toxicity [120].

Mass mortalities of fish have also been attributed to microcystins [14, 111, 121]. However, 
some studies suggested that most of fish mortalities can also be attributed to hypoxic condi-
tions resulting from bloom respiration and senescence and not only to cyanotoxins [122, 123]. 
Like bivalves, fish appear to be less sensitive to toxin’s short-term exposure than zooplankton. 
For example, experimental investigations on the rainbow trout have been shown that this fish 
species appeared to be relatively tolerant to high concentrations of microcystin-LR and death 
was recorded only at 1000 μg kg−1 bw [124]. Several studies reported that the dose inducing 
the mortality of the half of the test population (LD50) of microcystin-LR in fish ranges from 20 
to 1500 μg kg−1 body weight [125].

For the other classes of alkaloid cyanotoxins such as cylindrospermopsin and neurotoxins 
(anatoxins and saxitoxins), there are few or no studies that have examined their acute toxic-
ity on aquatic organisms. For example, Ferrão-Filho et al. [126] reported that the exposure 
of three cladoceran species (Daphnia gessneri, D. pulex, and Moina micrura) to a saxitoxin-
producer strain (T3) of Cylindrospermopsis raciborskii at cell densities of 103 and 104 cells/mL 
for 24 h resulted in a complete paralysis of D. pulex; however, D. gessneri was not sensitive 
and M. micrura was intermediate in sensitivity. Osswald et al. [127] demonstrated that when 
common carp Cyprinus carpio larvae were exposed to a lyophilized suspension (107 cells/mL) 
of a strain of Anabaena sp. producing anatoxin-a, all fish died between 24 and 29 h.

5.2.2. Subchronic and chronic effects

Aquatic organisms are continuously exposed over long periods of time or even their entire life 
cycle to cyanotoxins; therefore, evaluation of chronic effects of these toxins is important for 
an accurate environmental risk assessment. Several studies have shown that aquatic organ-
isms that are exposed in the long term to cyanotoxins through the diet may die or display 
impaired feeding, immunosuppression, increased susceptibility to disease, avoidance behav-
ior, physiological dysfunction, abnormal development, and reduced growth and reproduction  

Figure 1. Microcystis sp. bloom associated with fish mortality (photo: N.Y. Benayache).
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[109, 125]. For example, chronic exposure of parent Daphnia magna to either microcystin-LR at 
5 or 50 μg L−1, or to cyanobacterial crude extract containing the same amount of total micro-
cystins, resulted in the decrease of the survival of offspring or cessation of eggs and reduced 
number of neonates and deformations of neonates such as incomplete development of the 
antennae [128]. Moreover, several studies have shown that when embryos and larvae of dif-
ferent species of fish including chub (Leuciscus cephalus), common carp (Cyprinus carpio), loach 
(Misgurun smizolepis), rainbow trout (Oncorhynchus mykiss) and zebrafish (Danio rerio) were 
immersed in solutions of 0.5–50 μg microcystins/L for up to 30 days, it resulted in interferences 
with hatching, developmental defects, liver damage, and/or increased mortality [129–132]. In 
another chronic study, Ernst et al. [133] by investing the effect of a high microcystin concentra-
tion on eggs and larvae of whitefish (Coregonus lavaretus) exposed to blooms of Planktothrix sp. 
during winter 1998 and 2000 in a Lake Ammersee (Germany) hatchery reported malformations 
of eggs and disturbances of reproduction success, suggesting that the disappearance of some 
coregonid age groups observed in this lake may be a result of these development effects of 
microcystins. In a laboratory study, oral subchronic exposure of the common carp (mean body 
weight of 322 g) to Microcystis by feeding with bloom scum at a dose of 50 μg microcystins/kg 
body weight for 28 days resulted in inhibition of growth, severe damage in hepatocytes, and 
significant increase of some plasmatic enzyme activities such as alanine aminotransferase and 
aspartate aminotransferase [134].

5.2.3. Ecotoxicity of cyanotoxin mixtures

Aquatic organisms are most likely subject to acute, subchronic, and chronic impacts resulting 
from exposure to a mixture class of cyanotoxins and not to individual toxins. Cyanobacterial 
species producing different toxins such as hepatotoxins, neurotoxins, and dermotoxins have 
been shown to coexist in blooms [91], therefore making the exposure to toxin mixtures a 
plausible scenario. To investigate this scenario with considering the possible synergistic 
toxicity of complex matrices, Esterhuizen-Londt et al. [135] tested the effects of two artifi-
cial toxin mixtures containing cyanobacterial hepatotoxins (microcystin-LR, -YR, and -RR), 
cyanobacterial hepatotoxins (microcystin-LR and cylindrospermopsin), and the neurotoxin 
β-N-methylamino-l-alanine hydrochloride, respectively, versus a crude cyanobacterial bloom 
extract (dominated by Microcystis aeruginosa with minor proportions of Anabaena sp. and 
Oscillatoria sp.) on the oxidative status of Daphnia pulex. The results showed that the cyano-
bacterial extract elicited higher oxidative stress response on D. pulex compared to exposure 
with the two artificial toxin mixtures. According to these studies, authors suggested that other 
unidentified compounds present in the cyanobacterial extract with synergistic effects may 
enhance the toxic effects. In fact, previous studies found stronger developmental effects of 
cyanobacterial extracts containing microcystins [136, 137] on the African clawed frog Xenopus 
laevis embryos and anatoxin-a [138] on common carp Cyprinus carpio larvae than their respec-
tive purified toxins.

In addition, in natural environments, cyanotoxins could interact with other anthropogenic 
micropollutants present in aquatic ecosystems and therefore, could attenuate or potentiate 
their adverse effects on aquatic organisms. For example, combined influence of microcystin-
LR and a pesticide, carbaryl, was investigated on Daphnia pulicaria [139]. The results showed 
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[109, 125]. For example, chronic exposure of parent Daphnia magna to either microcystin-LR at 
5 or 50 μg L−1, or to cyanobacterial crude extract containing the same amount of total micro-
cystins, resulted in the decrease of the survival of offspring or cessation of eggs and reduced 
number of neonates and deformations of neonates such as incomplete development of the 
antennae [128]. Moreover, several studies have shown that when embryos and larvae of dif-
ferent species of fish including chub (Leuciscus cephalus), common carp (Cyprinus carpio), loach 
(Misgurun smizolepis), rainbow trout (Oncorhynchus mykiss) and zebrafish (Danio rerio) were 
immersed in solutions of 0.5–50 μg microcystins/L for up to 30 days, it resulted in interferences 
with hatching, developmental defects, liver damage, and/or increased mortality [129–132]. In 
another chronic study, Ernst et al. [133] by investing the effect of a high microcystin concentra-
tion on eggs and larvae of whitefish (Coregonus lavaretus) exposed to blooms of Planktothrix sp. 
during winter 1998 and 2000 in a Lake Ammersee (Germany) hatchery reported malformations 
of eggs and disturbances of reproduction success, suggesting that the disappearance of some 
coregonid age groups observed in this lake may be a result of these development effects of 
microcystins. In a laboratory study, oral subchronic exposure of the common carp (mean body 
weight of 322 g) to Microcystis by feeding with bloom scum at a dose of 50 μg microcystins/kg 
body weight for 28 days resulted in inhibition of growth, severe damage in hepatocytes, and 
significant increase of some plasmatic enzyme activities such as alanine aminotransferase and 
aspartate aminotransferase [134].

5.2.3. Ecotoxicity of cyanotoxin mixtures

Aquatic organisms are most likely subject to acute, subchronic, and chronic impacts resulting 
from exposure to a mixture class of cyanotoxins and not to individual toxins. Cyanobacterial 
species producing different toxins such as hepatotoxins, neurotoxins, and dermotoxins have 
been shown to coexist in blooms [91], therefore making the exposure to toxin mixtures a 
plausible scenario. To investigate this scenario with considering the possible synergistic 
toxicity of complex matrices, Esterhuizen-Londt et al. [135] tested the effects of two artifi-
cial toxin mixtures containing cyanobacterial hepatotoxins (microcystin-LR, -YR, and -RR), 
cyanobacterial hepatotoxins (microcystin-LR and cylindrospermopsin), and the neurotoxin 
β-N-methylamino-l-alanine hydrochloride, respectively, versus a crude cyanobacterial bloom 
extract (dominated by Microcystis aeruginosa with minor proportions of Anabaena sp. and 
Oscillatoria sp.) on the oxidative status of Daphnia pulex. The results showed that the cyano-
bacterial extract elicited higher oxidative stress response on D. pulex compared to exposure 
with the two artificial toxin mixtures. According to these studies, authors suggested that other 
unidentified compounds present in the cyanobacterial extract with synergistic effects may 
enhance the toxic effects. In fact, previous studies found stronger developmental effects of 
cyanobacterial extracts containing microcystins [136, 137] on the African clawed frog Xenopus 
laevis embryos and anatoxin-a [138] on common carp Cyprinus carpio larvae than their respec-
tive purified toxins.

In addition, in natural environments, cyanotoxins could interact with other anthropogenic 
micropollutants present in aquatic ecosystems and therefore, could attenuate or potentiate 
their adverse effects on aquatic organisms. For example, combined influence of microcystin-
LR and a pesticide, carbaryl, was investigated on Daphnia pulicaria [139]. The results showed 
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that the interaction between carbaryl and microcystins was highly significant and the two 
chemicals in a combinatorial exposure induced synergistic effects with frequent premature 
offspring delivery with body deformations including dented carapax or undeveloped heart. 
Furthermore, Cazenave et al. [140] observed less pronounced teratological effects within 24 h 
as well as nonsignificant increase in the activity of glutathione S-transferase (GST) in embryos 
of zebrafish (Danio rerio) exposed to either microcystin-LF or microcystin-RR in combination 
with natural organic matters compared to embryos exposed to pure toxins.

5.3. Bioaccumulation of cyanotoxins in food web and impacts on animal and human 
health

Zooplankton have been clearly identified as the best bioaccumulator of cyanotoxins and may 
transfer them to higher trophic levels in the aquatic food web [141–144]. Mollusks have also 
been shown to accumulate high concentrations of cyanotoxins with hepatopancreas being the 
organ presenting the highest concentrations followed by the intestines [115, 145]. As with inver-
tebrates, fish can also accumulate high concentrations of microcystins but on average 3.5 times 
lower in planktivorous fish than in zooplankton [115]. For example, the highest concentrations 
of microcystins were found in the liver of the planktivorous fish Osmerus eperlanus reaching up 
to 874 μg microcystins/g dry weight [146]. However, in another planktivorous fish such as the 
silver carp Hypophthalmichthys molitrix, the highest concentrations of microcystins were found 
in the intestines reaching up to 137 μg g−1 DW [147]. Carnivorous fish, meanwhile, accumulate 
less microcystins with the maximum concentration up to 51 μg g−1 DW measured, for example, 
in the liver of perch Perca fluviatilis [146]. Overall, carnivorous fish, as superior predators, had 
lower mean microcystin content than planktivorous and omnivorous fish, suggesting transfer 
and bioaccumulation of microcystins, however without biomagnification in the food chain. 
In contrast, fish may act as an efficient vector of cyanotoxins to upper trophic levels such as 
birds and humans. In fact, numerous bird deaths have been reported in which most deaths 
are associated with the consumption of toxic prey, for example, fish or mollusks that have 
consumed or otherwise bioaccumulated cyanobacterial toxins [109, 110, 148, 149]. For humans, 
Chen et al. [150] confirmed for the first time the presence of microcystins in serum samples 
(average 0.39 ng/ml) of fishermen at Lake Chaohu, China. According this study, daily intake 
by the fishermen was estimated to be in the range of 2.2–3.9 μg MC-LR equivalent, whereas the 
provisional World Health Organization tolerable daily intake (TDI) for daily lifetime exposure 
is 0.04 μg kg−1 or 2–3 μg per person. However, as has been described previously, the different 
species of fish accumulate microcystins mainly in the intestine and liver/hepatopancreas; this 
poses no risk to human health if these organs are taken from animals before consumption.

6. Conclusions

The chapter has sketched a general overview on cyanoHABs which recently become a real 
worrisome issue at the global scale due to their effects on water resources and animal and 
human health. They will cause ongoing issues as they will certainly reoccur over and over the 
coming years, especially under the promoting factors of climate changes and global warming 
effects, as much as the abuse of all watersheds due to anthropogenic actions.
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Different research studies around the world have highlighted the complex relationships 
between cyanobacterial growth and environmental factors. The cyanoHAB dominance can 
result from a variety of interactions among biotic and abiotic components. The presence of 
toxic cyanobacteria can influence the human society at all scales, such as direct effects on 
drinking and recreational water resources, as well as the transfer of their toxins to higher 
trophic levels, resulting in fish kills and threats to all animal and human health.

Keeping our water resources clean, healthy, and safe for current and next generations becomes, 
therefore, a big challenge for our planet. The task of monitoring and managing cyanobacterial 
blooms and their negative outcomes including toxins released is a pressing concern for all. 
The chapter hence will serve to increase awareness of common challenges and existing capaci-
ties as well as lay the foundation for ongoing discussion and research on various subjects 
related to CyanoHABs that will be needed for effective management for the years to come.
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Abstract

Diatom indices have been extensively applied in the bioassessment of surface waters and 
wetlands in many countries except Nigeria. This pioneer study aimed at investigating the 
use of epilithic diatom-based indices in the assessment of the Ogun River quality. Water 
and epilithic diatom samples were collected fortnightly from four sampling stations for 
a period of four consecutive months (March–June 2015). Water samples were analysed 
for pH, temperature, electrical conductivity, total dissolved solids (TDS), dissolved oxy-
gen, chemical oxygen demand (COD), nitrite, nitrate, ammonium, phosphate, sulphide, 
chloride, iron, manganese, silicate, total alkalinity, total hardness, total suspended solids 
(TSS), transparency and total organic carbon using standard methods. Epilithic diatom 
samples were collected by scraping the surfaces of rocks or stones using an 18 mm tooth-
brush and analysed following the standard methods. Data collected were subjected to 
descriptive (frequency, mean) and inferential statistics (diatom indices, Pearson corre-
lation) using OMNIDIA and SPSS statistical packages. Results showed that the water 
quality of the Lower Ogun River ranged between bad and high qualities during the study 
period. The diatom indices (trophic diatom index (TDI), biological diatom index (IBD), 
generic salinity index (GSI1), generic trophic index (GTI), generic saprobity index (GTI)) 
were correlated with physical and chemical parameters, thereby indicating their effec-
tiveness in water quality ranking.
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use of epilithic diatom-based indices in the assessment of the Ogun River quality. Water 
and epilithic diatom samples were collected fortnightly from four sampling stations for 
a period of four consecutive months (March–June 2015). Water samples were analysed 
for pH, temperature, electrical conductivity, total dissolved solids (TDS), dissolved oxy-
gen, chemical oxygen demand (COD), nitrite, nitrate, ammonium, phosphate, sulphide, 
chloride, iron, manganese, silicate, total alkalinity, total hardness, total suspended solids 
(TSS), transparency and total organic carbon using standard methods. Epilithic diatom 
samples were collected by scraping the surfaces of rocks or stones using an 18 mm tooth-
brush and analysed following the standard methods. Data collected were subjected to 
descriptive (frequency, mean) and inferential statistics (diatom indices, Pearson corre-
lation) using OMNIDIA and SPSS statistical packages. Results showed that the water 
quality of the Lower Ogun River ranged between bad and high qualities during the study 
period. The diatom indices (trophic diatom index (TDI), biological diatom index (IBD), 
generic salinity index (GSI1), generic trophic index (GTI), generic saprobity index (GTI)) 
were correlated with physical and chemical parameters, thereby indicating their effec-
tiveness in water quality ranking.
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1. Introduction

Diatom-based indices are increasingly becoming important tools for the assessment of eco-
logical conditions in lotic and lentic systems [1], and the ability to use diatoms to evaluate 
present and past conditions of water quality and environmental change in just about any 
aquatic environment has been recognized worldwide for many decades [2–6].

They are well favoured than other aquatic bioindicators in use during water quality assess-
ment due to their cosmopolitan distribution and well-known ecological requirements. These 
features enable diatom indices developed in a geographic region to be used in other parts of 
the world [7]. This explains their wide usage in various water bodies in the world.

Some of the diatom indices in use presently include Descy’s index or DES [8], Sládecek’s 
index or SLA [9], Leclercq and Maquet’s index or LMI [10], the Watanabe index or WAT 
[11], the Commission of Economical Community Index or CEC [12], Schiefele and Schreiner’s 
index or SHE [13], Rott’s index or ROT [14], the generic diatom index or GDI [15], the Specific 
Pollution Sensitivity Index or SPI [16], the biological diatom index or IBD [17], the eutrophica-
tion/pollution index or EPI [18], the Artois-Picardie Diatom Index or APDI [19], the trophic 
diatom index or TDI [20], the Pampean Diatom Index or IDP [21] and the South African 
Diatom Index [22].

These indices according to Taylor et al. [23] function in the following manner: in a sample 
from a body of water with a particular level of determinant (e.g. salinity), diatom taxa with 
their optimum close to that level will be the most abundant. Therefore an estimate of the 
level of that determinant in the sample can be made from the average of the optima of all the 
taxa in that sample, each weighted by its abundance. A further refinement is the provision 
of an indicator value which is included to give greater weight to those taxa which are good 
indicators of particular environmental conditions. In practice, the first step to be completed 
when using diatom indices is the compilation of a list of taxa in a sample, together with their 
absolute abundance. The final index value is expressed as the mean of the optima of the taxa 
in the sample, weighted by the abundance of each taxon. The indicator value acts to further 
increase the influence of certain species [23, 24].

All these indices are based on the formula of Zelinka and Marvan [25] except the CEC, SHE, 
TDI and WAT indices [23]. The quality of running rivers has been successfully classified using 
epilithic diatom-based indices in Bulgaria [26].

Diatom indices have also been utilized in monitoring biotic integrity and trophic condition of 
aquatic ecosystems in select countries in sub-Saharan Africa [27] which include South Africa 
[28–35], Kenya [36–39], Zimbabwe [40, 41] and Zambia [42].

However, such studies have not been carried out on Nigerian water bodies. The Ogun River 
is a perennial water source which passes through areas of high population density [43–45]. In 
populated areas, river water quality is determined by human practices: deforestation, farm-
ing, industrial and domestic sewage discharge, which cause changes in colour, suspended 
solids, pH, temperature, nutrients and run-off characteristics [46].

Limnology - Some New Aspects of Inland Water Ecology40

Being that diatom-based biomonitoring programmes have been implemented with some 
success in South Africa, Kenya, Zimbabwe and Zambia [27], this study therefore investi-
gated the use of epilithic diatom-based indices in water quality assessment of the Lower 
Ogun River.

2. Materials and methods

2.1. Description of the study area

Abeokuta is the capital and the largest city in Ogun State which is situated in the south-
western part of Nigeria [47]. Soils in Abeokuta have been characterized as being sandy, 
formed from sedimentary rocks, and can only support savannah vegetation. Vegetation is 
predominated by guinea and derived savannah [48]. The Ogun River (Figure 1) is one of 
the main rivers in the southwestern part of Nigeria with a total area of 22.4 km2 and a fairly 
large flow of about 393 m3 s−1 during the wet season [49]. It has coordinates of 3028″E and 
8041”N from its source in Oyo State to 3025″E and 6035”N in Lagos where it enters the 
Lagos lagoon [43]. Mean annual rainfall ranges from 900 in the north to 2000 mm towards 
the south. The estimates of total annual potential evapotranspiration have been put between 
1600 and 1900 mm [50]. The Ogun River water is used for agriculture, transportation, human 
consumption, various industrial activities and domestic purposes [43, 49]. It also serves as a 

Figure 1. Map of Lower Ogun River, Abeokuta showing the sampling station.
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when using diatom indices is the compilation of a list of taxa in a sample, together with their 
absolute abundance. The final index value is expressed as the mean of the optima of the taxa 
in the sample, weighted by the abundance of each taxon. The indicator value acts to further 
increase the influence of certain species [23, 24].

All these indices are based on the formula of Zelinka and Marvan [25] except the CEC, SHE, 
TDI and WAT indices [23]. The quality of running rivers has been successfully classified using 
epilithic diatom-based indices in Bulgaria [26].

Diatom indices have also been utilized in monitoring biotic integrity and trophic condition of 
aquatic ecosystems in select countries in sub-Saharan Africa [27] which include South Africa 
[28–35], Kenya [36–39], Zimbabwe [40, 41] and Zambia [42].

However, such studies have not been carried out on Nigerian water bodies. The Ogun River 
is a perennial water source which passes through areas of high population density [43–45]. In 
populated areas, river water quality is determined by human practices: deforestation, farm-
ing, industrial and domestic sewage discharge, which cause changes in colour, suspended 
solids, pH, temperature, nutrients and run-off characteristics [46].
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Being that diatom-based biomonitoring programmes have been implemented with some 
success in South Africa, Kenya, Zimbabwe and Zambia [27], this study therefore investi-
gated the use of epilithic diatom-based indices in water quality assessment of the Lower 
Ogun River.

2. Materials and methods

2.1. Description of the study area

Abeokuta is the capital and the largest city in Ogun State which is situated in the south-
western part of Nigeria [47]. Soils in Abeokuta have been characterized as being sandy, 
formed from sedimentary rocks, and can only support savannah vegetation. Vegetation is 
predominated by guinea and derived savannah [48]. The Ogun River (Figure 1) is one of 
the main rivers in the southwestern part of Nigeria with a total area of 22.4 km2 and a fairly 
large flow of about 393 m3 s−1 during the wet season [49]. It has coordinates of 3028″E and 
8041”N from its source in Oyo State to 3025″E and 6035”N in Lagos where it enters the 
Lagos lagoon [43]. Mean annual rainfall ranges from 900 in the north to 2000 mm towards 
the south. The estimates of total annual potential evapotranspiration have been put between 
1600 and 1900 mm [50]. The Ogun River water is used for agriculture, transportation, human 
consumption, various industrial activities and domestic purposes [43, 49]. It also serves as a 

Figure 1. Map of Lower Ogun River, Abeokuta showing the sampling station.

Application of Diatom-Based Indices in River Quality Assessment: A Case Study of Lower Ogun…
http://dx.doi.org/10.5772/intechopen.86347

41



raw material to the Ogun State Water Corporation which treats it before dispensing it to the 
public. Along its course, it constantly receives effluents from breweries, slaughterhouses, 
dyeing industries, tanneries and domestic wastewater before finally discharging to Lagos 
lagoon [43, 45, 49].

Reports on the water quality of the Ogun River have been documented for over 30 years  
[51, 52]. Several studies have been reported on the water quality of the lower part of the Ogun 
River at Abeokuta. Among such studies (Table 1) include Ojekunle et al. [53], Adeosun et al. 
[54], Taiwo et al. [55], Olayinka et al. [56], Ikotun et al. [57], Awoyemi [58], Dimowo [44, 45], 
Osunkiyesi [59] and Adeogun et al. [60].

2.2. Water sampling and analysis procedure

Water samples were collected into well-labelled sample bottles fortnightly for the period of 4 
months (March–June 2015) from four sampling stations along the river. Station A was located 
close to the Ogun State Water Corporation, Arakanga, Ibẹrẹkodo; Station B was located close 
to the FADAMA III supported ferry at Agọ Ika; Station C was located just below the bridge 
connecting to Lafenwa at Ẹnu Gada; and Station D was located just down the road of Pepsi 
bus stop, Quarry Road. The physical and chemical parameters determined included pH, water 
temperature, electrical conductivity and total dissolved solids which were determined in 
situ with the use of HANNA Hi 98129 multimeter, while dissolved oxygen, chemical oxygen 
demand, nitrite, nitrate, ammonium, phosphate, sulphide, chloride, iron, manganese, silicate, 
total alkalinity, hardness, total suspended solids and total organic carbon were determined 
in the laboratory using standard methods [61]. Water transparency was also measured in situ 
using a Secchi disc.

2.3. Epilithic diatom sampling and analysis procedure

Diatom samples were collected fortnightly from four sampling stations along the river for 
the period of 4 months (March–June 2015). The surfaces of the rocks or stones were scraped 
off using an 18 mm toothbrush. The brushed areas of the stones, as well as the toothbrush 
covered with algae, were flushed into a plastic bowl with water. The obtained brown or 
greenish suspension containing the diatoms was collected and preserved with neutral form-
aldehyde (4%) to prevent the silica cell walls from cracking. Due to the unavailability of 
rocks/stones at sampling stations at certain visits, other submerged substrates such as wood 
material were sampled. This method was adapted from the recommendations of Martin and 
Fernandez [62] and Kelly et al. [63]. Thereafter, in the laboratory, the samples were mounted 
on microscope slides by first shaking the samples vigorously and then pipetting a drop 
onto the slides with the use of a dropper. The identification of the diatoms was done to the 
lowest taxonomic category possible under the microscope using keys of identification such 
as [64–67]. Then enumeration was carried out using the drop count method adapted from 
Dhargalkar and Ingole [68]. The abundance of organisms in each sample was extrapolated 
from the number of organisms per drop to the number of organisms per ml by multiplying 
the number of organisms per drop by 20 based on the tested premise that 20 drops of the 
sample make 1 ml.
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raw material to the Ogun State Water Corporation which treats it before dispensing it to the 
public. Along its course, it constantly receives effluents from breweries, slaughterhouses, 
dyeing industries, tanneries and domestic wastewater before finally discharging to Lagos 
lagoon [43, 45, 49].

Reports on the water quality of the Ogun River have been documented for over 30 years  
[51, 52]. Several studies have been reported on the water quality of the lower part of the Ogun 
River at Abeokuta. Among such studies (Table 1) include Ojekunle et al. [53], Adeosun et al. 
[54], Taiwo et al. [55], Olayinka et al. [56], Ikotun et al. [57], Awoyemi [58], Dimowo [44, 45], 
Osunkiyesi [59] and Adeogun et al. [60].

2.2. Water sampling and analysis procedure

Water samples were collected into well-labelled sample bottles fortnightly for the period of 4 
months (March–June 2015) from four sampling stations along the river. Station A was located 
close to the Ogun State Water Corporation, Arakanga, Ibẹrẹkodo; Station B was located close 
to the FADAMA III supported ferry at Agọ Ika; Station C was located just below the bridge 
connecting to Lafenwa at Ẹnu Gada; and Station D was located just down the road of Pepsi 
bus stop, Quarry Road. The physical and chemical parameters determined included pH, water 
temperature, electrical conductivity and total dissolved solids which were determined in 
situ with the use of HANNA Hi 98129 multimeter, while dissolved oxygen, chemical oxygen 
demand, nitrite, nitrate, ammonium, phosphate, sulphide, chloride, iron, manganese, silicate, 
total alkalinity, hardness, total suspended solids and total organic carbon were determined 
in the laboratory using standard methods [61]. Water transparency was also measured in situ 
using a Secchi disc.

2.3. Epilithic diatom sampling and analysis procedure

Diatom samples were collected fortnightly from four sampling stations along the river for 
the period of 4 months (March–June 2015). The surfaces of the rocks or stones were scraped 
off using an 18 mm toothbrush. The brushed areas of the stones, as well as the toothbrush 
covered with algae, were flushed into a plastic bowl with water. The obtained brown or 
greenish suspension containing the diatoms was collected and preserved with neutral form-
aldehyde (4%) to prevent the silica cell walls from cracking. Due to the unavailability of 
rocks/stones at sampling stations at certain visits, other submerged substrates such as wood 
material were sampled. This method was adapted from the recommendations of Martin and 
Fernandez [62] and Kelly et al. [63]. Thereafter, in the laboratory, the samples were mounted 
on microscope slides by first shaking the samples vigorously and then pipetting a drop 
onto the slides with the use of a dropper. The identification of the diatoms was done to the 
lowest taxonomic category possible under the microscope using keys of identification such 
as [64–67]. Then enumeration was carried out using the drop count method adapted from 
Dhargalkar and Ingole [68]. The abundance of organisms in each sample was extrapolated 
from the number of organisms per drop to the number of organisms per ml by multiplying 
the number of organisms per drop by 20 based on the tested premise that 20 drops of the 
sample make 1 ml.
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2.4. Statistical analysis

Descriptive statistics in the form of frequency tables and range were used in the presentation 
of the data. Inferential statistics such as diatom indices, viz. biological diatom index (IBD), 
trophic diatom index, (TDI) and generic diatom indices (GDI) (saprobity index, trophic index 
and salinity index) were utilized in determining the water quality status of the Ogun River. 
IBD was calculated using OMNIDIA free version software [69], while TDI and GDI were 
calculated using MS Excel spreadsheets [70] following the method adapted from Kelly et al. 
[20] and Van Dam [71], respectively.

2.4.1. Correlation analysis

Bivariate correlation analysis was carried out using Pearson’s product moment coefficient of 
correlation in SPSS to check for the relationship between the physical and chemical param-
eters and diatom indices. The physical and chemical parameters (except pH) and diatom 
abundance data were log transformed before analysis in order to achieve normal distribution.

2.4.2. Ranking of water quality using diatom-based indicators

According to Taylor et al. [23], diatom-based indicators in all cases are calculated using the 
formula of Zelinka and Marvan [25] except for the Commission of Economical Community 
Index (CEC), Schiefele and Schreiner’s index (SHE), trophic diatom index (TDI) and Watanabe 
index (WAT index). They have the basic form [4] given:

  index =   
 ∑ j  a     = 1    a  j   s  j   v  j   

 ______  ∑ j  a   =  1    a  j   v  j       (1)

where aj is the abundance (proportion) of species j in sample; sj is the pollution sensitivity of 
species j; vj is the indicator value.

The performance of the indices depends on the values given to the constants s and v for each 
taxon, and the values of the index range from 1 to an upper limit equal to the highest value of s. 

Index score Water quality rank Trophic status

>17 High quality Oligotrophy

15–17 Good quality Oligo-mesotrophy

12–15 Moderate quality Mesotrophy

9–12 Poor quality Mesoeutrophy

<9 Bad quality Eutrophy

Source: Adapted from [73]

Table 2. Water quality ranking with the use of IBD.
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Diatom indices differ in the number of species used and in the values of s and v which have been 
attributed after compiling the data from literature and from ordinations [4, 72]. For all of the above 
indices, except TDI (maximum value of 100), the maximum value of 5 (converted to 20 by the 
software package OMNIDIA) indicates a high quality or pristine water resource [23].

The diatom biotic indices, viz. IBD, TDI and GDI, were interpreted following the classifica-
tions in Tables 2–4 as adapted from Kelly et al. [20] and Van Dam [71], Eloranta and Soininen 
[73] and Delta Environmental [74].

Table 3. TDI water quality lookup chart.

Generic salinity 
index

Generic trophic index Generic saprobity index Water quality 
classes

Index score

Very clean Oligotrophic Oligosaprobous I >1

Clean Oligo-/mesotrophic β-Mesosaprobous II 1–0.96

Moderate Mesotrophic α-Mesosaprobous III 0.95–0.76

Polluted Eutrophic Meso-/polysaprobous IV 0.75–0.56

Very polluted Hypereutrophic Polysaprobous V <0.56

Source: Based on [71, 74]

Table 4. Interpretation of generic diatom indices.
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abundance data were log transformed before analysis in order to achieve normal distribution.
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indices, except TDI (maximum value of 100), the maximum value of 5 (converted to 20 by the 
software package OMNIDIA) indicates a high quality or pristine water resource [23].

The diatom biotic indices, viz. IBD, TDI and GDI, were interpreted following the classifica-
tions in Tables 2–4 as adapted from Kelly et al. [20] and Van Dam [71], Eloranta and Soininen 
[73] and Delta Environmental [74].

Table 3. TDI water quality lookup chart.

Generic salinity 
index

Generic trophic index Generic saprobity index Water quality 
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Very clean Oligotrophic Oligosaprobous I >1
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3. Results

The weekly and monthly spatial variation in the physical and chemical parameters and the 
weekly variation in the epilithic diatom abundance and epilithic diatom indices of the Ogun 
River at Abeokuta are available as supplementary files.

3.1. Epilithic diatom composition and variation

A total of 61 epilithic diatoms (Table 5) belonging to 12 orders and 3 classes were identified 
in the study sites. Caloneis bacillum (3600 cells mL−1) had the highest total count followed by 
Coscinodiscus rothii (2300 cells ml−1) and Campylodiscus clypeus (1780 cells mL−1).

The monthly spatial variation in epilithic diatom indices (Table 6) was in the following order: 
Trophic diatom index was found highest in March (69.26; Station C) and lowest in June (14.52; 
Station C). %Motile taxa was found highest in June (31.42; Station D) and lowest in April (1.10; 
Station B). Biological diatom index was found highest in June (15.10; Station D) and lowest in 
June (7.75; Station A). Generic salinity index (GSI1) was found highest in May (20.00; Station B). 
It was lowest in March, April (0.00; Station C) and June (0.00; Stations B, C, D). Generic trophic 
index was found highest in June (9.00; Station B) and lowest in June (0.00; Stations C and D). 
Generic saprobity index was found highest in March (4.00; Station A) and lowest in April (0.08; 
Station D).

3.2. Water quality parameters

The physical and chemical parameters (Table 1) assessed in this study had the following 
ranges: Water temperature was found highest in May (32.3°C; Station A) and lowest in June 
(25.85°C; Station D). Water transparency was highest in April (88.75 cm; Station B) and 
lowest in June (14 cm; Station D). Electrical conductivity was highest in March (377 μS cm−1; 
Station C) and lowest in March (127 μS cm−1; Station B). Total dissolved solids was high-
est in March (189 mg L−1; Station C) and lowest in March (63.5 mg L−1; Station B). Nitrate 
was highest in April (47.5 mg L−1; Station A) and lowest in May (0.02 mg L−1; Station A). 
Nitrite was highest in March (0.4 mg L−1; Station D) and lowest in June (0.03 mg L−1; Stations 
A, B and C). Phosphate was highest in April (28 mg L−1; Station C) and lowest in June 
(1.75 mg L−1; Station D). Dissolved oxygen was highest in June (6.72 mg L−1; Station D) 
and lowest in March (5.51 mg L−1; Station A). Chemical oxygen demand was found highest 
in June (678.5 mg L−1; Station D) and lowest in June (4 mg L−1; Station C). pH was high-
est in April (9.91; Station A) and lowest in March (8.36; Station B). Total suspended solids 
was highest in May (49 mg L−1; Station D) and lowest in May (0 mg L−1; Station A). Total 
alkalinity was highest in June (10 mg L−1; Station D) and lowest in March (3.75 mg L−1; 
Station C). Total hardness was highest in March (7.15 mg L−1; Station D) and lowest in 
March (2.6 mg L−1; Station A). Chloride levels were constant throughout the study period 
(25 mg L−1). Iron was found highest in April (1.53 mg L−1; Station C) and lowest in June 
(0.05 mg L−1; Station A). Manganese was highest in May (0.66 mg L−1; Station D) and lowest 
in May (0.03 mg L−1; Station B).

Limnology - Some New Aspects of Inland Water Ecology46

Ep
il

it
hi

c 
di

at
om

 s
pe

ci
es

M
ar

ch
 2

01
5

A
pr

il
 2

01
5

M
ay

 2
01

5
Ju

ne
 2

01
5

T
ot

al
 c

ou
nt

A
B

C
D

A
B

C
D

A
B

C
D

A
B

C
D

M
el

os
ir

a 
va

ri
an

s
—

68
0

—
—

—
80

20
64

0
—

12
0

80
12

0
—

—
—

20
17

60

Au
la

co
se

ir
a 

gr
an

ul
at

a
—

40
—

—
30

0
60

20
60

10
0

20
22

0
20

0
16

0
10

0
20

—
13

00

C
yc

lo
te

lla
 m

en
eg

hi
ni

an
a

—
—

40
—

60
60

40
—

34
0

—
—

80
10

0
20

10
0

20
86

0

C
yc

lo
te

lla
 st

el
lig

er
a

—
24

0
—

—
—

—
—

—
40

—
—

—
—

—
—

24
0

52
0

C
os

ci
no

di
sc

us
 ro

th
ii

—
—

80
—

24
0

12
0

10
0

70
0

22
0

60
—

10
0

16
0

—
34

0
18

0
23

00

St
ep

ha
no

di
sc

us
 m

ar
ga

ra
e

—
—

—
—

—
—

—
—

60
60

—
20

60
—

10
0

—
30

0

St
ep

ha
no

di
sc

us
 a

ga
ss

iz
en

si
s

—
—

60
—

—
11

60
40

—
18

0
10

0
60

10
0

—
—

—
—

17
00

C
yc

lo
st

ep
ha

no
s t

ho
lif

or
m

is
—

—
—

—
—

—
—

—
—

40
—

20
—

—
—

—
60

Fr
ag

ila
ri

a 
ca

pu
ci

na
40

—
—

22
0

—
—

20
—

—
—

—
20

—
—

—
—

30
0

Sy
ne

dr
a 

ac
us

—
—

—
—

—
20

—
—

—
—

—
20

14
0

—
60

40
28

0

Sy
ne

dr
a 

na
na

—
—

—
—

—
—

—
—

—
—

—
—

20
—

—
20

40

Sy
ne

dr
a 

ul
na

60
11

40
40

80
16

0
40

—
80

—
14

0
22

0
40

80
40

40
12

0
22

80

D
ia

to
m

a 
vu

lg
ar

is
—

—
10

0
40

—
—

—
—

—
—

—
—

—
20

—
—

16
0

D
ia

to
m

a 
hi

em
al

e
40

—
—

40
—

—
—

—
—

10
0

20
40

—
—

—
—

24
0

D
ia

to
m

a 
te

nu
is

—
80

60
40

14
0

80
10

0
10

0
60

20
60

—
—

—
—

—
74

0

St
au

ro
si

ra
 c

on
st

ru
en

s
—

—
—

—
—

—
—

—
—

—
—

—
60

—
—

—
60

M
er

id
io

n 
ci

rc
ul

ar
e

—
—

—
—

40
—

—
—

—
40

20
—

—
—

—
—

10
0

Te
tr

ac
yc

lu
s l

ac
us

tr
is

—
20

—
—

—
—

—
—

—
—

—
40

—
—

22
0

60
34

0

C
ym

be
lla

 tu
m

id
a

—
—

—
—

—
—

20
—

20
—

40
20

—
—

—
—

10
0

G
om

ph
on

em
a 

pa
rv

ul
um

—
—

—
—

—
—

—
—

—
—

—
—

—
20

—
—

20

G
om

ph
on

em
a 

ac
um

in
at

um
—

—
—

—
—

—
—

—
—

—
—

—
20

—
—

—
20

G
om

ph
on

em
a 

tr
un

ca
tu

m
—

—
—

—
—

—
—

20
20

—
20

—
—

—
—

—
60

Application of Diatom-Based Indices in River Quality Assessment: A Case Study of Lower Ogun…
http://dx.doi.org/10.5772/intechopen.86347

47



3. Results

The weekly and monthly spatial variation in the physical and chemical parameters and the 
weekly variation in the epilithic diatom abundance and epilithic diatom indices of the Ogun 
River at Abeokuta are available as supplementary files.

3.1. Epilithic diatom composition and variation

A total of 61 epilithic diatoms (Table 5) belonging to 12 orders and 3 classes were identified 
in the study sites. Caloneis bacillum (3600 cells mL−1) had the highest total count followed by 
Coscinodiscus rothii (2300 cells ml−1) and Campylodiscus clypeus (1780 cells mL−1).

The monthly spatial variation in epilithic diatom indices (Table 6) was in the following order: 
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Station C). %Motile taxa was found highest in June (31.42; Station D) and lowest in April (1.10; 
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June (7.75; Station A). Generic salinity index (GSI1) was found highest in May (20.00; Station B). 
It was lowest in March, April (0.00; Station C) and June (0.00; Stations B, C, D). Generic trophic 
index was found highest in June (9.00; Station B) and lowest in June (0.00; Stations C and D). 
Generic saprobity index was found highest in March (4.00; Station A) and lowest in April (0.08; 
Station D).

3.2. Water quality parameters

The physical and chemical parameters (Table 1) assessed in this study had the following 
ranges: Water temperature was found highest in May (32.3°C; Station A) and lowest in June 
(25.85°C; Station D). Water transparency was highest in April (88.75 cm; Station B) and 
lowest in June (14 cm; Station D). Electrical conductivity was highest in March (377 μS cm−1; 
Station C) and lowest in March (127 μS cm−1; Station B). Total dissolved solids was high-
est in March (189 mg L−1; Station C) and lowest in March (63.5 mg L−1; Station B). Nitrate 
was highest in April (47.5 mg L−1; Station A) and lowest in May (0.02 mg L−1; Station A). 
Nitrite was highest in March (0.4 mg L−1; Station D) and lowest in June (0.03 mg L−1; Stations 
A, B and C). Phosphate was highest in April (28 mg L−1; Station C) and lowest in June 
(1.75 mg L−1; Station D). Dissolved oxygen was highest in June (6.72 mg L−1; Station D) 
and lowest in March (5.51 mg L−1; Station A). Chemical oxygen demand was found highest 
in June (678.5 mg L−1; Station D) and lowest in June (4 mg L−1; Station C). pH was high-
est in April (9.91; Station A) and lowest in March (8.36; Station B). Total suspended solids 
was highest in May (49 mg L−1; Station D) and lowest in May (0 mg L−1; Station A). Total 
alkalinity was highest in June (10 mg L−1; Station D) and lowest in March (3.75 mg L−1; 
Station C). Total hardness was highest in March (7.15 mg L−1; Station D) and lowest in 
March (2.6 mg L−1; Station A). Chloride levels were constant throughout the study period 
(25 mg L−1). Iron was found highest in April (1.53 mg L−1; Station C) and lowest in June 
(0.05 mg L−1; Station A). Manganese was highest in May (0.66 mg L−1; Station D) and lowest 
in May (0.03 mg L−1; Station B).
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Parameters TDI %Motile taxa IBD GSI1 GTI GSI2

LogWT 0.068 −0.416 −0.120 0.187 −0.298 −0.251

pH −0.153 −0.295 −0.268 0.383 −0.003 0.161

LogCOND 0.055 0.341 −0.035 −0.301 −0.199 −0.073

LogTDS 0.081 0.372 0.003 −0.295 −0.196 −0.070

LogTRANS −0.101 −0.495 −0.239 0.322 −0.098 −0.014

LogFe 0.261 −0.168 −0.041 −0.040 −0.148 −0.515*

LogNO2 −0.205 −0.138 0.512* 0.362 −0.031 −0.146

LogNO3 0.443 −0.228 −0.090 −0.554* −0.488 −0.236

LogMn 0.404 −0.342 −0.233 0.025 0.132 −0.107

LogNH4 0.206 −0.466 −0.046 −0.345 −0.394 −0.513*

LogSO3 0.397 −0.376 −0.276 −0.206 −0.257 −0.333

LogSiO3 0.508* 0.058 0.167 −0.470 −0.379 −00.069

LogPO4 0.109 −0.322 0.033 0.013 −0.222 −0.240

LogCl .a .a .a .a .a .a

LogTA −0.280 0.079 −0.038 0.098 0.182 0.281

LogTOC −0.490 0.161 −0.015 0.229 0.363 0.221

LogTH −0.089 −0.042 0.244 0.121 0.060 −0.502*

LogCOD 0.406 0.185 0.279 0.273 −0.106 −0.217

LogTSS 0.253 −0.099 −0.095 0.361 0.099 0.013

LogDO −0.009 0.107 0.101 −0.133 −0.210 −0.400

TDI 1 −0.181 −0.187 −0.374 −0.206 −0.130

%Motile taxa −0.181 1 0.429 −0.189 −0.162 −0.090

IBD −0.187 0.429 1 0.034 0.033 0.067

GSI1 −0.374 −0.189 0.034 1 0.424 0.225

GTI −0.206 −0.162 0.033 0.424 1 0.716**

GSI2 −0.130 −0.090 0.067 0.225 0.716** 1

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).
LogWT = log water temperature; pH = hydrogen ion concentration; LogCOND = log electrical conductivity; LogTDS = log 
total dissolved solids; LogTRANS = log water transparency; LogFe = log iron; LogNO2 = log nitrite; LogNO3 = log nitrate;  
LogMn = log manganese; Log NH4 = log ammonium; LogSO3 = log sulphide; LogSiO3 = log silicate; LogPO4 = log 
phosphate; LogTA = log total alkalinity; LogTOC = log total organic carbon; LogTH = log total hardness; LogCOD = log 
chemical oxygen demand; LogTSS = log total suspended solids; LogDO = log dissolved oxygen; TDI = trophic diatom 
index; IBD = biological diatom index; GSI1 = generic salinity index; GTI = generic trophic index; GSI2 = generic saprobity 
index

Table 7. Pearson correlation coefficients of physical and chemical parameters and epilithic diatom indices of the Ogun 
River at Abeokuta.
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Limnology - Some New Aspects of Inland Water Ecology50

Parameters TDI %Motile taxa IBD GSI1 GTI GSI2

LogWT 0.068 −0.416 −0.120 0.187 −0.298 −0.251

pH −0.153 −0.295 −0.268 0.383 −0.003 0.161

LogCOND 0.055 0.341 −0.035 −0.301 −0.199 −0.073

LogTDS 0.081 0.372 0.003 −0.295 −0.196 −0.070

LogTRANS −0.101 −0.495 −0.239 0.322 −0.098 −0.014

LogFe 0.261 −0.168 −0.041 −0.040 −0.148 −0.515*

LogNO2 −0.205 −0.138 0.512* 0.362 −0.031 −0.146

LogNO3 0.443 −0.228 −0.090 −0.554* −0.488 −0.236

LogMn 0.404 −0.342 −0.233 0.025 0.132 −0.107

LogNH4 0.206 −0.466 −0.046 −0.345 −0.394 −0.513*

LogSO3 0.397 −0.376 −0.276 −0.206 −0.257 −0.333

LogSiO3 0.508* 0.058 0.167 −0.470 −0.379 −00.069

LogPO4 0.109 −0.322 0.033 0.013 −0.222 −0.240

LogCl .a .a .a .a .a .a

LogTA −0.280 0.079 −0.038 0.098 0.182 0.281

LogTOC −0.490 0.161 −0.015 0.229 0.363 0.221

LogTH −0.089 −0.042 0.244 0.121 0.060 −0.502*

LogCOD 0.406 0.185 0.279 0.273 −0.106 −0.217

LogTSS 0.253 −0.099 −0.095 0.361 0.099 0.013

LogDO −0.009 0.107 0.101 −0.133 −0.210 −0.400

TDI 1 −0.181 −0.187 −0.374 −0.206 −0.130

%Motile taxa −0.181 1 0.429 −0.189 −0.162 −0.090

IBD −0.187 0.429 1 0.034 0.033 0.067

GSI1 −0.374 −0.189 0.034 1 0.424 0.225

GTI −0.206 −0.162 0.033 0.424 1 0.716**

GSI2 −0.130 −0.090 0.067 0.225 0.716** 1

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).
LogWT = log water temperature; pH = hydrogen ion concentration; LogCOND = log electrical conductivity; LogTDS = log 
total dissolved solids; LogTRANS = log water transparency; LogFe = log iron; LogNO2 = log nitrite; LogNO3 = log nitrate;  
LogMn = log manganese; Log NH4 = log ammonium; LogSO3 = log sulphide; LogSiO3 = log silicate; LogPO4 = log 
phosphate; LogTA = log total alkalinity; LogTOC = log total organic carbon; LogTH = log total hardness; LogCOD = log 
chemical oxygen demand; LogTSS = log total suspended solids; LogDO = log dissolved oxygen; TDI = trophic diatom 
index; IBD = biological diatom index; GSI1 = generic salinity index; GTI = generic trophic index; GSI2 = generic saprobity 
index

Table 7. Pearson correlation coefficients of physical and chemical parameters and epilithic diatom indices of the Ogun 
River at Abeokuta.
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3.3. Relationship between physical and chemical parameters and epilithic diatom 
indices

Table 7 shows the Pearson correlation coefficients of physical and chemical parameters and 
epilithic diatom indices of the Ogun River at Abeokuta. Physical and chemical parameters 
and epilithic diatom indices exhibited the following relationship pattern: trophic diatom 
index was positively correlated with silicate (r = 0.508; p < 0.05). Biological diatom index was 
positively correlated with nitrite (r = 0.512; p < 0.05). Generic salinity index was negatively 
correlated with nitrate (r = −0.554; p < 0.05). Generic trophic index was positively correlated 
with generic saprobity index (r = 0.716; p < 0.01). Generic saprobity index was negatively 
correlated with iron (r = −0.515; p < 0.05), ammonium (r = −0.513; p < 0.05) and total hardness 
(r = −0.502; p < 0.05).

4. Discussion

Diatoms have been shown through research to be used as alternative/supplementary 
means of water quality assessment due to the specific water quality tolerance each spe-
cies portend [4, 75–76]. They are sensitive and strongly respond to physicochemical and 
biological changes [77]. More so, the use of diatoms in water quality assessment is cheaper 
than routine chemical analyses and directly shows the impact of pollution on the aquatic 
biota [23].

The range of values got from this study on the physical and chemical parameters was 
comparable with those reported by previous studies except for pH which was more basic 
and total hardness which was relatively lower than the range of values previously reported 
[44, 45, 53–60].

A total of 61 diatom species were identified in this study. Caloneis bacillum emerged with the 
highest total count (cells mL−1) followed by Coscinodiscus rothii and Campylodiscus clypeus. The 
dominance of Caloneis bacillum has also been reported in Lake Tanganyika by Cocquyt [78]. 
Caloneis bacillum has been reported by Ali et al. [79] to be present in Upper Dilimi River in 
Jos. Caloneis bacillum has also been reported to be dominant by Compere [80] at the fourth 
sampling site of the Red Sea Hills in north-eastern Sudan.

Following the ecological indicator values reported by Van dam et al. [71], Caloneis bacillum 
occurs mainly in water bodies but is sometimes found in wet environments. It is a nitrogen-
autotrophic taxa, tolerating very small amounts of organically bound nitrogen with fairly 
high oxygen requirements (>75% saturation). It is rarely found in large numbers in rivers 
[81]. Caloneis bacillum is alkaliphilous mainly occurring in fresh brackish waters with pH > 7, 
chloride levels <500 mg L−1 and salinity <0.9%. Caloneis bacillum is meso-eutraphentic and 
β-mesosaprobous, thereby falling under water quality class II [71]. It has also been reported 
to be ubiquitous [82].

The dominance of Caloneis bacillum in this study was therefore indicative of moderate 
pollution.
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All the diatom indices (TDI, IBD, GSI1, GSI2, GTI) differed in their ranking of the water qual-
ity of the Lower Ogun River at Abeokuta. However, the generic diatom indices (GSI1, GSI2, 
GTI) were quite similar in their water quality ranking. This misalliance is explained by the 
global nature of indices, which try to evaluate the general state of water quality and not only 
the trophic degree [83, 84].

The trophic diatom index (TDI) showed that during the study period, the river water was in 
most cases poor and moderate (there was a tie in frequency of occurrence) in terms of quality. 
However, the biological diatom index (IBD) showed that the river water was in most cases 
moderate in terms of quality.

The generic salinity index (GSI1) showed that the river water was in most cases high in terms 
of quality during the study period. This salinity classification was calculated based on the 
tolerance of diatoms to salinity.

The generic trophic index (GTI) ranked the river water during the study period as being in 
most cases high in terms of quality. This trophic classification was calculated based on the 
tolerance of diatoms to the trophic state of the aquatic ecosystem. According to Naumann [85] 
as cited by Van dam et al. [71], variations in trophic state are usually as a result of variations in 
concentration of inorganic nitrogen and phosphorus compounds. There are however various 
concepts regarding trophic state. For this reason, water quality assessment based on trophic 
state was rather qualitative.

The generic saprobity index (GSI2) showed that the river water was in most cases high in 
terms of quality during the study period. The saprobity classification was calculated based 
on the indicator properties of diatoms to the presence of biodegradable organic matter and 
oxygen concentrations in the aquatic ecosystem [71].

Diatom species react distinctly to varying physical and chemical parameters. They are sensi-
tive to change in nutrient concentrations, supply rates and silica/phosphate ratios. Each taxon 
has a specific optimum and tolerance for nutrients such as phosphate and nitrogen, and this 
is usually quantifiable [4].

The following deductions were made from the relationship between physical and chemical 
parameters and epilithic diatom indices: As trophic diatom index (TDI) scores increased, the 
concentration of silicates increased. This shows that the increases and decreases in concentra-
tion of silicates in the river water supported the concomitant increase and decrease in TDI 
scores. This result corroborated Reynolds [86] as cited by Gbadebo et al. [87] who observed 
that silica plays an important role in the ecology of aquatic systems as it is an essential element 
for diatom existence comprising 26–69% of its cellular dry weight. This study did not observe 
correlations between TDI and pH as observed by Tan et al. [88] in South-East Queensland 
River, Australia. This study did not also observe correlations between TDI and total phos-
phates as observed by Vilbaste [89].

It was observed that biological diatom index (IBD) increased as the concentration of nitrites 
increased. This shows that nitrite influenced the diatoms of the aquatic ecosystem which was 
evidenced in the IBD scores. Nitrites are one of the nutrients that favour the growth of diatoms. 
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3.3. Relationship between physical and chemical parameters and epilithic diatom 
indices

Table 7 shows the Pearson correlation coefficients of physical and chemical parameters and 
epilithic diatom indices of the Ogun River at Abeokuta. Physical and chemical parameters 
and epilithic diatom indices exhibited the following relationship pattern: trophic diatom 
index was positively correlated with silicate (r = 0.508; p < 0.05). Biological diatom index was 
positively correlated with nitrite (r = 0.512; p < 0.05). Generic salinity index was negatively 
correlated with nitrate (r = −0.554; p < 0.05). Generic trophic index was positively correlated 
with generic saprobity index (r = 0.716; p < 0.01). Generic saprobity index was negatively 
correlated with iron (r = −0.515; p < 0.05), ammonium (r = −0.513; p < 0.05) and total hardness 
(r = −0.502; p < 0.05).

4. Discussion

Diatoms have been shown through research to be used as alternative/supplementary 
means of water quality assessment due to the specific water quality tolerance each spe-
cies portend [4, 75–76]. They are sensitive and strongly respond to physicochemical and 
biological changes [77]. More so, the use of diatoms in water quality assessment is cheaper 
than routine chemical analyses and directly shows the impact of pollution on the aquatic 
biota [23].

The range of values got from this study on the physical and chemical parameters was 
comparable with those reported by previous studies except for pH which was more basic 
and total hardness which was relatively lower than the range of values previously reported 
[44, 45, 53–60].

A total of 61 diatom species were identified in this study. Caloneis bacillum emerged with the 
highest total count (cells mL−1) followed by Coscinodiscus rothii and Campylodiscus clypeus. The 
dominance of Caloneis bacillum has also been reported in Lake Tanganyika by Cocquyt [78]. 
Caloneis bacillum has been reported by Ali et al. [79] to be present in Upper Dilimi River in 
Jos. Caloneis bacillum has also been reported to be dominant by Compere [80] at the fourth 
sampling site of the Red Sea Hills in north-eastern Sudan.

Following the ecological indicator values reported by Van dam et al. [71], Caloneis bacillum 
occurs mainly in water bodies but is sometimes found in wet environments. It is a nitrogen-
autotrophic taxa, tolerating very small amounts of organically bound nitrogen with fairly 
high oxygen requirements (>75% saturation). It is rarely found in large numbers in rivers 
[81]. Caloneis bacillum is alkaliphilous mainly occurring in fresh brackish waters with pH > 7, 
chloride levels <500 mg L−1 and salinity <0.9%. Caloneis bacillum is meso-eutraphentic and 
β-mesosaprobous, thereby falling under water quality class II [71]. It has also been reported 
to be ubiquitous [82].

The dominance of Caloneis bacillum in this study was therefore indicative of moderate 
pollution.
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All the diatom indices (TDI, IBD, GSI1, GSI2, GTI) differed in their ranking of the water qual-
ity of the Lower Ogun River at Abeokuta. However, the generic diatom indices (GSI1, GSI2, 
GTI) were quite similar in their water quality ranking. This misalliance is explained by the 
global nature of indices, which try to evaluate the general state of water quality and not only 
the trophic degree [83, 84].

The trophic diatom index (TDI) showed that during the study period, the river water was in 
most cases poor and moderate (there was a tie in frequency of occurrence) in terms of quality. 
However, the biological diatom index (IBD) showed that the river water was in most cases 
moderate in terms of quality.

The generic salinity index (GSI1) showed that the river water was in most cases high in terms 
of quality during the study period. This salinity classification was calculated based on the 
tolerance of diatoms to salinity.

The generic trophic index (GTI) ranked the river water during the study period as being in 
most cases high in terms of quality. This trophic classification was calculated based on the 
tolerance of diatoms to the trophic state of the aquatic ecosystem. According to Naumann [85] 
as cited by Van dam et al. [71], variations in trophic state are usually as a result of variations in 
concentration of inorganic nitrogen and phosphorus compounds. There are however various 
concepts regarding trophic state. For this reason, water quality assessment based on trophic 
state was rather qualitative.

The generic saprobity index (GSI2) showed that the river water was in most cases high in 
terms of quality during the study period. The saprobity classification was calculated based 
on the indicator properties of diatoms to the presence of biodegradable organic matter and 
oxygen concentrations in the aquatic ecosystem [71].

Diatom species react distinctly to varying physical and chemical parameters. They are sensi-
tive to change in nutrient concentrations, supply rates and silica/phosphate ratios. Each taxon 
has a specific optimum and tolerance for nutrients such as phosphate and nitrogen, and this 
is usually quantifiable [4].

The following deductions were made from the relationship between physical and chemical 
parameters and epilithic diatom indices: As trophic diatom index (TDI) scores increased, the 
concentration of silicates increased. This shows that the increases and decreases in concentra-
tion of silicates in the river water supported the concomitant increase and decrease in TDI 
scores. This result corroborated Reynolds [86] as cited by Gbadebo et al. [87] who observed 
that silica plays an important role in the ecology of aquatic systems as it is an essential element 
for diatom existence comprising 26–69% of its cellular dry weight. This study did not observe 
correlations between TDI and pH as observed by Tan et al. [88] in South-East Queensland 
River, Australia. This study did not also observe correlations between TDI and total phos-
phates as observed by Vilbaste [89].

It was observed that biological diatom index (IBD) increased as the concentration of nitrites 
increased. This shows that nitrite influenced the diatoms of the aquatic ecosystem which was 
evidenced in the IBD scores. Nitrites are one of the nutrients that favour the growth of diatoms. 
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This result was supported by Kalyoncu and Şerbetci [1] who reported significant correlations 
between IBD, dissolved oxygen, temperature, conductivity, ammoniacal nitrogen, nitrite 
nitrogen and phosphate phosphorus. This result was also corroborated by Vilbaste [89] who 
reported significant correlations of IBD with water temperature, pH, total phosphate, nitrite 
nitrogen and ammoniacal nitrogen. This study however did not observe correlations between 
IBD and pH as observed by Tan et al. [88] in Upper Han River, China.

The lack of significant relationship between TDI, IBD, electrical conductivity and total dis-
solved solids was supported by the observation of Eassa [90] who reported that TDI showed 
no significant correlation with any physicochemical parameters and/or percentages of eutro-
phic species. This however did not corroborate Solak et al. [91] who reported negative correla-
tions between TDI, electrical conductivity and total dissolved solids.

The relative abundance of motile diatom taxa in this study did not exhibit significant relation-
ship with the physical and chemical parameters.

The relationship between the generic salinity index (GSI1) scores and the concentration of 
nitrates in the river water signified that increases in nitrate contributed to reduction in GSI1 
scores, whereas no significant relationship was observed between generic trophic index (GTI) 
scores and physical and chemical parameters except with generic saprobity index (GSI2) scores. 
Also, generic saprobity index (GSI2) scores decreased as iron, ammonium and total hardness 
increased but increased with increasing GTI scores.

These results show that there was a close relationship between physical and chemical param-
eters and diatom-based indices. This is agreed with Bere et al. [40] who applied the indices to 
urban streams in Zimbabwe. The lack of significant correlation observed between electrical 
conductivity and the diatom indices in this study was not in agreement with the work of 
Stancheva et al. [26] who reported high negative correlation.

5. Conclusion

The diatom indices except the relative abundance of motile taxa were moderately correlated 
with physical and chemical parameters indicating their effectiveness in water quality ranking.

The water quality of the Ogun River during the study period as elucidated from the diatom 
indices ranged between bad and high qualities. Trophic diatom index (TDI) served as an indi-
cator of silicates, biological diatom index (IBD) was an indicator of nitrites, generic salinity 
index (GSI1) was an indicator of nitrates and generic saprobity index (GSI2) was an indicator 
of iron, ammonium and total hardness. It can be concluded that trophic diatom index, biologi-
cal diatom index, generic salinity index and generic saprobity index can be utilized in water 
quality assessment.

Limitations on the use of diatom indices in Nigeria include insufficient information on the 
autecology of diatom species in Nigeria. It is therefore recommended that the ecology of 
diatoms in Nigeria should be studied in detail in order to provide information on taxon-
omy, nomenclature, autecology, sensitivities and tolerance levels of diatoms to pollution in 
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Nigerian waters. Also, diatom keys, identification guides and diatom-based indices specific 
to water bodies in Nigeria should be developed just as is done in other regions of the world.
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This result was supported by Kalyoncu and Şerbetci [1] who reported significant correlations 
between IBD, dissolved oxygen, temperature, conductivity, ammoniacal nitrogen, nitrite 
nitrogen and phosphate phosphorus. This result was also corroborated by Vilbaste [89] who 
reported significant correlations of IBD with water temperature, pH, total phosphate, nitrite 
nitrogen and ammoniacal nitrogen. This study however did not observe correlations between 
IBD and pH as observed by Tan et al. [88] in Upper Han River, China.

The lack of significant relationship between TDI, IBD, electrical conductivity and total dis-
solved solids was supported by the observation of Eassa [90] who reported that TDI showed 
no significant correlation with any physicochemical parameters and/or percentages of eutro-
phic species. This however did not corroborate Solak et al. [91] who reported negative correla-
tions between TDI, electrical conductivity and total dissolved solids.

The relative abundance of motile diatom taxa in this study did not exhibit significant relation-
ship with the physical and chemical parameters.

The relationship between the generic salinity index (GSI1) scores and the concentration of 
nitrates in the river water signified that increases in nitrate contributed to reduction in GSI1 
scores, whereas no significant relationship was observed between generic trophic index (GTI) 
scores and physical and chemical parameters except with generic saprobity index (GSI2) scores. 
Also, generic saprobity index (GSI2) scores decreased as iron, ammonium and total hardness 
increased but increased with increasing GTI scores.

These results show that there was a close relationship between physical and chemical param-
eters and diatom-based indices. This is agreed with Bere et al. [40] who applied the indices to 
urban streams in Zimbabwe. The lack of significant correlation observed between electrical 
conductivity and the diatom indices in this study was not in agreement with the work of 
Stancheva et al. [26] who reported high negative correlation.

5. Conclusion

The diatom indices except the relative abundance of motile taxa were moderately correlated 
with physical and chemical parameters indicating their effectiveness in water quality ranking.

The water quality of the Ogun River during the study period as elucidated from the diatom 
indices ranged between bad and high qualities. Trophic diatom index (TDI) served as an indi-
cator of silicates, biological diatom index (IBD) was an indicator of nitrites, generic salinity 
index (GSI1) was an indicator of nitrates and generic saprobity index (GSI2) was an indicator 
of iron, ammonium and total hardness. It can be concluded that trophic diatom index, biologi-
cal diatom index, generic salinity index and generic saprobity index can be utilized in water 
quality assessment.

Limitations on the use of diatom indices in Nigeria include insufficient information on the 
autecology of diatom species in Nigeria. It is therefore recommended that the ecology of 
diatoms in Nigeria should be studied in detail in order to provide information on taxon-
omy, nomenclature, autecology, sensitivities and tolerance levels of diatoms to pollution in 
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Nigerian waters. Also, diatom keys, identification guides and diatom-based indices specific 
to water bodies in Nigeria should be developed just as is done in other regions of the world.
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Abstract

The worldwide study of stream ecosystems remains a topic of great interest, impacting 
methods and concepts critical to the preservation and management of global freshwater 
resources. Stream macroinvertebrates, especially aquatic insects, have served as one of the 
main pillars of inquiry into the structure and function of running water ecosystems. Stream 
macroinvertebrates have been used so extensively for over 100 years because they are 
universally present and abundant, can be readily observed with the unaided eye, (unlike 
algae and microbes) and are much less mobile than fish which can easily move to totally 
new locations. Although taxonomic identification has been the basis of analysis of stream 
macroinvertebrates, functional analysis now offers an additional tool that allows much 
more rapid analysis that can be accomplished in the field using simpler methodology.

Keywords: streams, macroinvertebrates, functional feeding groups, foods of stream 
invertebrates, surrogates for ecosystem attributes

1. Introduction

In 1970, Robert Pennak, the preeminent freshwater invertebrate biologist, held that the basic 
unit of all stream ecology studies should be species level taxonomy (personal communica-
tion). This view was shared by essentially all stream ecologists of the day. Given the condi-
tion of many stream ecosystems and the taxonomy of aquatic insects then and now [1] that 
was, and is, a severe impediment to the advancement of research on streams. An alternative 
approach, based on macroinvertebrate functional analysis, coupled with higher order tax-
onomy (family or, if possible, genus) was proposed to facilitate addressing stream ecosystem 
research questions [2, 3]. This functional analysis focuses on adaptations used by freshwater 
macroinvertebrates to acquire their food. In this approach, seven functional feeding groups 
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Abstract

The worldwide study of stream ecosystems remains a topic of great interest, impacting 
methods and concepts critical to the preservation and management of global freshwater 
resources. Stream macroinvertebrates, especially aquatic insects, have served as one of the 
main pillars of inquiry into the structure and function of running water ecosystems. Stream 
macroinvertebrates have been used so extensively for over 100 years because they are 
universally present and abundant, can be readily observed with the unaided eye, (unlike 
algae and microbes) and are much less mobile than fish which can easily move to totally 
new locations. Although taxonomic identification has been the basis of analysis of stream 
macroinvertebrates, functional analysis now offers an additional tool that allows much 
more rapid analysis that can be accomplished in the field using simpler methodology.

Keywords: streams, macroinvertebrates, functional feeding groups, foods of stream 
invertebrates, surrogates for ecosystem attributes

1. Introduction

In 1970, Robert Pennak, the preeminent freshwater invertebrate biologist, held that the basic 
unit of all stream ecology studies should be species level taxonomy (personal communica-
tion). This view was shared by essentially all stream ecologists of the day. Given the condi-
tion of many stream ecosystems and the taxonomy of aquatic insects then and now [1] that 
was, and is, a severe impediment to the advancement of research on streams. An alternative 
approach, based on macroinvertebrate functional analysis, coupled with higher order tax-
onomy (family or, if possible, genus) was proposed to facilitate addressing stream ecosystem 
research questions [2, 3]. This functional analysis focuses on adaptations used by freshwater 
macroinvertebrates to acquire their food. In this approach, seven functional feeding groups 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Functional 
feeding groups 
(FFG)

Examples of taxa Adaptations for acquiring food resources

Scrapers (SC) Ephemeroptera: Heptageniidae,

Ephemerellidae Drunella

Trichoptera: Uenoidae, 
Glossosomatidae

Helicopsychidae, Psychomyiidae

Hemiptera: Corixidae

Coleoptera (larvae): Psephenidae, 
Elmidae

Gastropoda

Mandibles with knife-like leading edge in aquatic insects, 
and file-like radula in Mollusca that removes attached 
algae; in Ephemeroptera, alga removal may be assisted by 
front legs

Algal piercers 
(APR)

Trichoptera: Hydroptilidae Piercing mouth parts that suck contents from individual 
algal cells

Detrital shredders 
(DSH)

Plecoptera: Pteronarcyidae, 
Nemouridae,

Capniidae, Peltoperlidae, 
Leuctridae,

Taeniopterygidae

Trichoptera: Limnephilidae, 
Calamoceratidae,

Lepidostomatidae

Tipulidae: Tipula

Crustacea: Amphipoda, Isopoda, 
Decapoda

Chewing mouthparts, selection for softest portions of 
conditioned (colonized by microbes, especially aquatic 
hyphomycete fungi) vascular plant tissue

Gathering 
collectors (GC)

Ephemeroptera: Baetidae, 
Leptophlebiidae,

Ephemerellidae, Tricorythidae, 
Caenidae

Trichoptera: Leptoceridae, 
Odontoceridae

Coleoptera: Elmidae (larvae), 
Hydrophilidae (adults)

Diptera: Chironomidae 
Chironomini,

Orthocladiinae

Oligochaeta

Non-specialized mouth part morphology that facilitates 
sweeping fine FPOM into the mouth

Filtering 
collectors (FC)

Ephemeroptera: Isonychiidae

Trichoptera: Hydropsychidae, 
Philopotamidae,

Polycentropidae

Diptera: Simuliidae, Chironomidae, 
Tanytarsini

Mollusca: Sphaeriidae, Unionidae

Filtering fans or setae on front legs or silk nets or strands 
that trap FPOM from the passing water column
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(FFG) usually are coupled with their seven food categories. The relative abundance of the 
food categories matches with the relative abundance of the FFGs that utilize those food cat-
egories (Table 1) [1, 3–6].

Therefore, by identifying a limited number of food categories supporting stream macroin-
vertebrates it is possible to arrive at the morphological and behavioral adaptations generally 
shared by groups of taxa (FFG) that are adapted to acquire each of the food resource catego-
ries [7].

2. Functional groups (FFG) and food categories

Stream macroinvertebrate FFGs are listed below and summarized in Table 1.

1. Scrapers (SC) have morphological-behavioral adaptations that enable them to scrape non-
filamentous attached algae from substrates (coarse sediments, wood, or stems of rooted 
aquatic vascular plants) in streams or lake littoral zones.

2. Detrital shredders (DSH) are adapted to feed on terrestrial plant litter (coarse particulate 
organic matter (CPOM), primarily leaves or needles that have been entrained in the stream 
and conditioned (colonized by) microbes, especially aquatic hyphomycete fungi.

3. Gathering collectors (GC) have very generalized adaptations used to feed on fine particu-
late organic matter (FPOM) of particle size less than 1 mm FPOM) which they sweep up 

Functional 
feeding groups 
(FFG)

Examples of taxa Adaptations for acquiring food resources

Herbivore 
shredders (HSH)

Lepidoptera: Crambidae, Noctuidae

Coleoptera: Cocinellidae Galerocella

Chewing moth parts and crochets (Lepidoptera) that hold 
plant in place while feeding

Predators (P) Plecoptera: Perlidae, Perlodidae

Trichoptera: Rhyacophilidae

Odonata: Anisoptera, Zygoptera

Megaloptera: Corydalidae, Sialidae

Hemiptera: Belastomatidae, 
Naucoridae,

Coleoptera: Dytiscidae, 
Hydrophilidae (larvae), Dytiscidae 
(adults)

Diptera: Tipulidae, Tabanidae, 
Empididae,

Chironomidae, Tanypodinae

Crushing, piercing or grasping moth parts and/or front 
legs; active, with large eyes or ambush predators; with 
swimming hind legs, crawling legs or welts or prolegs

Categories based on morphological and behavioral adaptations for acquiring specific food categories [1, 3–5].

Table 1. Macroinvertebrate functional feeding groups (FFG).
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from depositional areas or crevices in flowing or turbulent where it has settled or been 
entrained.

4. Filtering collectors (FC) have adaptations that allow them to capture FPOM from the pass-
ing water in streams or resuspension by turbulence in lakes using morphological struc-
tures or silk capture nets.

5. Herbivore shredders (HSH) are adapted to feed on live rooted aquatic plants, primarily 
the leaves.

6. Herbivore piercers (HPCR) are adapted to pierce individual filamentous algal cells and 
suck out the cell contents (primarily Trichoptera, Hydroptilidae).

7. Predators (P) are adapted to catch and consume live prey by engulfing the prey or piercing 
and extracting the prey hemolymph.

Most genera of North American aquatic insects have been assigned to FFG categories in tables 
that appear after each taxonomic chapter in [1].

Parallel or convergent evolution has endowed differing taxonomic groups with similar mor-
phological (e. g. mandible structure) and behavioral (e. g. net spinning and case construction) 
adaptations for acquiring a given food resource.

An example is the similar mandible structure found in larvae of four different scrapers (SC); 
three caddisfly (Trichoptera) genera representing three different families and one beetle 

Figure 1. Mandible structure of algal scrapers (SC) in four different taxa: Three Trichoptera genera: (A) Glossosoma, (B) 
Helicopsyche, (C) Neophylax in different families and a Coleoptera genus (D) Psephenus. All have scraper leading edges 
and basal setae to aid in retention and passage into the mouth of the removed algae. Modified from [8].
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(Coleoptera) genus, Psephenus, in the Family Elmidae are shown in Figure 1 [8]. All the man-
dibles have a knife-like leading edge which, when drawn across a rock or wood surface 
towards the mouth and remove attached algae. This material is contained and directed into 
the mouth by basil setae Figure 1. A further example is found in the mandibles of wood 
gouging detrital shredders (HSH) shown in Figure 2 [9]. Three different genera in three dif-
ferent families and orders are represented. The mandibles of these wood shredder aquatic 
insects are all three-toothed, scooped-shaped with basal setae. The mandibles are used to 
gouge grooves in the surface of wood entrained in a stream, ingest it and digest the microbes 
present that are the source of their nutrition. This poor quality food resource results in longer 

Figure 2. Mandible structure of three wood gouger shredders (DSH) genera representing three different insect orders. (A) 
Trichoptera Heteroplectron, (B) Coleoptera Lara, (C) Diptera Lipsothrix. All have three teeth and are scoop-shaped with 
basal setae that aid in retention and passage into the mouth of the removed wood fragments and contained microbes [9].
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Figure 3. Gut analyses of each of the five instars, and the overall average of larvae of the Trichoptera species Glossosoma 
nigrior form two different streams. (A) Linesville creek, a second order stream in Pennsylvania, USA, with diatom 
dominated periphyton (average of all five instars = 98.4% algae) and (B) Augusta creek, a second order stream in 
Michigan, USA, with a detritus dominated periphyton (average of all five instars = 74.1% detritus) [9].

life cycles, especially the larvae of the beetle Lara that requires 5 years to mature. Often, Lara 
is found on long term stable large wood habitat in northwest, old growth conifer bordered 
streams [10, 11].

Many FFGs are restricted to a single mode of feeding. These obligate taxa maintain the same 
FFG mode of feeding, independent of the quality of the food being harvested [12]. A mea-
sure of the match between the FFG and the harvested food resource can be described by 
the efficiency of the conversion of food ingested to growth [4]. An example is the caddisfly 
Glossosoma nigrior (Trichoptera Glossosomatidae) [12]. Analysis of gut contents of two popula-
tions of G. nigrior occurring in two different streams, where they both fed as FFG scrapers, 
revealed that the ingested food differed significantly through all five instars of the growth 
period (Figure 3) [9]. The G. nigrior population in the stream that provided good non-fila-
mentous algal periphyton had gut contents totally dominated by algae. The pre-pupae in this 
population achieved significantly higher final dry biomass than the other population which 
had gut contents dominated by detritus. This second stream was in a canopy closed forest in 
which the rock surfaces were covered with fine detritus with little or no algal periphyton. The 
gut analysis method involving the use of Millipore™ filters is described in [13].

Facultative FFG taxa are not as fixed with regard to adaptations for acquiring food. The added 
flexibility in feeding allows for survival in a wider range of habitats that offer more food types 
but the conversion of ingested food to growth is less efficient than in obligate taxa. In their 
early instars, the majority of taxa are facultative generalists feeding on detritus, even preda-
tors like the megalopteran Nigronia [14].

A picture key to stream macroinvertebrate FFGs appears as an Appendix in [5].

Stream macroinvertebrate FFG food categories are listed below and described in Table 2 [4, 5].
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1. Attached non-filamentous algae, primarily diatoms but also green or red algae.

2. Terrestrial plant litter (CP)M) entrained in the stream and colonized and conditioned by 
microbes.

3. Depositional FPOM on fine sediments in pools, stream margins or under or in crevices in 
coarse sediments in the current.

4. Suspended FPOM transported in the water column or suspended by turbulence.

5. Living rooted vascular aquatic plants.

6. Filamentous green algae.

7. Live prey.

3. Similar FFG adaptations in different taxa

Noel Hynes, arguably the premier stream ecologist of the last 60 years, observed that he 
could “turn over a rock in any clean stream the world over and recognize familiar aquatic 

Functional 
feeding groups 
(FFG)

Foods and descriptions Typical habitats

Scrapers (SC) Periphyton: single cells or colonies of non-
filamentous algae, especially diatoms, attached 
to the substrate with loosely associated FPOM, 
microbes, and/or micro-arthropods

Stream riffles and runs, lake wave-swept 
shore lines, or rooted vascular aquatic plant 
beds

Algal piercers 
(APR)

Filamentous algae: green, blue green, or red algae Riffles, pools, stream margins or back waters 
where ever filamentous algae occurs.

Detrital 
shredders (DSH)

CPOM: riparian vascular plant litter conditioned in 
the water (colonized by aquatic hyphomycete fungi 
and bacteria). Micro-arthropods may be present

Plant litter accumulations against 
obstructions in the current (leaf packs) or 
settled in pools and on the bottom in lake 
plant beds

Gathering 
collectors (GC)

FPOM: organic particles surface colonized by 
bacteria or mineral particles with organic coating

Pools and other depositional areas in 
streams and lakes

Filtering 
collectors (FC)

FPOM: same as above Particles suspended in the current or by 
wave action

Herbivore 
shredders (HSH)

Plant beds: live rooted aquatic vascular plants Any stream or lake habitats where plant 
beds grow

Predators (P) Prey: live aquatic invertebrates in the size range 
that can be captured by a predator

Essentially all stream and lake habitats 
where prey are found

After [4, 5]. FPOM is fine particulate organic matter of particle size <1 mm. CPOM is coarse particulate organic matter 
of particle size >1 mm.

Table 2. Macroinvertebrate functional feeding groups (FFG) food categories they are adapted to acquire and typical 
habitats where the food resources will be found.
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insects, but they were all in different families” (personal communication). An example is 
the very similar dorsal-ventrally flattened body form of a North American scraper mayfly 
(Ephemeroptera, Heptageniidae) and a Brazilian mayfly (Ephemeroptera, Leptophlebiidae) 
(Figure 4) [9, 15]. Both these scrapers primarily use the mandibles to remove attached peri-
phytic algae from rock surfaces. The mandibles of different taxa functioning as scrapers are 
similar: a cutting ventral edge with basal setae that keep the algae confined as it is moved into 
the mouth (Figure 1). Another example of similar feeding structures was described above for 
wood-gouging shredders belonging to different taxa (Figure 2). All these examples represent 
parallel or convergent evolution resulting in differing taxa being adapted to acquire the same 
food resource type.

The FFG of a given taxon can vary with age (instar in aquatic insects). There is evidence 
that essentially all aquatic insects are gathering collectors in the first (and second in some) 
instars. For example, Petersen [14] documented through gut analysis that the first instar of the 
predaceous megalopteran Nigronia serricornis (Corydalidae) fed on FPOM as a gathering col-
lector. Taxa can also switch FFG as they progress through the growth period. The limnephilid 
caddisfly (Trichoptera) Pycnopsyche lepida switches from feeding on conditioned CPOM leaf 
litter as a detrital shredder in the first four instars to a scraper in the fifth (final) instar. This 
transition is readily discernable because in the first four instars the larvae construct an organic 
case made of leaf sections and fine sticks that are readily available in the litter accumulations 
where the larvae occur. In the fifth instar the larvae move into fast water where the feed by 
scraping periphytic algae from cobbles in flowing water. At that time, the larvae convert to 
heavier mineral cases [15, 16].

4. Benefits of FFG analysis

There are two significant benefits in the FFG approach. First, it allows stream macroinverte-
brates collected live in benthic or drift samples to be placed in ecologically relevant catego-
ries using only the level of taxonomy needed to separate them [6]. Simple examples would 
be: all Odonata dragonfly and damselfly nymphs are predators (P) and stone case-bearing 
Trichoptera (caddisfly) larvae are scrapers (SC) while those in organic cases (leaf and stick/
stem material) are detrital shredders (DSH). These examples, in which ordinal taxonomy is 

Figure 4. Two scraper (SC) mayfly nymphs from two different families from two continents. Ephemeroptera: 
(A) Heptageniidae from North America and (B) Ephemeroptera Leptophlebiidae from Brazil. Both nymphs are 
dorsoventrally flattened with the eyes and antennae located dorsally and the scraper mouth parts ventrally positioned 
on the head including the scraper mouth parts [9, 15].
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all that is required, are used in the key given in Merritt et al. [5]. Clearly, the more taxonomic 
resolution the better, but the FFG allows typical volunteer or class groups to gather useful data 
on aquatic ecosystems of local concern. And, importantly, the data can be taken on site using 
live specimens that allow behavioral and color paten traits, that are lost or fade in preserva-
tion, to be used in the evaluation. Furthermore, the collected organisms can be preserved and 
returned to a laboratory, if accessible, when detailed taxonomic determinations are required, 
for example to calculate diversity indices (e. g. see ecological tables in [1]).

The FFG detrital shredders (DSH) are reliably linked to the inputs plant litter from the riparian 
zone [17] that can be studied easily with the use leaf or needle packs which accurately mimic 
how plant litter is naturally processed by fungi and detrital shredders (DHS) in streams [18]. 
These are prepared using leaves or needles of trees that are present in the riparian zone of a 
stream under study (Figure 5) [8, 18]. Dry leaves or needles are weighed into 10 g amounts 
(to nearest 0.01 g) and soaked in warm water until soft (5–10 minutes). When the leaves are 
soft enough to handle so that they do no break, they are gathered into a packs and stapled 
together with the plastic Tees using a Buttoneer™ gun. The needles are threaded into a chain 
on monofilament fishing line (Figures 5 and 6). Each leaf or needle pack is fastened to an 
elastic band of sufficient size so that it can be attached to a common brick (Figure 6). The 
packs, one or two to a brick (Figure 6), are placed in the stream facing into the current to 
simulate the obstructions against which plant litter accumulates in streams in the current. 
It is important that some flow occurs across the surface of the leaves or needles to maintain 
dissolved oxygen levels required by the obligate aerobe aquatic Hyphomycete fungi that colo-
nize the plant material and constitute the major source of the nutrition for detrital shredders 
(DHS) [19]. The leaf pack shown in Figure 6 are hickory leaves that were incubated in a third 
order woodland Michigan stream in October for 2 weeks at 10°C. The effect of the shredder 
feeding is evident. The softer, most heavily fungal colonized portions of the leaf have been 
used [20, 21]. The detrital shredders (DSH) select portions of the leaves or needles that are 
most heavily colonized by aquatic hyphomycete fungi. Specific polyunsaturated lipids of the 
fungi attract the shredders [19].

Figure 5. Leaf packs stapled together with plastic Ts using a Buttoneer™ gun and fastened to an elastic band and 
attached to a common brick prior to placement in a stream (A). The conifer needles are strung on fishing monofilament 
line prior to fastening to an elastic band and attachment to a common brick for placement in a stream (B). Such leaf and 
needle packs can be used as a bioassay for microbial-shredder (DSH) processing of CPOM in a stream ecosystem.
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scraping periphytic algae from cobbles in flowing water. At that time, the larvae convert to 
heavier mineral cases [15, 16].
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There are two significant benefits in the FFG approach. First, it allows stream macroinverte-
brates collected live in benthic or drift samples to be placed in ecologically relevant catego-
ries using only the level of taxonomy needed to separate them [6]. Simple examples would 
be: all Odonata dragonfly and damselfly nymphs are predators (P) and stone case-bearing 
Trichoptera (caddisfly) larvae are scrapers (SC) while those in organic cases (leaf and stick/
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Figure 4. Two scraper (SC) mayfly nymphs from two different families from two continents. Ephemeroptera: 
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all that is required, are used in the key given in Merritt et al. [5]. Clearly, the more taxonomic 
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on aquatic ecosystems of local concern. And, importantly, the data can be taken on site using 
live specimens that allow behavioral and color paten traits, that are lost or fade in preserva-
tion, to be used in the evaluation. Furthermore, the collected organisms can be preserved and 
returned to a laboratory, if accessible, when detailed taxonomic determinations are required, 
for example to calculate diversity indices (e. g. see ecological tables in [1]).

The FFG detrital shredders (DSH) are reliably linked to the inputs plant litter from the riparian 
zone [17] that can be studied easily with the use leaf or needle packs which accurately mimic 
how plant litter is naturally processed by fungi and detrital shredders (DHS) in streams [18]. 
These are prepared using leaves or needles of trees that are present in the riparian zone of a 
stream under study (Figure 5) [8, 18]. Dry leaves or needles are weighed into 10 g amounts 
(to nearest 0.01 g) and soaked in warm water until soft (5–10 minutes). When the leaves are 
soft enough to handle so that they do no break, they are gathered into a packs and stapled 
together with the plastic Tees using a Buttoneer™ gun. The needles are threaded into a chain 
on monofilament fishing line (Figures 5 and 6). Each leaf or needle pack is fastened to an 
elastic band of sufficient size so that it can be attached to a common brick (Figure 6). The 
packs, one or two to a brick (Figure 6), are placed in the stream facing into the current to 
simulate the obstructions against which plant litter accumulates in streams in the current. 
It is important that some flow occurs across the surface of the leaves or needles to maintain 
dissolved oxygen levels required by the obligate aerobe aquatic Hyphomycete fungi that colo-
nize the plant material and constitute the major source of the nutrition for detrital shredders 
(DHS) [19]. The leaf pack shown in Figure 6 are hickory leaves that were incubated in a third 
order woodland Michigan stream in October for 2 weeks at 10°C. The effect of the shredder 
feeding is evident. The softer, most heavily fungal colonized portions of the leaf have been 
used [20, 21]. The detrital shredders (DSH) select portions of the leaves or needles that are 
most heavily colonized by aquatic hyphomycete fungi. Specific polyunsaturated lipids of the 
fungi attract the shredders [19].
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The second benefit of using the FFG approach is that ratios of the number of specimens col-
lected in each FFG category can be used to describe a stream reach and compare it to other 
reaches and other streams (Table 3) [5, 8]. Because these ratios are dimensionless numbers, 
they are relatively independent of sample size. For example, it has been demonstrated that the 
relative number of scrapers collected from one rock in a given stream riffle is not statistically 
different from the collection from five rocks in the same riffle [9]. Some FFG ratios that can 
serve as surrogates for stream ecosystem attributes are summarized in Table 4. Threshold 
ratio values (percentages) have been proposed based on field evaluations that can serve as 

Stream ecosystem attributes Name of FFG 
surrogate ratio

Definition of FFG surrogate ratio

Autotrophic vs. heterotrophic 
energetics

P/R: autotrophy to 
heterotrophy index

Gross primary production compared total community 
respiration (primary production/respiration or P/R)

CPOM vs. FPOM Shredder index CPOM riparian plant litter compared to riparian 
FPOM + FPOM generated within the stream (e. g. 
macroinvertebrate feces, mechanical fragmentation 
microbes, DOM flocculation)

Suspended vs. storage FPOM Filtering collector 
index

Suspended FPOM transported in the current compared to 
FPOM in storage (entrained) in or on the sediments

Stable vs. unstable sediments Habitat stability index Coarse sediments + large wood + bed rock + rooted 
vascular plants compared to small easily moved 
sediments + FPOM

Top down vs. bottom up 
macroinvertebrate communities

Predator top down 
index

Predator regulation of macroinvertebrate communities 
as compared to regulation by in stream primary 
production + detritus support of macroinvertebrate 
communities

Based on [5, 8]. FPOM is fine particulate organic matter of particle size <1 mm, CPOM is coarse particulate organic matter 
of particle size >1 mm, DOM is dissolved organic matter.

Table 3. Use of functional feeding groups (FFG) as surrogates for stream ecosystem attributes.

Figure 6. Deciduous leaf pack after 2 weeks at 10°C in a woodland stream in Michigan. The effect of detrital shredder 
(DSH) feeding s evident. The softer leaf tissues with the greater biomass of aquatic Hyphomycete fungi have been 
consumed before the more lignified leaf veins. The plastic Buttoneer™ Tees that held the leaves together are visible.
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surrogates to ecosystem attributes such as the classification of a stream reach as autotrophic 
(i.e. dependent on in-stream primary production as the primary energy source) vs. heterotro-
phic (dependent on riparian out of steam primary production as the primary energy source) 
(Table 4) [22–25]. This particular ratio (SC + HSH/DSH + SC + FC) is a surrogate for directly 
measured P/R, which is the ratio of gross primary production to total community respiration 
(i. e. including autotrophs). P/R, which is measured by monitoring oxygen levels over time 
across a stream reach or in enclosed in situ chambers [26]. The FFG surrogate P/R ratio is 
strongly influenced by season and like other FFG ratios might require a different threshold 
for spring-summer vs. fall-winter (Table 4).

In the case of detrital shredders (DSH), their presence and abundance depends on the type 
of plant litter inputs and season. If the riparian zone is dominated by deciduous hard woods, 
the inputs are in the fall–winter period. Hardwoods, except oaks, are conditioned rapidly by 
aquatic hyphomycetes and fed on by shredders. Conifers (evergreens) shed foliage primar-
ily in the spring–summer and conditioning by fungi is much slower and shredder feeding is 

Ratio name FFG surrogate ratios Proposed thresholds and 
explanations

Interpretations

Autotrophy-
heterotrophy index

SC + HSH + APC to 
DSH + GC + FC

FFG ratio of >0.75 corresponds to 
a directly measured P/R = 1.00. 
Represents in stream plant (algae 
and vascular) production > than 
riparian plant litter inputs (or total 
respiration of microbes + plants 
and animals)

Stream energetics driven by 
periphytic algal + any vascular 
plant production as compared 
to riparian plant litter inputs

Shredder index DSH + HSH to GC + FC FFG ratio of >0.50 in fall-winter 
or >0.25 in spring-summer. 
Represents CPOM shredder food 
availability > FPOM collector food 
availability

CPOM food support for 
shredders > than FPOM for 
Collectors. Fall-winter litter 
inputs usually >spring-summer 
and condition more rapidly

Filtering collector 
index

FC to GC FFG ratio of >0.50 indicates 
suspended FPOM load > storage 
(entrained) FPOM

FPOM food for collectors at 
higher density and/or better 
quality than storage FPOM

Habitat stability 
index

FC + SC + HSH to 
DSH + GC

FFG ratio of >0.50 indicates that 
stable locations for scraping 
and attachment are in greater 
abundance than shifting unstable 
substrates

Filtering collectors require 
stable locations for attachment 
and construction of capture 
nets and scrapers require 
surfaces that remain in a stable 
position facing up

Top down predator 
index

P to total FFGs Predator to prey ratio 0.10–0.20 to 
total macroinvertebrate population

This level of predator 
population density (or 
biomass) allows for sufficient 
prey to support them. If 
predators >20% probably 
indicates populations of rapid 
turnover (polyvoltine prey 
populations present

Proposed thresholds after [22–25]. SC = scrapers, HSH = herbivore shredders, DSH = detrital shredders, GC = gathering 
collectors, FC = filtering collectors, APC = algal piercers, P = predators.

Table 4. FFG surrogate ratios for stream ecosystem attributes, proposed surrogate ratio thresholds and resulting 
interpretations.
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ratio values (percentages) have been proposed based on field evaluations that can serve as 
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heterotrophy index

Gross primary production compared total community 
respiration (primary production/respiration or P/R)
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Suspended vs. storage FPOM Filtering collector 
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Suspended FPOM transported in the current compared to 
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surrogates to ecosystem attributes such as the classification of a stream reach as autotrophic 
(i.e. dependent on in-stream primary production as the primary energy source) vs. heterotro-
phic (dependent on riparian out of steam primary production as the primary energy source) 
(Table 4) [22–25]. This particular ratio (SC + HSH/DSH + SC + FC) is a surrogate for directly 
measured P/R, which is the ratio of gross primary production to total community respiration 
(i. e. including autotrophs). P/R, which is measured by monitoring oxygen levels over time 
across a stream reach or in enclosed in situ chambers [26]. The FFG surrogate P/R ratio is 
strongly influenced by season and like other FFG ratios might require a different threshold 
for spring-summer vs. fall-winter (Table 4).

In the case of detrital shredders (DSH), their presence and abundance depends on the type 
of plant litter inputs and season. If the riparian zone is dominated by deciduous hard woods, 
the inputs are in the fall–winter period. Hardwoods, except oaks, are conditioned rapidly by 
aquatic hyphomycetes and fed on by shredders. Conifers (evergreens) shed foliage primar-
ily in the spring–summer and conditioning by fungi is much slower and shredder feeding is 

Ratio name FFG surrogate ratios Proposed thresholds and 
explanations

Interpretations

Autotrophy-
heterotrophy index

SC + HSH + APC to 
DSH + GC + FC

FFG ratio of >0.75 corresponds to 
a directly measured P/R = 1.00. 
Represents in stream plant (algae 
and vascular) production > than 
riparian plant litter inputs (or total 
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Stream energetics driven by 
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to riparian plant litter inputs
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Represents CPOM shredder food 
availability > FPOM collector food 
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CPOM food support for 
shredders > than FPOM for 
Collectors. Fall-winter litter 
inputs usually >spring-summer 
and condition more rapidly

Filtering collector 
index

FC to GC FFG ratio of >0.50 indicates 
suspended FPOM load > storage 
(entrained) FPOM

FPOM food for collectors at 
higher density and/or better 
quality than storage FPOM

Habitat stability 
index

FC + SC + HSH to 
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FFG ratio of >0.50 indicates that 
stable locations for scraping 
and attachment are in greater 
abundance than shifting unstable 
substrates

Filtering collectors require 
stable locations for attachment 
and construction of capture 
nets and scrapers require 
surfaces that remain in a stable 
position facing up

Top down predator 
index

P to total FFGs Predator to prey ratio 0.10–0.20 to 
total macroinvertebrate population

This level of predator 
population density (or 
biomass) allows for sufficient 
prey to support them. If 
predators >20% probably 
indicates populations of rapid 
turnover (polyvoltine prey 
populations present

Proposed thresholds after [22–25]. SC = scrapers, HSH = herbivore shredders, DSH = detrital shredders, GC = gathering 
collectors, FC = filtering collectors, APC = algal piercers, P = predators.

Table 4. FFG surrogate ratios for stream ecosystem attributes, proposed surrogate ratio thresholds and resulting 
interpretations.
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delayed. Prairie Creek in Redwood National Park, California provides an example from an 
old growth conifer forest stream with slow fungal conditioning and delayed detrital shredder 
(DSH) activity (Table 5 [27]). The riparian derived CPOM is largely wood and conifer needles 
which require along conditioning times before shredders begin feeding. This suggests that 
samples taken in December were too early to detect the major shredder activity. The shred-
der caddisfly larvae (Trichoptera: Lepidostoma and Gumaga) and stonefly Nymphs (Plecoptera: 
Peltoperlidae, Capniidae, Leuctridae) that were collected were quite small. The mean dry mass 
per individual, of the 34 individuals collected was 6.6 mg (caddisflies 111 mg, stoneflies 75 mg) 
indicating very early instars. The ratio was low because the biomass of the GC (0.061 mg) plus 
FC (3.35 mg) was much greater. The recommended threshold for conifer old growth forest 
streams should be based samples for February or March. The general 0.50 threshold was based 
on data from deciduous forest streams taken in the fall when the conditioning of the riparian 
litter was sufficient to accommodate expected shredder populations [18].

There is an extensive literature using FFG analyses, for example the numerous references 
cited in the ecological tables that accompany each aquatic insect order in [1]. FFG analyses 
and the ratio method, including proposed thresholds have been used to evaluate Florida 
Rivers. FFGs were used to characterize the un-dammed reach of the Kissimmee River as a 
model for general restoration of the 100 miles of the channelized River [22]. The ratio method 
was employed to characterize the remnant oxbows of the Caloosahatchee River according to 
their ecological attributes and to provide recommendations for preservation and restoration 
of the River’s oxbows [25]. Floodplain (marsh) habitats of the St. John’s River were also evalu-
ated relative to hydrological influences using FFG surrogate ratios to predict the effects of 
water withdrawal from the river [25]. The method also was used to characterize the ecological 
conditions in a wide range of Brazilian streams and rivers [24].

Stream FFG ratios Calculated ratios Proposed thresholds Stream ecosystem 
interpretations

Numbers Dry 
biomass 
(mg)

P/R index: (SC + HSH/DSH = GC = FC) 0.96 0.55 Ratio > 0.75 (autotrophic) SC numbers indicate 
a significant algal 
periphyton based 
autotrophic stream 
ecosystem (significant 
biomass of stonefly and 
caddisfly shredders 
indicate heterotrophic 
system supported by 
riparian plant litter inputs)

CPOM shredder index: (DSH/
GC = FC)

0.15 0.04 Ratio > 0.50 (predicted 
fall–winter shredder 
component)

The predicted range for 
fall–winter shredder 
populations not met.

(supply of sufficiently 
conditioned [colonized by 
microbes] riparian plant 
litter inputs, not adequate)
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5. Conclusions

Proposed in this chapter is the use of the FFG method of analysis to gain rapid and efficient 
insight into macroinvertebrate community composition and fits unction in freshwater eco-
systems. The method should be compatible with a broad level of expertise, from beginner to 

Stream FFG ratios Calculated ratios Proposed thresholds Stream ecosystem 
interpretations

Numbers Dry 
biomass 
(mg)

FPOM suspended load index: (FC/
DSH + GC + FC)

0.14 0.28 Ratio > 0.50 (sufficient 
FPOM to support filtering 
collectors, assuming 
sufficient quality)

The amount, or quality 
(e.g.. organic content) 
of FPOM in suspension 
and transport below 
typical levels to support 
FC populations (this old 
growth conifer forest 
stream dominated by 
slowly processed wood 
and litter likely generated 
only primarily low 
amounts of poor quality 
FPOM; rapid turnover 
deciduous litter from 
big leaf and vine maple 
probably absent)

Channel stability index: 
(SC + FC + HSH/DSH + GC)

1.09 0.96 Ratio > 0.50 (sufficient 
stability to support SC and 
FC populations}

Stable substrates, coarse 
sediments and large 
wood, well above levels 
predicted to support 
surfaces required 
scraping and filtering 
macroinvertebrates (large 
wood in old growth 
forest streams observed to 
provide a long term stable 
habitat)

Top down predator index: (P % of 
total)

0.15 0.21 Ratio > 0.10 < 0.20 
(predicted predator 
top down control of 
macroinvertebrate 
populations)

Both numerical and 
biomass estimates of 
predators fall within 
the expected % r of 
the macroinvertebrate 
community (all the 
expected predators 
present; stoneflies, 
especially the large 
Perlidae, Tipulidae [except 
Tipula], and Tanypodinae 
midges)

Modified from [27].

Table 5. FFG ratio analysis of macroinvertebrate benthic summer samples taken in Prairie Creek winter (December).

Functional Analysis of Stream Macroinvertebrates
http://dx.doi.org/10.5772/intechopen.79913

75



delayed. Prairie Creek in Redwood National Park, California provides an example from an 
old growth conifer forest stream with slow fungal conditioning and delayed detrital shredder 
(DSH) activity (Table 5 [27]). The riparian derived CPOM is largely wood and conifer needles 
which require along conditioning times before shredders begin feeding. This suggests that 
samples taken in December were too early to detect the major shredder activity. The shred-
der caddisfly larvae (Trichoptera: Lepidostoma and Gumaga) and stonefly Nymphs (Plecoptera: 
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per individual, of the 34 individuals collected was 6.6 mg (caddisflies 111 mg, stoneflies 75 mg) 
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streams should be based samples for February or March. The general 0.50 threshold was based 
on data from deciduous forest streams taken in the fall when the conditioning of the riparian 
litter was sufficient to accommodate expected shredder populations [18].

There is an extensive literature using FFG analyses, for example the numerous references 
cited in the ecological tables that accompany each aquatic insect order in [1]. FFG analyses 
and the ratio method, including proposed thresholds have been used to evaluate Florida 
Rivers. FFGs were used to characterize the un-dammed reach of the Kissimmee River as a 
model for general restoration of the 100 miles of the channelized River [22]. The ratio method 
was employed to characterize the remnant oxbows of the Caloosahatchee River according to 
their ecological attributes and to provide recommendations for preservation and restoration 
of the River’s oxbows [25]. Floodplain (marsh) habitats of the St. John’s River were also evalu-
ated relative to hydrological influences using FFG surrogate ratios to predict the effects of 
water withdrawal from the river [25]. The method also was used to characterize the ecological 
conditions in a wide range of Brazilian streams and rivers [24].

Stream FFG ratios Calculated ratios Proposed thresholds Stream ecosystem 
interpretations

Numbers Dry 
biomass 
(mg)

P/R index: (SC + HSH/DSH = GC = FC) 0.96 0.55 Ratio > 0.75 (autotrophic) SC numbers indicate 
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periphyton based 
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biomass of stonefly and 
caddisfly shredders 
indicate heterotrophic 
system supported by 
riparian plant litter inputs)

CPOM shredder index: (DSH/
GC = FC)

0.15 0.04 Ratio > 0.50 (predicted 
fall–winter shredder 
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The predicted range for 
fall–winter shredder 
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(supply of sufficiently 
conditioned [colonized by 
microbes] riparian plant 
litter inputs, not adequate)
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5. Conclusions

Proposed in this chapter is the use of the FFG method of analysis to gain rapid and efficient 
insight into macroinvertebrate community composition and fits unction in freshwater eco-
systems. The method should be compatible with a broad level of expertise, from beginner to 

Stream FFG ratios Calculated ratios Proposed thresholds Stream ecosystem 
interpretations

Numbers Dry 
biomass 
(mg)

FPOM suspended load index: (FC/
DSH + GC + FC)

0.14 0.28 Ratio > 0.50 (sufficient 
FPOM to support filtering 
collectors, assuming 
sufficient quality)

The amount, or quality 
(e.g.. organic content) 
of FPOM in suspension 
and transport below 
typical levels to support 
FC populations (this old 
growth conifer forest 
stream dominated by 
slowly processed wood 
and litter likely generated 
only primarily low 
amounts of poor quality 
FPOM; rapid turnover 
deciduous litter from 
big leaf and vine maple 
probably absent)

Channel stability index: 
(SC + FC + HSH/DSH + GC)

1.09 0.96 Ratio > 0.50 (sufficient 
stability to support SC and 
FC populations}

Stable substrates, coarse 
sediments and large 
wood, well above levels 
predicted to support 
surfaces required 
scraping and filtering 
macroinvertebrates (large 
wood in old growth 
forest streams observed to 
provide a long term stable 
habitat)

Top down predator index: (P % of 
total)

0.15 0.21 Ratio > 0.10 < 0.20 
(predicted predator 
top down control of 
macroinvertebrate 
populations)

Both numerical and 
biomass estimates of 
predators fall within 
the expected % r of 
the macroinvertebrate 
community (all the 
expected predators 
present; stoneflies, 
especially the large 
Perlidae, Tipulidae [except 
Tipula], and Tanypodinae 
midges)

Modified from [27].

Table 5. FFG ratio analysis of macroinvertebrate benthic summer samples taken in Prairie Creek winter (December).
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advanced, and can be conducted stream-side allowing live animals to be released or preserved 
and returned to the lab. If the FFG ratio method is to be used, at least some qualitative obser-
vational data should be recorded: riparian information about the dominant vegetation cover 
(e. g. percent deciduous vs. evergreen) and the % canopy closure; dominant stream habitat 
(riffles vs. pools, coarse vs. fine sediments, % accumulation plant litter such as leaf packs); dis-
charge level relative to bank full (the permanent vegetation line)and general land use observa-
tions (e. g. agricultural or live stock grazing, timber harvest or other human disturbances). 
When conducting FFG analysis it is most useful to collect, and keep separate, samples from 
three types of habitat: Riffles (coarse sediments), pools (fine sediments), and plant litter accu-
mulations. Samples can be taken with timed (e. g. 15 s) D-frame or aquarium net samples. The 
data can be combined later into a “composite” sample, but the relative importance of each 
habitat can be assigned based on the qualitative evaluation of the % stream bottom cover of 
each habitat type. Most importantly, The FFG analysis technique does not foreclose on any 
traditional use of taxonomic analysis of the samples in the laboratory.
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Abstract

The small-scale mining techniques applied all over the Amazon river basin use water from 
streams, including digging and riverbed suctioning, rarely preventing environmental 
impacts or recovery of the impacted areas. As a consequence, thousands of tons of inor-
ganic sediment (which can contain mercury) have been discharged directly into the rivers 
creating sediment plumes that travel hundreds of kilometers downstream with unknown 
consequences to the water quality and aquatic biota. We hypothesize that because of inten-
sification of mining activities in the Brazilian Amazon, clear water rivers such as the Tapajós 
and Xingu rivers and its tributaries are becoming permanently turbid waters (so-called white 
waters in the Amazonian context). To investigate this hypothesis, satellite images have been 
used to monitor the sediment plume caused by gold mining in Amazonian rivers. Given the 
threat of intense water siltation of the Amazonian rivers combined with the technological 
capacity of detecting it from satellite images, the objective of this chapter is to inform the 
main activities carried out to develop a monitoring system for quantifying water siltation 
caused by small-scale gold mining (SSGM) in the Amazon rivers using multi-satellite data.

Keywords: total suspended solids, water quality change, remote sensing

1. Introduction

The Amazon river basin is the largest in the world, draining approximately 7,500,000 km2 and 
discharging 20% of the global riverine waters into the ocean [1]. Within this territory, which 
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includes eight countries in South America (Brazil, Bolivia, Colombia, Ecuador, Guyana, Peru, 
Suriname, and Venezuela), several economic activities are threatening water quality. The 
three activities with the most impact are hydropower dams, agribusiness expansion (defor-
estation) and, mostly, mining activities [2–5]. The political and economic context in Brazil is 
even more concerning, given the construction of several hydropower dams and the recent 
changes in environmental laws to benefit agribusiness and mining activities in the Amazon 
region. With regard to mining, although it usually takes place in small areas compared to 
cattle and soybean production, for example, the environmental impacts such as area degrada-
tion, water siltation, and metal contamination are more severe and intense than those of other 
land use changes [6].

In the Amazon, substantial small-scale gold mining (SSGM) activities started in the 1950s 
at a few sites, called “garimpos.” In the 1980s, encouraged by the high gold price, hun-
dreds of thousands of people migrated to mining sites, causing an intense “gold rush” 
in order to escape complete social downgrading [7]. The SSGM decreased in the 1990s 
due to overexploitation of superficial gold, gold price stagnation, and national economic 
crises. However, within recent years, the gold price has risen from US$ 400 per ounce (28.3 
grams) in 2005 to US$ 1300 in 2016 encouraging a new gold rush in the Amazon region [8]. 
In Brazil alone, approximately 130,000 small-scale gold miners are responsible for 30 tons 
per year [9, 10]. This production generates at least R$ 26 million per month for the regional 
economy [11].

Despite its financial contribution, the semi-mechanized nature of small-scale gold mining 
activities often generates a legacy of extensive environmental degradation, both during oper-
ations and well after mining activities have ceased [7]. SSGM takes place mostly over alluvial 
deposits (river network) using either dredges or water-jet systems that cause dislodging of 
bottom or topsoil, respectively [11, 12]. The discharge of sediment into the water has severe 
impacts on the water quality, such as decreasing light availability for primary production [13] 
and changing benthic [14] and fish communities [15]. Currently, these socio-environmental 
impacts can be intensified since legislation is currently being debated in the Brazilian con-
gress, which would weaken existing environmental/indigenous laws and to slash funding for 
environmental protection agencies.

Technically, monitoring of environmental impacts caused by SSGM, such as quantification of 
water siltation using satellite images, is rarely performed either due to lack of water quality 
data [e.g., total suspended solids (TSS)] or because of limitation of satellite image specifica-
tions such spatial resolution [16, 17]. Today, with the availability of 10 m images such as MSI/
Sentinel-2, even narrow rivers (up to 30 m width) can be monitored.

2. Scientific hypothesis and objective

The scientific hypothesis of this research is that naturally low-turbid rivers (clear and black 
waters, based on the Sioli [18] and Junk [19] classification of the Amazonian water types) and 
some tributaries that are heavily impacted by SSGM tailing discharge are becoming “white” 
waters (naturally turbid waters), directly affecting the aquatic and benthic ecosystems.
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To test the hypothesis of whether or not SSGM activities are responsible for the “whitening” 
process in some Amazonian rivers, we need to investigate the spatial-temporal TSS distribu-
tion along these rivers throughout the years.

Recently, Lobo et al. [20] have estimated TSS in the Tapajós river using an empirical model 
based on measured TSS and radiometric data. The effects of TSS derived from mining activities 
on both the inherent and apparent optical properties were quantified. The authors concluded 
that the inorganic nature of mine tailings is the main component affecting the underwater 
scalar irradiance in the Tapajós river basin. For tributaries with low or no influence of mine 
tailings, waters are relatively more absorbent. On the other hand, with TSS loadings from 
mining operations, the scattering process prevails over the absorption coefficient at the green 
and red wavelengths. This change in load and seasonality might affect, in the long run, biota 
composition of a previous clear water environment to a distinct light availability regime as the 
river becomes subjected to mining operations.

This approach worked well for the study area, and it seems a very promising approach for 
other areas in the Amazon region that are facing the same SSGM impacts in order to provide 
easy-access information for land use management in very remote areas with little financial 
support. However, further extension to other study areas in the Brazilian Amazon scale using 
different satellite data requires improvement on image processing to handle a large database 
and requires validation of the methods used for SSGM area mapping and TSS estimation 
prior to extend it to additional areas.

Therefore, the purpose of this chapter is to inform the main activities carried out toward 
a monitoring system for quantifying water siltation caused by SSGM in the Amazon rivers 
using multi-satellite data. In the assessment phase, the activities aimed to evaluate the viabil-
ity of retrieving total suspended solids (TSS) from rivers other than Tapajós using images of 
several satellite missions.

3. Building a water siltation monitoring system

As a part of the assessment phase, a monitoring system was designed for areas selected accord-
ing to the following criteria: (i) river basins that naturally present low sediment content (clear 
and blackwaters according to Junk [19], as opposed to white waters), in which discharge of 
mining tailings can have a negative impact on biodiversity and on the local economy; (ii) areas 
where SSGM is actively occurring over topsoils dominated by inorganic fine particles [21]; 
and (iii) rivers detectable by medium spatial resolution images or high resolution (at least 
30 m wide). Considering these criteria, four areas were defined: (A) the Tapajós river, (B) the 
Amanã river, (C) Peixoto de Azevedo river, and (D) the Xingu river (Figure 1).

The first step was to select cloud-free images from the web platforms for each sensor. The 
images were downloaded from USGS, ESA, or DGI website servers (Table 1). In this chapter, 
few images are used here to illustrate the methodology. The second step was to convert top 
of the atmosphere (TOA) reflectance into surface reflectance (ρw). Considering the different 
sensors, the image correction may have different correction approaches (Table 1).
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includes eight countries in South America (Brazil, Bolivia, Colombia, Ecuador, Guyana, Peru, 
Suriname, and Venezuela), several economic activities are threatening water quality. The 
three activities with the most impact are hydropower dams, agribusiness expansion (defor-
estation) and, mostly, mining activities [2–5]. The political and economic context in Brazil is 
even more concerning, given the construction of several hydropower dams and the recent 
changes in environmental laws to benefit agribusiness and mining activities in the Amazon 
region. With regard to mining, although it usually takes place in small areas compared to 
cattle and soybean production, for example, the environmental impacts such as area degrada-
tion, water siltation, and metal contamination are more severe and intense than those of other 
land use changes [6].

In the Amazon, substantial small-scale gold mining (SSGM) activities started in the 1950s 
at a few sites, called “garimpos.” In the 1980s, encouraged by the high gold price, hun-
dreds of thousands of people migrated to mining sites, causing an intense “gold rush” 
in order to escape complete social downgrading [7]. The SSGM decreased in the 1990s 
due to overexploitation of superficial gold, gold price stagnation, and national economic 
crises. However, within recent years, the gold price has risen from US$ 400 per ounce (28.3 
grams) in 2005 to US$ 1300 in 2016 encouraging a new gold rush in the Amazon region [8]. 
In Brazil alone, approximately 130,000 small-scale gold miners are responsible for 30 tons 
per year [9, 10]. This production generates at least R$ 26 million per month for the regional 
economy [11].

Despite its financial contribution, the semi-mechanized nature of small-scale gold mining 
activities often generates a legacy of extensive environmental degradation, both during oper-
ations and well after mining activities have ceased [7]. SSGM takes place mostly over alluvial 
deposits (river network) using either dredges or water-jet systems that cause dislodging of 
bottom or topsoil, respectively [11, 12]. The discharge of sediment into the water has severe 
impacts on the water quality, such as decreasing light availability for primary production [13] 
and changing benthic [14] and fish communities [15]. Currently, these socio-environmental 
impacts can be intensified since legislation is currently being debated in the Brazilian con-
gress, which would weaken existing environmental/indigenous laws and to slash funding for 
environmental protection agencies.

Technically, monitoring of environmental impacts caused by SSGM, such as quantification of 
water siltation using satellite images, is rarely performed either due to lack of water quality 
data [e.g., total suspended solids (TSS)] or because of limitation of satellite image specifica-
tions such spatial resolution [16, 17]. Today, with the availability of 10 m images such as MSI/
Sentinel-2, even narrow rivers (up to 30 m width) can be monitored.

2. Scientific hypothesis and objective

The scientific hypothesis of this research is that naturally low-turbid rivers (clear and black 
waters, based on the Sioli [18] and Junk [19] classification of the Amazonian water types) and 
some tributaries that are heavily impacted by SSGM tailing discharge are becoming “white” 
waters (naturally turbid waters), directly affecting the aquatic and benthic ecosystems.
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To test the hypothesis of whether or not SSGM activities are responsible for the “whitening” 
process in some Amazonian rivers, we need to investigate the spatial-temporal TSS distribu-
tion along these rivers throughout the years.

Recently, Lobo et al. [20] have estimated TSS in the Tapajós river using an empirical model 
based on measured TSS and radiometric data. The effects of TSS derived from mining activities 
on both the inherent and apparent optical properties were quantified. The authors concluded 
that the inorganic nature of mine tailings is the main component affecting the underwater 
scalar irradiance in the Tapajós river basin. For tributaries with low or no influence of mine 
tailings, waters are relatively more absorbent. On the other hand, with TSS loadings from 
mining operations, the scattering process prevails over the absorption coefficient at the green 
and red wavelengths. This change in load and seasonality might affect, in the long run, biota 
composition of a previous clear water environment to a distinct light availability regime as the 
river becomes subjected to mining operations.

This approach worked well for the study area, and it seems a very promising approach for 
other areas in the Amazon region that are facing the same SSGM impacts in order to provide 
easy-access information for land use management in very remote areas with little financial 
support. However, further extension to other study areas in the Brazilian Amazon scale using 
different satellite data requires improvement on image processing to handle a large database 
and requires validation of the methods used for SSGM area mapping and TSS estimation 
prior to extend it to additional areas.

Therefore, the purpose of this chapter is to inform the main activities carried out toward 
a monitoring system for quantifying water siltation caused by SSGM in the Amazon rivers 
using multi-satellite data. In the assessment phase, the activities aimed to evaluate the viabil-
ity of retrieving total suspended solids (TSS) from rivers other than Tapajós using images of 
several satellite missions.

3. Building a water siltation monitoring system

As a part of the assessment phase, a monitoring system was designed for areas selected accord-
ing to the following criteria: (i) river basins that naturally present low sediment content (clear 
and blackwaters according to Junk [19], as opposed to white waters), in which discharge of 
mining tailings can have a negative impact on biodiversity and on the local economy; (ii) areas 
where SSGM is actively occurring over topsoils dominated by inorganic fine particles [21]; 
and (iii) rivers detectable by medium spatial resolution images or high resolution (at least 
30 m wide). Considering these criteria, four areas were defined: (A) the Tapajós river, (B) the 
Amanã river, (C) Peixoto de Azevedo river, and (D) the Xingu river (Figure 1).

The first step was to select cloud-free images from the web platforms for each sensor. The 
images were downloaded from USGS, ESA, or DGI website servers (Table 1). In this chapter, 
few images are used here to illustrate the methodology. The second step was to convert top 
of the atmosphere (TOA) reflectance into surface reflectance (ρw). Considering the different 
sensors, the image correction may have different correction approaches (Table 1).
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The second step was to correct the atmospheric effects of original images to surface reflectance. 
The atmospheric correction (AC) process is necessary for intercalibration of the images in 
order to compare images from different sensors. The atmospheric correction method for each 
sensor is chosen according to the output quality and time/processing cost. Only physical-based 
methods are applied, such as 6S [22], FLAASH [23], ACOLITE [24], and Sen2Cor [25]. For all 
physical methods, the aerosol optical thickness (AOT) data and water vapor (among other 
environmental conditions) are required as input to run the model. Some methods retrieve 
this information from the image (image-based method, such as Sen2Cor and ACOLITE), and 
others (such as 6S) require the user to indicate this information [26, 27]. The procedure assures 
that any variation on water-leaving reflectance is due to changes in the water constituents and 
not to atmospheric effects, neither to intercomparison deviations related to images acquired 
with different sensors at different times/dates.

The third step was to estimate TSS from corrected satellite images. In this assessment phase, we 
tested the empirical model developed by Lobo et al. [20] based on in situ radiometric and TSS 

Figure 1. Study areas in the Brazilian Amazon. States of Acre (AC), Amapá (AP), Amazonas (AM), Maranhão (MA), Pará 
(PA), Rondônia (RO), Roraima (RR), and Tocantins (TO). (A) The Tapajós river basin (PA). (B) The Amanã river (AM). (C) 
The Teles Pires river, Peixoto Azevedo region (MT). (D) The Fresco river at Xingu river basin (PA).
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The second step was to correct the atmospheric effects of original images to surface reflectance. 
The atmospheric correction (AC) process is necessary for intercalibration of the images in 
order to compare images from different sensors. The atmospheric correction method for each 
sensor is chosen according to the output quality and time/processing cost. Only physical-based 
methods are applied, such as 6S [22], FLAASH [23], ACOLITE [24], and Sen2Cor [25]. For all 
physical methods, the aerosol optical thickness (AOT) data and water vapor (among other 
environmental conditions) are required as input to run the model. Some methods retrieve 
this information from the image (image-based method, such as Sen2Cor and ACOLITE), and 
others (such as 6S) require the user to indicate this information [26, 27]. The procedure assures 
that any variation on water-leaving reflectance is due to changes in the water constituents and 
not to atmospheric effects, neither to intercomparison deviations related to images acquired 
with different sensors at different times/dates.

The third step was to estimate TSS from corrected satellite images. In this assessment phase, we 
tested the empirical model developed by Lobo et al. [20] based on in situ radiometric and TSS 

Figure 1. Study areas in the Brazilian Amazon. States of Acre (AC), Amapá (AP), Amazonas (AM), Maranhão (MA), Pará 
(PA), Rondônia (RO), Roraima (RR), and Tocantins (TO). (A) The Tapajós river basin (PA). (B) The Amanã river (AM). (C) 
The Teles Pires river, Peixoto Azevedo region (MT). (D) The Fresco river at Xingu river basin (PA).
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measurements taken in April 2011 [23 sample points were taken during high water level (water 
depth ~8 m)] and September 2012 [16 sample points were taken during low water level (water 
depth ~3 m)]. The measured in situ reflectance (ρw) was resampled for Landsat-5/TM spectral 
band. Then, to establish an empirical relationship between measured TSS and measured reflec-
tance data, the TSS concentrations measured at 39 sample points were used. To evaluate the 
use of satellite images on TSS retrieving, this empirical algorithm was applied on two satellite 
image sets acquired at the same period of field campaigns: Landsat-5/TM (April, 2011) and 
IRS/LISS-III (September, 2012). To do so, the algorithm was inverted so the user can extract TSS 
from ρw. In the case of Landsat-5/TM and LISS-III, the following algorithm is applied:

  TSS = a +  (𝜌𝜌w / b)  c  (1)

where ρw is the surface reflectance at red band, a = 2.272, b = 2.468, and c = 2.154.

Considering the different spectral resolution of the orbital sensors, the radiometric measure-
ments were resampled to the sensor’s specification during the assessment phase. As a result, 
specific empirical curves were generated for each sensor (Table 2).

After estimating TSS from satellite images, the values were clustered into six TSS concentra-
tion classes ranging from 0 to 5, 10, 20, 50, 120, and >120 mgL−1. Finally, the water surface area 
for each TSS class was tabulated (in km2) in order to evaluate the amount of water surface 
with increased TSS values (>20 mgL−1), as opposed to pristine conditions (<20 mgL−1) of clear 
waters.

4. Estimating TSS concentration from satellite imagery

Results of TSS estimation for study areas A–D (Figure 1), from the assessment phase, are 
presented along with relevant information to characterize SSGM activities and their discharge 
of sediment into the water.

Satellite/sensor Red band (ρw) Parameters for Eq. 1

Range (nm) Centered (nm) a b c

Landsat-1&2/MSS 600–700 650 2.272 2.558 2.230

Landsat-5/Thematic Mapper (TM) 630–690 660 2.272 2.468 2.154

Landsat-5/OLI 640–670 655 2.272 2.516 2.182

CBERS-4/MUX 630–690 660 2.272 2.471 2.156

Sentinel-2 640–680 665 2.272 2.469 2.188

IRS/LISS-III 630–690 660 2.272 2.468 2.154

RapidEye 630–685 658 2.272 2.484 2.163

Table 2. Parameters to retrieve TSS from several satellites/sensors using the atmospherically corrected red band.
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4.1. The Tapajós river and tributaries

The lower section of the Tapajós river basin (study area A) located in the State of Pará (Brazil) 
covers about 130,370 km2. In terms of SSGM, more than 300 small-scale gold mines with 
more than 50,000 miners cover approximately 230 km2 [28]. As a result of SSGM activities, 
the TSS distribution over the Tapajós river and the main tributaries (Crepori and Jamanxim 
rivers) was extensively presented by Lobo et al. [20]. The authors indicated that the upstream 
section of the Tapajós river is naturally classified as “clear water” [16, 18, 29]. This class 
presented relatively low TSS (~5.0 mgL−1), low dissolved organic matter (absorption coef-
ficient for colored dissolved organic matter, acdom < 2.5 m−1), and low chlorophyll-a concen-
tration (chl-a < 1.0 μgL−1), thus resulting in a relatively deep euphotic zone at 1% of total 
income irradiance (Z1% ~6.0 m). In these waters, the suspended sediment has a considerable 
amount of organic matter (~30% of TSS), composed mostly of allochthonous plant debris 
[30]. The characteristics and concentration of the suspended sediments change abruptly as 
the Tapajós river receives clay-rich tributaries, such as the heavily mined Crepori river (TSS 
~111.3 mgL−1, particulate organic matter <3%, and euphotic depth ~2.0 m). The sediment 
plume from the Crepori river only fully mixes with the Tapajós river waters at about 200 km 
downstream after passing through rapids [16, 20]. After these rapids, as the water velocity 
decreases, the fine suspended solids sink, and concentrations decrease to values similar to 
those of the upstream Tapajós river (see Telmer et al. [16]). Similar to the Tapajós river, TSS 
at the Jamanxim river increases as it receives a sediment-rich discharge from the Novo and 
the Tocantins sub-basins subject to mining operations. In the low water level season (IRS/
LISS-III acquired on September 16, 2012), for example, TSS values of about 115.0 mgL−1 were 
estimated for the Crepori river (Figure 2).

Figure 2. Study area A. TSS concentration with classes ranging from 0.1 to 200 mg L−1 using Eq. 1 along the Tapajós river 
derived from IRS/LISS-III (September 16, 2012).
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measurements taken in April 2011 [23 sample points were taken during high water level (water 
depth ~8 m)] and September 2012 [16 sample points were taken during low water level (water 
depth ~3 m)]. The measured in situ reflectance (ρw) was resampled for Landsat-5/TM spectral 
band. Then, to establish an empirical relationship between measured TSS and measured reflec-
tance data, the TSS concentrations measured at 39 sample points were used. To evaluate the 
use of satellite images on TSS retrieving, this empirical algorithm was applied on two satellite 
image sets acquired at the same period of field campaigns: Landsat-5/TM (April, 2011) and 
IRS/LISS-III (September, 2012). To do so, the algorithm was inverted so the user can extract TSS 
from ρw. In the case of Landsat-5/TM and LISS-III, the following algorithm is applied:

  TSS = a +  (𝜌𝜌w / b)  c  (1)

where ρw is the surface reflectance at red band, a = 2.272, b = 2.468, and c = 2.154.

Considering the different spectral resolution of the orbital sensors, the radiometric measure-
ments were resampled to the sensor’s specification during the assessment phase. As a result, 
specific empirical curves were generated for each sensor (Table 2).

After estimating TSS from satellite images, the values were clustered into six TSS concentra-
tion classes ranging from 0 to 5, 10, 20, 50, 120, and >120 mgL−1. Finally, the water surface area 
for each TSS class was tabulated (in km2) in order to evaluate the amount of water surface 
with increased TSS values (>20 mgL−1), as opposed to pristine conditions (<20 mgL−1) of clear 
waters.

4. Estimating TSS concentration from satellite imagery

Results of TSS estimation for study areas A–D (Figure 1), from the assessment phase, are 
presented along with relevant information to characterize SSGM activities and their discharge 
of sediment into the water.

Satellite/sensor Red band (ρw) Parameters for Eq. 1

Range (nm) Centered (nm) a b c

Landsat-1&2/MSS 600–700 650 2.272 2.558 2.230

Landsat-5/Thematic Mapper (TM) 630–690 660 2.272 2.468 2.154

Landsat-5/OLI 640–670 655 2.272 2.516 2.182

CBERS-4/MUX 630–690 660 2.272 2.471 2.156

Sentinel-2 640–680 665 2.272 2.469 2.188

IRS/LISS-III 630–690 660 2.272 2.468 2.154

RapidEye 630–685 658 2.272 2.484 2.163

Table 2. Parameters to retrieve TSS from several satellites/sensors using the atmospherically corrected red band.

Limnology - Some New Aspects of Inland Water Ecology84

4.1. The Tapajós river and tributaries

The lower section of the Tapajós river basin (study area A) located in the State of Pará (Brazil) 
covers about 130,370 km2. In terms of SSGM, more than 300 small-scale gold mines with 
more than 50,000 miners cover approximately 230 km2 [28]. As a result of SSGM activities, 
the TSS distribution over the Tapajós river and the main tributaries (Crepori and Jamanxim 
rivers) was extensively presented by Lobo et al. [20]. The authors indicated that the upstream 
section of the Tapajós river is naturally classified as “clear water” [16, 18, 29]. This class 
presented relatively low TSS (~5.0 mgL−1), low dissolved organic matter (absorption coef-
ficient for colored dissolved organic matter, acdom < 2.5 m−1), and low chlorophyll-a concen-
tration (chl-a < 1.0 μgL−1), thus resulting in a relatively deep euphotic zone at 1% of total 
income irradiance (Z1% ~6.0 m). In these waters, the suspended sediment has a considerable 
amount of organic matter (~30% of TSS), composed mostly of allochthonous plant debris 
[30]. The characteristics and concentration of the suspended sediments change abruptly as 
the Tapajós river receives clay-rich tributaries, such as the heavily mined Crepori river (TSS 
~111.3 mgL−1, particulate organic matter <3%, and euphotic depth ~2.0 m). The sediment 
plume from the Crepori river only fully mixes with the Tapajós river waters at about 200 km 
downstream after passing through rapids [16, 20]. After these rapids, as the water velocity 
decreases, the fine suspended solids sink, and concentrations decrease to values similar to 
those of the upstream Tapajós river (see Telmer et al. [16]). Similar to the Tapajós river, TSS 
at the Jamanxim river increases as it receives a sediment-rich discharge from the Novo and 
the Tocantins sub-basins subject to mining operations. In the low water level season (IRS/
LISS-III acquired on September 16, 2012), for example, TSS values of about 115.0 mgL−1 were 
estimated for the Crepori river (Figure 2).

Figure 2. Study area A. TSS concentration with classes ranging from 0.1 to 200 mg L−1 using Eq. 1 along the Tapajós river 
derived from IRS/LISS-III (September 16, 2012).
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In terms of surface water impacted by water siltation, Table 3 shows that Jamanxim river 
and tributaries present 54% of total surface water (174.3 km2) with increased TSS levels 
(>20 mgL−1), mostly because its tributaries Novo and Tocantinzinho rivers present high TSS 
levels (Figure 2). The Crepori river also presents elevated TSS values for 91% of total water 
surface (31.1 km2). The discharge of these tributaries into the Tapajós river affects 30% of total 
surface water (1208.8 km2) of the Tapajós main channel. These results confirm that Tapajós 
river and tributaries have been subject to intense water siltation derived from small-scale gold 
mining that are changing water quality conditions from clear water (<20 mgL−1) in pristine 
conditions to white waters (TSS levels higher than 20 mgL−1).

Moreover, the recent research applied a sediment modeling approach on Crepori basin to 
simulate the impacts of past land use-cover change (LUCC) on TSS in the river, comparing 
these impacts to the effects of gold mining activity in TSS [31]. When comparing the TSS 
simulated with the 1998–2012 scenario and the estimates conducted by Lobo et al. [20] for the 
same period, on average, about 14% of TSS estimated by Lobo et al. [20] for high water season 
is derived by diffuse soil erosion, whereas this proportion is about 6%, on average, for the low 
water period. Therefore, this suggests that the remaining proportion of TSS measured and 
estimated by Lobo et al. [20], that is, over 86% of TSS estimated/measured, can be attributed 
to the gold mining activity.

4.2. The Amanã river

The Amanã river (study area B) is located between the state of Pará and Amazonas, and most 
of the SSGM is related to Tapajós gold domain as well (Santos et al. [30]). The inclusion of 

Study 
area

River Extension 
(km)

Percentage (%) of surface area per class of TSS (mgL−1) from 
total

Total km2

0–5 10 20 50 120 >120 TSS > 20

A Tapajos main 
channel

483.3 27% 43% 27% 3% 0% 0% 30% 1280.8

Jamanxim and 
tributaries

707.2 21% 25% 14% 21% 17% 1% 54% 174.3

Crepori river 228.7 7% 2% 2% 9% 70% 11% 91% 31.1

B Amana river 95.1 40% 29% 5% 6% 14% 5% 31% 15.1

C Xingu main 
channel

185.5 87% 11% 2% 0% 0% 0% 2% 229.6

Fresco and 
tributaries

266.7 43% 5% 2% 47% 0% 4% 53% 39.2

D Teles Pires 
main channel

120.5 87% 12% 0% 0% 0% 0% 1% 50.2

Peixoto de 
Azevedo river

140.4 20% 64% 16% 1% 0% 0% 16% 14.2

Indication of percentage of surface area per class of TSS (mgL−1) from total area mapped.

Table 3. Total water surface mapped for four study areas in the Brazilian Amazon.
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this area holds on the need for information about SSGM impacts on aquatic systems by the 
Environmental Protection Agency (ICMBio) for a better management of protected areas in the 
Amazon region. Recently, a federal police operation shuts down a group of about hundred 
miners that used to exploit gold illegally for the past 10 years. Local police agents estimate 
that approximately US$ 10,000 were generated with small-scale gold mining; they also claim 
that illegal activities caused intense area degradation for more than 70 hectares as well as 
mercury and cyanide contamination (both used in the gold extraction process) [32].

In terms of water siltation, preliminary results from Landsat-8/OLI (July 29, 2016) indicate 
TSS values higher than 120 mgL−1 where mining sites are present (Figure 3). TSS concen-
tration decreases as the river enters the protected area (Flona de Pau-Rosa). In terms of 
surface water with increased TSS levels, Table 3 indicates that 31% of 15.1 km2 presents 
elevated TSS, mostly located in the upstream section of the river, as shown in Figure 3. 
The TSS values only decrease when the river reaches a more stable and wider section 
downstream. Overall, these results confirm that the Amanã river has also been subject 
to intense water siltation derived from small-scale gold mining that are changing water 
quality conditions from clear water (<20 mgL−1) in pristine conditions to white waters (TSS 
levels higher than 20 mgL−1).

4.3. Peixoto de Azevedo/Teles Pires river

The Peixoto de Azevedo river (study area C) is located upstream of the Tapajós (so-called 
Teles Pires river), characterized by natural clear water (TSS < 20 mgL−1). This region is marked 
also by high deforestation rate, mostly due to the conversion of forest into pasture and agri-
culture fields [33]. SSGM was intense from 1970 to 1998, but recently the activity is not as 
intense as it had been before [30]. However, the sediment plume caused either by current 
mining activity or by degraded areas is still detectable by satellite images (Figure 4). The TSS 
estimation using Landsat-8/OLI (August 06, 2016) for the Peixoto de Azevedo river was up 
to 20 mgL−1 as opposed to the water from the Tapajós upstream (Teles Pires), with TSS lower 
than 20 mgL−1. The water surface with increased TSS (>20 mgL−1), however, was only 16% for 
Peixoto de Azevedo (out of 14.2 km2 mapped) and 1% of Teles Pires river (out of 50.2 km2). The 

Figure 3. Study Area B (Amanã river). TSS concentration with classes ranging from 0.1 to 200 mgL−1 using Eq. 1 along 
the Amanã river located in the border between Pará and Amazonas states derived from Landsat-8/OLI (July 29, 2016).
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In terms of surface water impacted by water siltation, Table 3 shows that Jamanxim river 
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(>20 mgL−1), mostly because its tributaries Novo and Tocantinzinho rivers present high TSS 
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surface (31.1 km2). The discharge of these tributaries into the Tapajós river affects 30% of total 
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mining that are changing water quality conditions from clear water (<20 mgL−1) in pristine 
conditions to white waters (TSS levels higher than 20 mgL−1).
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simulate the impacts of past land use-cover change (LUCC) on TSS in the river, comparing 
these impacts to the effects of gold mining activity in TSS [31]. When comparing the TSS 
simulated with the 1998–2012 scenario and the estimates conducted by Lobo et al. [20] for the 
same period, on average, about 14% of TSS estimated by Lobo et al. [20] for high water season 
is derived by diffuse soil erosion, whereas this proportion is about 6%, on average, for the low 
water period. Therefore, this suggests that the remaining proportion of TSS measured and 
estimated by Lobo et al. [20], that is, over 86% of TSS estimated/measured, can be attributed 
to the gold mining activity.

4.2. The Amanã river

The Amanã river (study area B) is located between the state of Pará and Amazonas, and most 
of the SSGM is related to Tapajós gold domain as well (Santos et al. [30]). The inclusion of 
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this area holds on the need for information about SSGM impacts on aquatic systems by the 
Environmental Protection Agency (ICMBio) for a better management of protected areas in the 
Amazon region. Recently, a federal police operation shuts down a group of about hundred 
miners that used to exploit gold illegally for the past 10 years. Local police agents estimate 
that approximately US$ 10,000 were generated with small-scale gold mining; they also claim 
that illegal activities caused intense area degradation for more than 70 hectares as well as 
mercury and cyanide contamination (both used in the gold extraction process) [32].

In terms of water siltation, preliminary results from Landsat-8/OLI (July 29, 2016) indicate 
TSS values higher than 120 mgL−1 where mining sites are present (Figure 3). TSS concen-
tration decreases as the river enters the protected area (Flona de Pau-Rosa). In terms of 
surface water with increased TSS levels, Table 3 indicates that 31% of 15.1 km2 presents 
elevated TSS, mostly located in the upstream section of the river, as shown in Figure 3. 
The TSS values only decrease when the river reaches a more stable and wider section 
downstream. Overall, these results confirm that the Amanã river has also been subject 
to intense water siltation derived from small-scale gold mining that are changing water 
quality conditions from clear water (<20 mgL−1) in pristine conditions to white waters (TSS 
levels higher than 20 mgL−1).

4.3. Peixoto de Azevedo/Teles Pires river

The Peixoto de Azevedo river (study area C) is located upstream of the Tapajós (so-called 
Teles Pires river), characterized by natural clear water (TSS < 20 mgL−1). This region is marked 
also by high deforestation rate, mostly due to the conversion of forest into pasture and agri-
culture fields [33]. SSGM was intense from 1970 to 1998, but recently the activity is not as 
intense as it had been before [30]. However, the sediment plume caused either by current 
mining activity or by degraded areas is still detectable by satellite images (Figure 4). The TSS 
estimation using Landsat-8/OLI (August 06, 2016) for the Peixoto de Azevedo river was up 
to 20 mgL−1 as opposed to the water from the Tapajós upstream (Teles Pires), with TSS lower 
than 20 mgL−1. The water surface with increased TSS (>20 mgL−1), however, was only 16% for 
Peixoto de Azevedo (out of 14.2 km2 mapped) and 1% of Teles Pires river (out of 50.2 km2). The 

Figure 3. Study Area B (Amanã river). TSS concentration with classes ranging from 0.1 to 200 mgL−1 using Eq. 1 along 
the Amanã river located in the border between Pará and Amazonas states derived from Landsat-8/OLI (July 29, 2016).
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water siltation in the Peixoto de Azevedo river is not too high, indicating that the sediment 
discharged by current small-scale gold mining is not enough to change the water quality as it 
occurs in the Tapajós and Amanã rivers.

4.4. Fresco and Xingu river

The Xingu river, likewise the Tapajós river, has its headwaters in the Brazilian central shield, 
and as a consequence, it also has clear water characterized by low TSS concentration [19]. 
The Xingu river basin presents several indigenous lands and protected areas that have been 
threatened by SSGM for decades [34]. Today, intense SSGM is taking place in the Fresco river 
(Figure 5) at the borders of the Kayapó territory. As mining activities within indigenous land 
are prohibited in Brazil, a recent federal police operation had closed an illegal mining activity 
in the Kayapó land where drafts, dredges, guns, and mercury were apprehended [35].

As a result of intense SSGM in this region, the TSS estimation using Sentinel-2 image (July 18, 
2016) shows TSS higher than 200 mgL−1 in the Branco river, which in turn discharges into the 
Fresco river. At the São Félix do Xingu region, the Fresco river presented TSS concentration of 
up to 50 mgL−1. For the Xingu Main channel, only 2% of total water surface (229.6 km2) shows 
TSS above 10 mgL−1, which corresponds to the sediment-rich Fresco river discharge area. In 
fact, 39.2 km2 of the Fresco river and tributaries is analyzed in this study (Figure 5); 53% 
presents TSS above 10 mgL−1 (Table 3). Once more, the results confirm that Fresco river and 
tributaries have been subject to intense water siltation derived from small-scale gold mining 
that are changing water quality conditions from clear water (<20 mgL−1), in pristine condi-
tions, to white waters (TSS levels higher than 20 mgL−1).

Figure 4. Study area C (Peixoto de Azevedo river/Teles Pires). TSS concentration using Eq. 1 along the Peixoto Azevedo 
river derived from Landsat-8/OLI (August 06, 2016).
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5. Future research

Given the favorable results derived from the first phase of assessment of the methodology, the 
next steps of this research (second phase) include the establishment of an image-processing 
framework to correct a large imagery base of multiple sensors in order to build a time series 
from the 1970s to present, and validation of the empirical model designed by Lobo et al. [20] 
with field campaigns in the selected areas to estimate TSS from the corrected imagery.

The approach that will be used in the viability assessment for building a time series follows 
the method applied by Lobo et al. [20], which takes dark dense vegetation (DDV) as refer-
ence for atmospheric correction. The main input parameters such as AOT, ozone, and water 
vapor will be optimized until the forest spectra match those from the imagery calibrated with 
radiometric measurements (Landsat-5/TM and IRS/LISS-III calibrated with in situ radiomet-
ric measurements in April 2011 and September 2012).

Once all images are atmospherically corrected and organized into a database, they are ready 
for TSS estimation using the parameters in Table 2. The challenge here is to validate the 

Figure 5. Study area D (Fresco and Xingu rivers). TSS concentration using Eq. 1 along the Fresco river derived from 
Sentinel-2 (July 18, 2016).
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water siltation in the Peixoto de Azevedo river is not too high, indicating that the sediment 
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and as a consequence, it also has clear water characterized by low TSS concentration [19]. 
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Fresco river. At the São Félix do Xingu region, the Fresco river presented TSS concentration of 
up to 50 mgL−1. For the Xingu Main channel, only 2% of total water surface (229.6 km2) shows 
TSS above 10 mgL−1, which corresponds to the sediment-rich Fresco river discharge area. In 
fact, 39.2 km2 of the Fresco river and tributaries is analyzed in this study (Figure 5); 53% 
presents TSS above 10 mgL−1 (Table 3). Once more, the results confirm that Fresco river and 
tributaries have been subject to intense water siltation derived from small-scale gold mining 
that are changing water quality conditions from clear water (<20 mgL−1), in pristine condi-
tions, to white waters (TSS levels higher than 20 mgL−1).

Figure 4. Study area C (Peixoto de Azevedo river/Teles Pires). TSS concentration using Eq. 1 along the Peixoto Azevedo 
river derived from Landsat-8/OLI (August 06, 2016).
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with field campaigns in the selected areas to estimate TSS from the corrected imagery.

The approach that will be used in the viability assessment for building a time series follows 
the method applied by Lobo et al. [20], which takes dark dense vegetation (DDV) as refer-
ence for atmospheric correction. The main input parameters such as AOT, ozone, and water 
vapor will be optimized until the forest spectra match those from the imagery calibrated with 
radiometric measurements (Landsat-5/TM and IRS/LISS-III calibrated with in situ radiomet-
ric measurements in April 2011 and September 2012).

Once all images are atmospherically corrected and organized into a database, they are ready 
for TSS estimation using the parameters in Table 2. The challenge here is to validate the 
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application of empirical model designed by Lobo et al. [20] into the additional areas to estimate 
TSS from the corrected imagery. Although the selected areas present similar characteristics 
of river basin conditions and mining techniques, slight variation of sediment composition or 
even the presence of dissolved organic matter can be observed among these areas. Therefore, 
an effort to sample water in the extended areas (B–D) in order to validate the empirical model 
is key for a broader application and water quality monitoring purposes. The application of the 
empirical model to other areas needs a validation process that includes TSS and radiometry 
acquisition.

Products derived from historical Landsat-1&2/MSS and Landsat-5/TM data (1973–2011) as 
well as current data from Sentinel-2, Landsat-8/OLI, and RapidEye will be available online 
at INPE (www.dpi.inpe.br/labisa). One of the main users, and actually who claimed for TSS 
information within protected areas, is the ICMBio (Chico Mendes Institute for Biodiversity). 
They have expressed direct interest concerning the SSGM impacts in rivers to support the ter-
ritory management plan and to indicate areas where urgent action to control illegal activities 
is needed.

In addition to the direct use for SSGM controlling and monitoring by these national agencies, 
the applicability of these products for aquatic research is enormous. In fact, evaluation of 
light attenuation caused by mining tailing has shown that, in general, the euphotic zone in 
impacted rivers has decreased to at least half of nonimpacted rivers [36]. Several studies can 
use TSS distribution as an input for hydrological and sediment transportation models; stud-
ies on light attenuation and consequences to the biota, as well as socioeconomic studies, will 
benefit from this research.

6. Conclusions

We hypothesize that because of intensification of mining activities in the Brazilian Amazon, 
clear water rivers such as Tapajós and Xingu rivers and its tributaries are becoming or may 
become permanently turbid waters (so-called white waters in the Amazonian context). This 
chapter informs the main activities carried out to develop a monitoring system for quantify-
ing water siltation caused by SSGM in the Amazon rivers using multi-satellite data in order 
to investigate this hypothesis.

As a result of the first assessment phase, a multi-satellite approach was developed based on TSS 
algorithm proposed by Lobo et al. [20]. To do so, radiometric in situ data were resampled to 
several sensors’ specifications, such as Landsat-8/OLI and Sentinel-2, and applied to clear water 
rivers subject to intense sediment discharged by small-scale gold mining in order to recover TSS 
concentration. Except for Peixoto de Azevedo (study area C), the results confirm that Tapajós 
(A), Amanã (B), and Fresco river and tributaries (D) have been subject to intense water siltation 
derived from small-scale gold mining that are changing water quality conditions from clear 
water (<20 mgL−1), in pristine conditions, to white waters (TSS levels higher than 20 mgL−1).

In order to establish a monitoring system of water siltation, the next steps of this research 
(second phase) include an image-processing framework to correct a large imagery base of 
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multiple sensors and validation of the empirical model designed by Lobo et al. [20] with field 
campaigns in the selected areas to estimate TSS from the corrected imagery.
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multiple sensors and validation of the empirical model designed by Lobo et al. [20] with field 
campaigns in the selected areas to estimate TSS from the corrected imagery.
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Abstract

The study identified limnological patterns in the Paranapanema River reservoir cascade, 
one of the main tributaries of the high Paraná River, La Plata Basin, southeast Brazil. 
Samplings were carried out in eight reservoirs from a total of 37 sites. We analyzed 
the water transparency, depth, and vertical profiles of temperature, pH, conductivity, 
dissolved oxygen, biochemical oxygen demand, total solids, suspended solids, total 
nitrogen, total phosphorus, chlorophyll a, and thermotolerant coliforms. Additionally, 
the trophic state index for tropical/subtropical reservoirs, the water retention time and 
morphometric characteristics of each reservoir were calculated. Longitudinal compart-
mentalization is conspicuous in storage reservoirs, whereas the magnitude of temporal 
changes is higher in run-of-river systems. The lateral component of spatial heterogeneity 
was also very important for some reservoirs, determined basically by the entrance of 
tributary rivers. On the vertical dimension, summer thermal stratification, followed by 
oxygen decrease in bottom layers, in the central channel and lacustrine zones of deeper 
and larger reservoirs was observed. The ultraoligotrophic condition prevailed, despite 
signals of intensive land use for agriculture—recurrent high phosphorus values. The 
acquired experience provided a baseline for a permanent limnological and water quality 
program, which subsidizes management actions in the basin.

Keywords: water quality, trophic state, spatial variability, seasonal variability,  
run-of-river, storage

1. Introduction

River damming for hydropower production is presently a major human interference on fluvial 
systems, all over the world. In these first decades of the twenty-first century, the construction 
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of 3700 dams is expected, increasing the global hydropower production by 73%. This would 
correspond to an intensification in the exploitation of the technically feasible hydropower 
potential from 22 to 39% [1].

Hydropower is crucial in Brazil, representing the main source of electric generation, 
107,601 MW of a total of 166.872 MW, according to the database of the Brazilian National 
Agency of Electric Energy (http://www.aneel.gov.br). The production is distributed in 1321 
reservoirs, 220 large ones (>30 MW) and 1101 smaller ones (<30 MW).

Hydroelectric dams are an integrated and complex generation system that provides relatively 
clean and renewable energy. However, independent of the reservoir design and operation, 
they promote substantial interference on the ecological structure and functioning of river 
basins [2] and permanent loss of the regional geodiversity [3, 4].

Classical studies on reservoirs [5, 6] distinguish at least three limnological zones in large res-
ervoirs: the region with strong influence of the incoming river—lotic region; an intermediate 
transition region; and finally a region similar to lakes, near the dam. However, it is known 
that in large tropical reservoirs, this multidimensional zonation is greatly influenced by the 
input of secondary tributaries and by the differential water retention time of each reservoir 
arm [7–10]. These distinctive areas or compartments in reservoir ecosystems may also change 
seasonally, in a complex dynamic [5, 7, 11, 12].

The large-scale variability of reservoirs along the main axis is determined by longitudi-
nal gradients of flow velocity, depth, width, particle sedimentation, transparency and 
light penetration, and thermal stratification [11–13]. Compared to lakes, reservoirs exhibit 
high watershed area/water body area, shorter but varying retentions times, a rapid aging 
process related to watershed uses, and high capability to retain organic and inorganic 
matter [14, 15].

An integrated approach, including continuous monitoring and innovative researches, 
is required for the understanding of the reservoir ecosystems, giving their inherent 
 complexity, with many components and subsystems that interact intensively in space and 
time [16].

The present study was planned to discriminate the main limnological patterns of a tropi-
cal/subtropical reservoir cascade aiming to provide scientific support for management 
purposes. We analyzed the morphometric characteristics; operation type; water retention 
time; physical, chemical, and biological variables as well as the trophic status. The acquired 
experience served as the base for the establishing of methodological protocols that have 
been employed in the long-term (permanent) limnological and water quality monitoring 
program (8 years now) in the Paranapanema River reservoir cascade (southeast Brazil). 
The two most important premises are: (1) the reservoir operation (run-of-river or storage 
systems) is determinant for the establishing of distinct limnological patterns and (2) the 
Paranapanema River reservoir cascade is influenced by the intensification of the agriculture 
in the watershed.

Limnology - Some New Aspects of Inland Water Ecology96

2. Study area

The Paranapanema River is one of the main tributaries of the Paraná River (La Plata Basin), 
located between the coordinates 22–26° S and 47–54° W, on the tropical/subtropical bound-
ary. The river, with a length of 929 km, is under federal jurisdiction, because it is the natural 
border between the states of São Paulo and Paraná.

Since the 1950s, 11 hydropower plants were constructed in the main river course. In last two 
decades, these reservoirs (eight larger ones) have been intensively studied by researchers of 
the São Paulo State University, Campus of Botucatu, São Paulo [17, 18].

The reservoirs selected for the study are Jurumirim (JR), Chavantes (CH), Salto Grande (SG), 
Canoas II (CII), Canoas I (CI), Capivara (CP), Taquaruçu (TQ), and Rosana (RS), arranged in 
a cascade (upstream → downstream) system. Three of the them, Jurumirim, Chavantes, and 
Capivara, are storage systems (i.e., with high water retention times), whereas the others are 
run-of-river systems. The total installed potential is 2241 MW.

For the development of the study, information was obtained at 37 sampling sites (Figure 1), 
whose distribution intended to cover the entire river’s continuous (inter-reservoir) variabil-
ity as well as the internal (intra-reservoir) longitudinal gradient established between the 
lotic (Paranapanema River entrance) and lentic (dam) areas of each reservoir. Additionally, 
the influence of important secondary tributaries (river mouths) was also considered. At 

Figure 1. Geographic location of Paranapanema River reservoir cascade and the selected sampling sites.
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a cascade (upstream → downstream) system. Three of the them, Jurumirim, Chavantes, and 
Capivara, are storage systems (i.e., with high water retention times), whereas the others are 
run-of-river systems. The total installed potential is 2241 MW.

For the development of the study, information was obtained at 37 sampling sites (Figure 1), 
whose distribution intended to cover the entire river’s continuous (inter-reservoir) variabil-
ity as well as the internal (intra-reservoir) longitudinal gradient established between the 
lotic (Paranapanema River entrance) and lentic (dam) areas of each reservoir. Additionally, 
the influence of important secondary tributaries (river mouths) was also considered. At 

Figure 1. Geographic location of Paranapanema River reservoir cascade and the selected sampling sites.
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Reservoir Sampling site Coordinates Altitude (m) (a.s.l.)

Jurumirim JR1 23°24'39.40"S 48°41'53.80"W 565

JRUp 23°19'21.90"S 48°43'19.00"W 568

JR2 23°22'20.80"S 49°0'7.80"W 567

JR3 23°15'55.40"S 49°0'1.10"W 560

JR4 23°17'1.90"S 49°11'56.80"W 570

JRDam 23°13'44.80"S 49°13'29.20"W 563

Chavantes CH1 23°31'29.50"S 49°29'29.30"W 469

CH2 23°21'58.90"S 49°37'37.90"W 471

CH3 23°14'15.00"S 49°39'48.60"W 467

CHUp 23°7'46.20"S 49°27'2.30"W 468

CH4 23°7'55.10"S 49°37'47.30"W 477

CHDam 23°8'41.70"S 49°42'32.40"W 473

Salto Grande SGUp 22°58'52.60"S 49°56'22.10"W 383

SG1 22°54'43.60"S 49°57'57.20"W 383

SG2 22°54'49.60"S 49°58'0.30"W 389

SG3 22°53'3.20"S 49°59'40.40"W 385

SGDam 22°53'56.00"S 49°59'27.00"W 389

Canoas II CIIUp 22°55'5.50"S 49°59'31.50"W 368

CII1 22°55'42.50"S 50°6'24.00"W 364

CIIDam 22°56'36.80"S 50°14'42.80"W 367

Canoas I CIUp 22°56'8.60"S 50°15'19.70"W 348

CI1 22°54'44.40"S 50°25'5.40"W 348

CIDam 22°56'35.90"S 50°30'43.10"W 354

Capivara CPUp 22°55'49.30"S 50°31'38.90"W 329

CP1 22°54'52.60"S 50°41'22.10"W 326

CP2 22°54'4.50"S 50°47'24.50"W 322

CP3 22°51'26.80"S 51°0'22.00"W 335

CP4 22°45'45.80"S 51°13'10.40"W 332

CPDam 22°39'27.90"S 51°20'49.80"W 325

Taquaruçu TQUp 22°39'27.00"S 51°37'46.00"W 277

TQ1 22°37'36.20"S 51°44'27.00"W 273

TQ2 22°37'28.00"S 51°52'46.60"W 273

TQDam 22°33'19.80"S 51°59'7.90"W 271

Rosana RSUp 22°33'27.50"S 52° 8'59.90"W 260

RS1 22°40'20.30"S 52°13'32.80"W 268
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least three to six sampling sites were selected in each reservoir. Table 1 presents the geo-
graphic coordinates as well as the altitude data of the sampling sites, obtained with a 
Garmin Etrex Vista H GPS.

3. Material and methods

The sampling campaigns for physical, chemical, and biological measurements were carried 
out in two periods of the year: March—wet season (late summer)—and October—dry season 
(spring) of 2011. All sites of each reservoir/period were sampled in the same or in two con-
secutive days.

The limnological variables measured in situ, and respective methodologies, are shown in 
Table 2.

Water samples were collected with a Van Dorn bottle at three depths along the water column, 
corresponding to the surface, middle, and bottom (about 0.5–1.0 m above sediments), for the 
analyses of nutrient (total nitrogen and phosphorus), total solids, suspended solids, chlo-
rophyll a, biochemical oxygen, and thermotolerant coliforms. When filtration was required, 
Millipore AP40 membranes and vacuum pump were used. For weight determination, a 
Denver analytical scale (0.00001 g) was used. Laboratory determinations followed method-
ological principles presented in Table 3.

The shore line development index was calculated according to [26]. The theoretical residence 
time (days) was defined as the ratio of reservoir volume and the flow calculated using the 
formula: TRT = V/(Q × 86,400), where V = reservoir volume (m3); Q = mean flow (m3 s−1); and 
86,400 = number of seconds contained in a day. Input data for each reservoir are available at the 
National Water Agency (Agência Nacional de Águas, in Portuguese) (http://sar.ana.gov.br).

Reservoir Sampling site Coordinates Altitude (m) (a.s.l.)

RS2 22°34'1.10"S 52°35'38.60"W 251

RSDam 22°36'14.30"S 52°51'42.10"W 241

Table 1. Geographic coordinates and elevations of the sampling sites along the reservoir cascade.

Variable Methodology

Water transparency (Transp) Secchi disk depth

Water temperature (Temp) Eureka multi-parameter probe—vertical profile

Dissolved oxygen (DO) Eureka multi-parameter probe—vertical profile

pH Eureka multi-parameter probe—vertical profile

Conductivity (Cond) Eureka multi-parameter probe—vertical profile

Turbidity (Turb) Eureka multi-parameter probe—vertical profile

Table 2. Limnological variables measured in situ.
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The trophic state index was determined in accordance with [27] for tropical/subtropical res-
ervoirs (TSItsr), which includes six categories: (U) ultraoligotrophic (≤51.1), (O) oligotrophic  
(51.2–53.1), (M) mesotrophic (53.2–55.7), (E) eutrophic (55.8–58.1), (S) supereutrophic (58.2–59),  
and (H) hypereutrophic (≥59.1), respectively.

The studied parameters (when applicable) were compared with the standard references 
(Table 4) established by the federal framework directive for Class 1 waters—the best possible 
condition (after the Special Class), with no human use restriction and appropriated for com-
munities’ protection (http://www.mma.gov.br/port/conama/res/res05/res35705).

A principal component analysis (PCA) was performed to summarize variation tendencies or 
patterns for limnological variables during both sampling periods, using the PRIMER v6 sta-
tistics package for Windows (Plymouth Routines in Multivariate Ecological Research, www.
primer-e.com).

Variable Methodology

Total nitrogen (TN) Spectrophotometry [19, 20]

Total phosphorus (TP) Spectrophotometry [19, 21]

Total solids (TS) Evaporation/gravimetry (100°C) [22]

Suspended solids (SS) Gravimetry [23]

Biochemical oxygen demand (BOD) Incubation 20°C/5 days [22]

Chlorophyll a (Chl) Spectrophotometry [24, 25]

Thermotolerant coliforms (Coli) Multiple tube MPN [22]

Table 3. Limnological variables measured in the water samples—laboratory analyses.

Variable Standard reference

pH 6–9

Turbidity >40 NTU

Dissolved oxygen >6 mg L−1 O2

Biochemical oxygen demand >3 mg L−1 O2

Total solids >500 mg L−1

Total nitrogen >1.27 mg L−1 lentic systems

>2.18 mg L−1 lotic systems

Total phosphorus >0.020 mg L−1 lentic systems

>0.025 mg L−1 intermediate systems*

Chlorophyll a >10 μg L−1

Thermo tolerant coliforms >200 NMP 100 mL−1

*Water retention time between 2 and 40 days.

Table 4. Standard references established by CONAMA Resolution 357/2005 (conditions for water quality categories for 
Brazilian aquatic ecosystems) for Class 1 waters.

Limnology - Some New Aspects of Inland Water Ecology100

4. Results1

The general characteristics of the studied reservoirs (morphometry, operation, trophy, etc.) 
are compiled in Table 5 and the wide spectrum of conditions certainly influence not only the 
structure but also the limnological functioning of these ecosystems, as pointed out earlier.

The obtained results, in situ and laboratory measurements, are presented following the reser-
voir’s sequence, from upstream toward the mouth. Graphical representations (Figures 2–33) 
are standardized for all reservoirs, including monthly variation of the water level versus 
flow, vertical profiles of temperature and dissolved oxygen, and intra-reservoir variability 
(upstream/tail → dam) of transparency, electric conductivity, pH, turbidity, total solids, sus-
pended solids, biochemical oxygen demand, total nitrogen, total phosphorus, chlorophyll a, 
and thermotolerant coliforms.

1See also Appendixes 1 and 2.

Variable JR CH SG CII CI CP TQ RS

Type (modus operandi)* S S R R R S R R

Area (km2) 449 400 12 22.5 30.85 576 80.1 220

Perimeter (km) 1286 1085 81 103 120 1550 301 433

Volume (hm3) 7702 9410 63.2 158 220 11,743 754.2 1942

Shore line development index 17.1 15.3 6.6 6.1 6.1 18.2 9.5 8.2

Water retention time (days) 400 335 2 4 6 115 7 17

Maximum measured depth (m) 32 79 10 15 25 40 26 27

Altitude (m) (a.s.l.) 563 473 389 367 354 325 271 241

Age (year) 56 47 60 19 19 40 29 31

T.S.I. tsr
** U U U U O U U U

*Reservoir operation S—Storage; R—Run-of-River.
**Trophic State Index tropical/subtropical reservoir (U = ultraoligotrophic; O = oligotrophic).
Minimum (dark gray) and maximum (light gray) values are highlighted.

Table 5. General characteristics of the study reservoirs.

Figure 2. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Jurumirim 
reservoir.
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Figure 3. Temperature profiles in Jurumirim reservoir sampling sites during wet and dry seasons.

Figure 4. Dissolved oxygen profiles in Jurumirim reservoir sampling sites during wet and dry seasons.

Limnology - Some New Aspects of Inland Water Ecology102

Figure 5. Mean values (+S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen demand, 
total nitrogen, total phosphorus, thermo tolerant coliforms and chlorophyll a in Jurumirim reservoir sampling sites 
during wet and dry seasons.

Figure 6. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Chavantes 
reservoir.
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Figure 3. Temperature profiles in Jurumirim reservoir sampling sites during wet and dry seasons.

Figure 4. Dissolved oxygen profiles in Jurumirim reservoir sampling sites during wet and dry seasons.
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Figure 5. Mean values (+S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen demand, 
total nitrogen, total phosphorus, thermo tolerant coliforms and chlorophyll a in Jurumirim reservoir sampling sites 
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Figure 6. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Chavantes 
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Figure 7. Temperature profiles in Chavantes reservoir sampling sites during wet and dry seasons.

Figure 8. Dissolved oxygen profiles in Chavantes reservoir sampling sites during wet and dry seasons.
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Figure 9. Mean values (+S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen demand, 
total nitrogen, total phosphorus, thermotolerant coliforms and chlorophyll a in Chavantes reservoir sampling sites 
during wet and dry seasons.

Figure 10. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Salto Grande 
reservoir.
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Figure 7. Temperature profiles in Chavantes reservoir sampling sites during wet and dry seasons.

Figure 8. Dissolved oxygen profiles in Chavantes reservoir sampling sites during wet and dry seasons.
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Figure 11. Temperature profiles in Salto Grande reservoir sampling sites during wet and dry seasons.

Figure 12. Dissolved oxygen profiles in Salto Grande reservoir sampling sites during wet and dry seasons.
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Figure 13. Mean values (+S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen demand, 
total nitrogen, total phosphorus, thermotolerant coliforms and chlorophyll a in Salto Grande reservoir sampling sites in 
the 2011 wet and dry seasons.

Figure 14. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Canoas II 
reservoir.
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Figure 11. Temperature profiles in Salto Grande reservoir sampling sites during wet and dry seasons.

Figure 12. Dissolved oxygen profiles in Salto Grande reservoir sampling sites during wet and dry seasons.
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Figure 13. Mean values (+S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen demand, 
total nitrogen, total phosphorus, thermotolerant coliforms and chlorophyll a in Salto Grande reservoir sampling sites in 
the 2011 wet and dry seasons.

Figure 14. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Canoas II 
reservoir.
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5. Inter-reservoir variability

The Paranapanema River reservoir cascade exhibits a wide variability of conditions, when com-
pared the distinct physical dimensions. Salto Grande, the oldest reservoir (60 years), is smaller, 
with area of 12 km2; perimeter of 81 km; volume of 63 hm3; and a very low water retention time, 
only 2 days. Conversely, the Capivara reservoir (40 years) has the highest area, perimeter, and 
volume—576 km2, 1550 km, and 11,743 hm3, respectively. Capivara is also the most dendritic 
reservoir, with a shore line development index of 18.2. The two newer (19 years) reservoirs, 
Canoas I and Canoas II, have the lowest shore line development index, 6.1. The first reservoir 
in the series, Jurumirim, has the highest water retention time, annual mean of 400 days, fol-
lowed by the second, Chavantes, with 335 days. The water accumulated in these two upstream 
reservoirs is fundamental for the flow control along the entire cascade. For both, there was 
an increase in water release at the end of the dry season (September and October) to supply 
bellow hydropower plants and, consequently, a decrease in water retention time. In these two 
storage reservoirs, as well as in Capivara (retention time of 115 days), there is an accentuated 
fluctuation in the water level, between 2 and 4 m along the studied year. This annual ampli-
tude can be even higher, depending on the year, up to 9 m in Capivara, but not necessarily 
coupled to the rain/dry regime [17]. In the other reservoirs, operated as run-of-river systems 
(retention time between 2 and 17 days), the level fluctuation is minimum (<0.5 m). Data show 
that flow is intensively manipulated in order to keep the best condition for hydroelectric gen-
eration. The absolute flow values tend to increase along the river, as expected, from 181 m3 s−1 

Figure 15. Temperature profiles in Canoas II reservoir sampling sites during wet and dry seasons.

Figure 16. Dissolved oxygen profiles in Canoas II reservoir sampling sites during wet and dry seasons.
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Figure 17. Mean values (+S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen demand, 
total nitrogen, total phosphorus, thermotolerant coliforms and chlorophyll a in Canoas II reservoir sampling sites during 
wet and dry seasons.
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Figure 15. Temperature profiles in Canoas II reservoir sampling sites during wet and dry seasons.

Figure 16. Dissolved oxygen profiles in Canoas II reservoir sampling sites during wet and dry seasons.
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Figure 17. Mean values (+S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen demand, 
total nitrogen, total phosphorus, thermotolerant coliforms and chlorophyll a in Canoas II reservoir sampling sites during 
wet and dry seasons.
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registered in Jurumirim (August—dry season) to 1679 m3 s−1 in Rosana (February—rainy sea-
son). Ref. [19] analyzed bellow dam releases of Capivara and Taquaruçu reservoirs (ninth and 
tenth in the cascade) in short periods of time (24 h cycles), showing that differences between 

Figure 18. Reservoir level and flow variation throughout the year (monthly average) and water transparency at the 
Canoas I reservoir sampling sites in the 2011 wet and dry seasons.

Figure 20. Dissolved oxygen profiles in Canoas I reservoir sampling sites during wet and dry seasons.

Figure 19. Temperature profiles in Canoas I reservoir sampling sites during wet and dry seasons.

Limnology - Some New Aspects of Inland Water Ecology110

flow peaks reached impressive 1500 m3 s−1. The authors demonstrated that the effects of these 
hourly discharge variations are significant on the limnological variables’ dynamics, especially 
when intake to the turbines comes from hypolimnion (bottom layers) such as in Capivara 

Figure 21. Mean values (mean, +S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen 
demand, total nitrogen, total phosphorus, thermo tolerant coliforms and chlorophyll a in Canoas I reservoir sampling 
sites during wet and dry seasons.
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dam. In this case, there is a transference of low oxygenated waters, disturbing the limnological 
and biota rehabilitation of bellow dam river stretches, whose importance has already been 
evidenced [29–32]. However, this recovery process may not be effective in reservoir cascades, 
where the distance between consecutive reservoirs is too short. In case of Paranapanema, the 
longest inter-dam stretch is about 110 km, between Canoas I and Capivara.

The heat accumulation in the reservoir’s water mass contributes to an increase of temperature 
along the cascade. Mean values for the water column varied from 21.4°C (sampling site 12) to 
26.9°C (sampling site 33) in wet-summer and from 19.7°C (sampling site 12) to 24.6°C (sam-
pling site 36) in dry-spring. The first corresponds to Chavantes dam, the deepest site in the 
cascade, and the other value to the two last reservoirs, Taquaruçu and Rosana, respectively.

Figure 22. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Capivara 
reservoir.

Figure 23. Temperature profiles in Capivara reservoir sampling sites during wet and dry seasons.
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Principal component analysis, performed to provide an ordination and synthesis of the data 
set, evidenced the main spatial and temporal trends (Table 6; Figure 34). The organization 
during the dry period was mainly represented by Component 1 (explaining 30.7% of data 
variability) and the wet season by Component 2 (17.6% of data variability). The first com-
ponent was negatively correlated with transparency and depth, grouping sampling sites 
(dam zones and central channel sites) of the storage reservoirs: Jurumirim and Chavantes. 
Sampling stations of Salto Grande, Capivara and Rosana, were associated to the positive side 

Figure 24. Dissolved oxygen profiles in Capivara reservoir sampling sites during wet and dry seasons.

Figure 25. Mean values (+S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen demand, 
total nitrogen, total phosphorus, thermotolerant coliforms and chlorophyll a in Capivara reservoir sampling sites during 
wet and dry seasons.
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Figure 26. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Taquaruçu 
reservoir.

Figure 27. Temperature profiles in Taquaruçu reservoir sampling sites during wet and dry seasons.

Figure 28. Dissolved oxygen profiles in Taquaruçu reservoir sampling sites during wet and dry seasons.
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of Component 1, determined by suspended solids, nutrients, and chlorophyll (more eutrophic 
conditions). During the wet season, most sampling stations were associated to the negative 
side of Component 2, correlated with higher values of temperature, pH, nutrients, and lower 
concentrations of dissolved oxygen.

Figure 29. Mean values (mean, +S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen 
demand, total nitrogen, total phosphorus, thermo tolerant coliforms and chlorophyll a in Taquaruçu reservoir sampling 
sites during wet and dry seasons.
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of Component 1, determined by suspended solids, nutrients, and chlorophyll (more eutrophic 
conditions). During the wet season, most sampling stations were associated to the negative 
side of Component 2, correlated with higher values of temperature, pH, nutrients, and lower 
concentrations of dissolved oxygen.

Figure 29. Mean values (mean, +S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen 
demand, total nitrogen, total phosphorus, thermo tolerant coliforms and chlorophyll a in Taquaruçu reservoir sampling 
sites during wet and dry seasons.
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Figure 31. Temperature profiles in Rosana reservoir sampling sites during wet and dry seasons.

Figure 30. Variation of water level and flow (monthly averages) and transparency (wet and dry seasons) in Rosana 
reservoir.

Figure 32. Dissolved oxygen profiles in Rosana reservoir sampling sites during wet and dry seasons.
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The predominant trophic state classification for the studied reservoirs was ultraoligotrophic, 
except for Canoas I, which was oligotrophic. A few results, from a total of 74 individual 
samples or mean values in case of vertical profiles, were not in conformity with the standard 
references of the federal legislation for Class 1 waters [28]: 2 values of pH, 6 of turbidity, 1 of 
chlorophyll, 6 of thermotolerant coliforms, and 19 of total phosphorus. This indicates punc-
tual and isolated sources of degradation. The only exception is phosphorus, above the limit 
in 25.6% of the measurements. A detailed comparison of the Paranapanema River reservoirs 
based on distinct water quality and trophic indices is presented by [18]. The study corrobo-
rates the good environmental condition of the river but also evidences some negative effects 
(e.g., phosphorus) associated to the land use intensification—boom of the agrobusiness, espe-
cially for the reservoirs in the middle river basin during the wet season [17].

Another potential eutrophication problem is the expansion of cage-aquaculture [33]. This 
activity has been intensified in the recent years, mainly in Canoas I and Canoas I reservoirs.

Figure 33. Mean values (mean, + S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen 
demand, total nitrogen, total phosphorus, thermotolerant coliforms and chlorophyll a in Rosana reservoir sampling sites 
during wet and dry seasons. 
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except for Canoas I, which was oligotrophic. A few results, from a total of 74 individual 
samples or mean values in case of vertical profiles, were not in conformity with the standard 
references of the federal legislation for Class 1 waters [28]: 2 values of pH, 6 of turbidity, 1 of 
chlorophyll, 6 of thermotolerant coliforms, and 19 of total phosphorus. This indicates punc-
tual and isolated sources of degradation. The only exception is phosphorus, above the limit 
in 25.6% of the measurements. A detailed comparison of the Paranapanema River reservoirs 
based on distinct water quality and trophic indices is presented by [18]. The study corrobo-
rates the good environmental condition of the river but also evidences some negative effects 
(e.g., phosphorus) associated to the land use intensification—boom of the agrobusiness, espe-
cially for the reservoirs in the middle river basin during the wet season [17].

Another potential eutrophication problem is the expansion of cage-aquaculture [33]. This 
activity has been intensified in the recent years, mainly in Canoas I and Canoas I reservoirs.

Figure 33. Mean values (mean, + S.D.) of conductivity, pH, turbidity, total and suspended solids, biochemical oxygen 
demand, total nitrogen, total phosphorus, thermotolerant coliforms and chlorophyll a in Rosana reservoir sampling sites 
during wet and dry seasons. 
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Figure 34. Graphical results of the principal component analysis (PC1 and PC2) of Paranapanema River reservoir 
cascade based on the limnological variables and using the seasonality as the factor or ordination. For abbreviations see 
Tables 1–3.

Limnological variables PC1 (30.7%) PC2 (17.6%)

Transparency −0.405 −0.020

Depth −0.125 0.052

Temperature 0.061 −0.545

pH 0.022 −0.420

Conductivity 0.100 −0.184

Turbidity 0.403 0.095

Dissolved oxygen −0.048 0.251

Biochemical oxygen demand 0.143 0.124

Total solids 0.199 0.061

Inorganic suspended solids 0.415 0.191

Organic suspended solids 0.390 0.165

Total nitrogen 0.225 −0.372

Total phosphorus 0.284 −0.381

Chlorophyll a 0.343 0.184

Thermotolerant coliforms 0.089 −0.130

Table 6. Principal component analysis scores (PC1 and PC2) based on the limnological characteristics of the 
Paranapanema River reservoir cascade.
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6. Intra-reservoir spatial organization—longitudinal dimension

Conspicuous longitudinal gradients (upstream lotic zone → lacustrine dam zone) were 
observed in the studied reservoirs, especially for the larger storage ones. Classical studies 
pointed out that compartmentalization enhances the spatial and temporal complexity of res-
ervoirs [5, 13, 34]. This structural characteristic has been verified for several Brazilian reser-
voirs [7, 10–12, 35, 36].

The Secchi disk transparency, a very simple (easy and cheap) measurement, but limnologi-
cally not trivial, is a robust indicator of the presence of distinct water masses along the main 
axis of a reservoir. In Jurumirim, we registered a clear increasing of transparency toward 
the dam, about five times in wet season and nine times in dry season. The opposite trend, a 
longitudinal decrease, occurred for turbidity and suspended solids.

Other variables that indicate well-defined longitudinal gradients were nitrogen, phosphorus, 
and chlorophyll, whose concentrations reduce toward the dam.

The Chavantes reservoir exhibits an additional spatial complexity due to the existence of “two 
longitudinal axes,” instead of one. An axis corresponds to the former Itararé River Valley 
(stations CH1, CH2, and CH3), laterally inserted into the Paranapanema River, the other axis 
(stations CHUp, CH4, and CHDam). In general, variables such as turbidity, suspended solids, 
total nitrogen, and total phosphorus (in this case only for wet season) exhibited lower values 
in the Paranapanema axis, compared to the Itararé axis. In both spatial axes, there was a 
transparency increase toward the dam, with higher values in the Paranapanema, 6.9 and 8.7 
times in wet and dry seasons, respectively.

Different from the previously mentioned reservoirs, in Canoas I, Canoas II, Taquaruçu, and 
Rosana, all run-of-river systems (retention time between 4 and 17 days), the longitudinal gra-
dient was moderate or even a relative homogeneous condition was found. For instance, in 
Taquaruçu during both campaigns and in Canoas II and Rosana during the wet campaign, 
the maximum difference along the reservoirs’ main axes was only 0.4 m, despite the dis-
tance of tens of kilometers between sampling points. For these reservoirs, the magnitude of 
changes seems to be more relevant on the temporal scale—alternating between dry (winter/
early spring) and rainy (late spring/summer) periods. Nutrient concentrations (nitrogen and 
total phosphorus), for instance, are clearly higher in the wet season.

Very low, and probably transient, transparency in some sampling sites of Rosana and 
Capivara during the dry season can be attributed to atypical rain events in the upstream areas 
of both reservoirs immediately (2 days) before sampling. The sediment loads introduced by 
tributaries (Cinzas River in Capivara and Pirapó River in Rosana) resulted in a remarkable 
local increase in mineral turbidity (~155 NTU).

The results of Capivara, whose water retention time of 115 days is higher than in run-of-river 
and lower than in upstream storage reservoirs, demonstrate the importance of both spatial 
compartmentalization and seasonal variation on the physical and chemical characteristics. The 
spatial variability is determined by longitudinal gradient and tributary rivers’ (more eutro-
phic waters’) contributions. The concentrations of nutrients (nitrogen and phosphorus) varied 
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widely among the different compartments of the reservoir. The main tributary of the Capivara 
reservoir is the Tibagi River (its mouth corresponds to the sampling site CP3), which drains 
agricultural areas intensively cultivated and is the second largest river in the whole basin, after 
the Paranapanema.

In the Salto Grande reservoir, despite its small size, the spatial complexity is high, due to the 
influence of a large reservoir (Chavantes) located upstream and the entrance of secondary 
tributary river (Pardo River), which introduces high loads of nutrients and suspended solids 
[1, 17, 37]. The transparency of water, for example, is higher in the upstream region (SGUp 
and SG2) and lower at the mouth of the Pardo River (SG1), with a difference of 3.3 m and 
2.9 in wet and dry season, respectively. The opposite pattern of variation, as expected, was 
verified for turbidity and suspended solids, with values lower than 5 NTU at SGUp and SG2 
(wet and dry seasons) and higher than 80 NTU in SG1 (wet season).

In addition to the river’s prevalent longitudinal pattern of physical, chemical, and biotic orga-
nization [38], the results of Capivara and Salto Grande are very important to show that the 
lateral dimension, mostly the effects of tributaries’ entrance, should not be neglected if one 
aims to understand the spatial structure and functional processes of large rivers and reservoir 
ecosystems.

7. Intra-reservoir spatial organization: vertical dimension

The development of thermal stratification, commonly followed by chemical differences, is 
a profound modification in riverine ecosystems after damming. Interactions with the atmo-
sphere are enhanced due to the increase of the exposed surface area, higher water retention 
time, and reduction in advective transport of mass and energy. In the Paranapanema reser-
voir cascade, we observed a strong thermal stratification in Chavantes, the deepest reservoir, 
during summer. Maximum difference between epilimnion (25°C) and hypolimnion (18°C) 
layers, of 7°C, was verified at the sampling point near the dam (CH12). Other two sampling 
sites, CH3 and CH4, in the central channel also exhibited a well-defined thermal stratification. 
The oxygen along the water column decreased approximately from 3 to 4 mg L−1.

During summer, we also observed stratification at the dam zone of the other two storage res-
ervoirs, Jurumirim and Capivara, with differences between layers of 3 and 2°C, respectively. 
In Jurumirim, particularly, there was a remarkable drop (about 5 mg L−1) of dissolved oxygen 
in deeper layers, certainly the effect of an extended period (late spring/summer) of stratifica-
tion. The upstream compartments of these larger reservoirs (especially CHUp, CPUp) were 
characterized by homogeneous physical and chemical profiles, indicating a continuous mix-
ture regime.

Surficial stratification, probably ephemeral, due to intense solar heating in summer was 
observed in some sampling sites (e.g., SGDam, SG3, CP3, CP4).

For the other reservoirs, run-of-river systems, isothermal conditions or a slightly gradual 
decrease of temperature with depth was observed, resulting in a homogeneous or relatively 
homogeneous distribution of the other variables measured along the water column.
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8. Concluding remarks

As previously mentioned, this study has a “historical” importance, because since then it 
was established a permanent limnological and water quality monitoring program in the 
Paranapanema River reservoir cascade. Eight consecutive years of continuous and standard-
ized evaluation produced valuable information, which has subsidized important manage-
ment actions in this large water basin of southeast Brazil.

The larger (and dendritic) storage reservoirs exhibit a well-marked longitudinal compartmen-
talization, considerable water level fluctuation as well as summer thermal stratification in the 
central channel and lacustrine zones toward the dam, followed by oxygen decrease in bottom 
layers. Conversely, run-of-river reservoirs are morphometrically simpler, the spatial com-
plexity is moderate with minor variation in the water level and a continuous mixing regime. 
Nevertheless, the second kind of reservoirs is less resilient to seasonal changes (dry-wet periods).

In addition to the expected upstream-dam gradients, the lateral component of the spatial 
heterogeneity was very important for some reservoirs, determined basically by the entrance 
of tributary rivers which transport considerable loads of nutrients and sediments from inten-
sively cultivated lands.

Finally, it is important to highlight that most measurements were in conformity with the 
federal standard references for Class 1 waters (good water quality). Exceptions are locally 
restricted. This fact is corroborated by the predominant low trophic state (77% of ultraoligo-
trophic determinations). The Paranapanema River reservoir cascade is a strategic regional 
hydric resource. This is particularly important for the state of São Paulo, the most populous 
and industrialized state of the country, where important fluvial systems are hypereutrophic 
and heavily polluted [39] and the metropolitan area of São Paulo city is already facing recur-
rent water crises, in quantity and quality.
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The oxygen along the water column decreased approximately from 3 to 4 mg L−1.

During summer, we also observed stratification at the dam zone of the other two storage res-
ervoirs, Jurumirim and Capivara, with differences between layers of 3 and 2°C, respectively. 
In Jurumirim, particularly, there was a remarkable drop (about 5 mg L−1) of dissolved oxygen 
in deeper layers, certainly the effect of an extended period (late spring/summer) of stratifica-
tion. The upstream compartments of these larger reservoirs (especially CHUp, CPUp) were 
characterized by homogeneous physical and chemical profiles, indicating a continuous mix-
ture regime.

Surficial stratification, probably ephemeral, due to intense solar heating in summer was 
observed in some sampling sites (e.g., SGDam, SG3, CP3, CP4).

For the other reservoirs, run-of-river systems, isothermal conditions or a slightly gradual 
decrease of temperature with depth was observed, resulting in a homogeneous or relatively 
homogeneous distribution of the other variables measured along the water column.
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8. Concluding remarks

As previously mentioned, this study has a “historical” importance, because since then it 
was established a permanent limnological and water quality monitoring program in the 
Paranapanema River reservoir cascade. Eight consecutive years of continuous and standard-
ized evaluation produced valuable information, which has subsidized important manage-
ment actions in this large water basin of southeast Brazil.

The larger (and dendritic) storage reservoirs exhibit a well-marked longitudinal compartmen-
talization, considerable water level fluctuation as well as summer thermal stratification in the 
central channel and lacustrine zones toward the dam, followed by oxygen decrease in bottom 
layers. Conversely, run-of-river reservoirs are morphometrically simpler, the spatial com-
plexity is moderate with minor variation in the water level and a continuous mixing regime. 
Nevertheless, the second kind of reservoirs is less resilient to seasonal changes (dry-wet periods).

In addition to the expected upstream-dam gradients, the lateral component of the spatial 
heterogeneity was very important for some reservoirs, determined basically by the entrance 
of tributary rivers which transport considerable loads of nutrients and sediments from inten-
sively cultivated lands.

Finally, it is important to highlight that most measurements were in conformity with the 
federal standard references for Class 1 waters (good water quality). Exceptions are locally 
restricted. This fact is corroborated by the predominant low trophic state (77% of ultraoligo-
trophic determinations). The Paranapanema River reservoir cascade is a strategic regional 
hydric resource. This is particularly important for the state of São Paulo, the most populous 
and industrialized state of the country, where important fluvial systems are hypereutrophic 
and heavily polluted [39] and the metropolitan area of São Paulo city is already facing recur-
rent water crises, in quantity and quality.
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Abstract

The optimum quality of water indices is extremely important for successful frog culture. 
Frogs excrete their excreta and skin debris in water. Therefore, it is necessary to regularly 
renew the water and clean the tanks and bays of rearing systems. Such care is necessary for 
the prevention and prophylaxis of diseases, which may cause severe mortalities. Bullfrogs 
need water of good physical and chemical quality, and thus, water quality indices must 
be measured before starting a breeding and rearing program. Additionally, the producers 
should have a good knowledge about the water quality before establishing a rearing sys-
tem. Aquatic ecosystems are dynamic and even in small rearing water tanks, physical and 
chemical parameters are interrelated. For example, any change in dissolved oxygen level 
depends on the water temperature and atmospheric pressure. The dissolved oxygen level 
is almost 9.08 mg L−1 near sea side at a temperature of 20°C, whereas its concentration 
rises up to 10.07 mg L−1, if the temperature drops to 15°C, indicating that dissolved oxygen 
and water temperature are closely interrelated. Thus, physical and chemical parameters 
of water should be considered and analyzed together because all of these factors have a 
direct impact on the culture systems.
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1. Introduction

Frog culture consists of small- and medium-scale producers and is gaining the attention since 
several years. The improvements in production systems and research have contributed a lot to 
make it more viable and profitable for producers. Brazil is considered as the country that has 
the best technologies in the production of bullfrog, that is, the entire production cycle is com-
pleted under controlled conditions. However, the sector encounters some limitations such as 
fewer improvements in the areas of nutrition, reproduction and genetics, mismanagement of 
the sector, and little investment and actions by the public sector [1].

The frog’s production has different markets including the domestic and foreign markets. The 
main product is fresh meat, represented mostly by the trade of frogs’ thighs [2]. More than 
90% of internationally traded frog meat comes from extractive hunting, but there is enor-
mous pressure from environment protection agencies that are claiming the finishing of such 
practice. Data published by FAO [3] on world ranching showed Brazil as the second largest 
producer, the first being Taiwan.

In Brazil and China, raniculture is exclusively based on the production and rearing of bullfrog 
(Lithobates catesbeianus), an exotic species from North America that was introduced for captive 
breeding. When compared to native species, it presents higher productive performance in 
commercial productions [4]. The species presents extremely favorable zoo-technical charac-
teristics for high-scale breeding, such as precocity, prolificacy, and rusticity, which greatly 
facilitate management [2].

As among all amphibian species, frogs are ectothermic animals, that is, the temperature of 
water and environment directly influences the animal’s metabolism [5]. The temperature of 
water between 22 and 28°C is considered ideal for the excellent development of tadpoles [6] 
and may result in achieving better zoo-technical indices in the rearing phase [7].

Amphibians like bullfrog need water of specific physical and chemical quality. For producers, 
before starting a rearing system, it is extremely important to know and has a good knowledge 
about different water quality parameters and their role in successful frog culture. They should 
measure the pH, electrical conductivity, total alkalinity, total hardness, ammonia, nitrite, 
nitrate, phosphorus, chlorides, iron, and especially oxygen properly before starting breeding. 
These parameters are the most important indices that indicate the water quality.

2. Usage, water quality, and aquaculture effluents

Aquaculture has shown great development in the last decades and is competing with pro-
duction systems of other aquatic animals due to water resource. Its development, however, 
presents risks of deteriorating the quality and quantity of water and in contributing declining 
the environmental, social, and economic quality. Technical, scientific, and representative links 
of Brazilian aquaculture have stated that frog culture does not consume but rather uses water, 
and this characteristic of nonconductivity could change approaches and strategies related to 
the management of water resources directed to aquatic productions, taking in consideration 
different from the industries [8].
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The granting and charging due to the use of water resources by aquaculture become more 
relevant when it highlights the aspects of water quality used and release the water source at 
the expense of aspects that basically involve the use of large volumes of water. The usage of 
aquaculture water depends greatly on water quality [9].

Aquaculture uses water resources intensively, competing for water available to the population 
and other productive systems. However, unlike other production systems, aquaculture can col-
laborate with water quality control systems by constant monitoring while keeping in view its 
role in producing food for humans especially protein food [8].

An objective and consistent model of granting and charging due to the use of water for aqua-
culture refers to methods focused on quality differentials, which are possibly based on mea-
surements of biochemical oxygen demand (BOD) and levels of nitrogen (N) and phosphorus 
(P) in the water collected and returned to its source or original course. Other factors, such 
as water surface area, chosen design, or management techniques, may interfere with higher 
actual water consumption and may also be taken into account in the models of granting and 
charging the use of water resources for aquaculture [8].

Evaluating water use in the last 100 years, Telles [10] stated that globally about 70% of the avail-
able water is destined for agricultural usage. According to the author, approximately 20% of the 
water is destined to the industry and less than 10% to population (hygiene and direct consump-
tion). In response to increasing food demands, aquaculture has also advanced its production. 
In the last decade, world production has increased by 200% mainly searching for a healthy 
product and the next step is the search for an ecologically correct product.

For any production system to continue its growth, it must be economically and environmen-
tally correct [11, 12]. In addition, it should be based on the concepts of food security and socio-
economic development [13]. According to Valenti et al. [13], modern aquaculture is based on 
three pillars: profitable production, social development, and preservation of the environment, 
having an intrinsic and interdependent relationship for a perpetual production.

Although aquaculture provides a number of social and economic benefits, it must seek new 
technologies to reduce impacts such as deforestation, diversion of watercourses, introduction of 
exotic species into the natural environment, and effluent emission into aquifers. Environmental 
pollution can be defined as any action or omission of man, which has a direct impact on water, 
soil, and air and causes a harmful imbalance on the environment as well [14]. The impacts 
caused by aquaculture result in reduced production, disease outbreaks in cultivated and wild 
populations, and in some cases may restrict aquaculture operations [15].

Environmental factors such as soil quality, water quality, risks of introducing exotic species/ 
biodiversity, chemical and organic discharge in the natural environment, recycling and inter-
action with other neighboring fish farms have a great impact on fish farming [16]. Another 
type of impact is that which is caused by aquaculture on water quality is related to the accu-
mulation of nutrients and organic residues at the bottom of tanks and nurseries and such 
impact is time dependent.  This time is related to unused food, fertilizer usage, and the nutri-
ents present in the sediment, which precipitate and then release into the water column [17].

The nurseries have high concentrations of nutrients, plankton, organic, and inorganic mat-
ter due to the food provided and the morphometry of the systems. The input and output of 
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constant water with short residence time and uncontrolled management of feed and water 
are some of the important factors that directly act on nutrient dynamics, accelerating or 
allowing greater availability in the water column [18].

The water inflow and outflow due to its great intensity remove excess nutrients and other 
material from the nursery, controlling the phosphorus dynamics in the medium in relation to 
its absorption in the sediment [19]. In times of high fish production, from November to April 
(increased water temperature), the addition of feed is more intense and climatic factors such 
as temperature and precipitation influence the dynamics of these systems [18].

The impacts of aquaculture can be classified as internal, local, and/or regional. Internal impacts 
refer to those that interfere with the breeding system itself, such as the depletion of dissolved 
oxygen in a fish farm. In general, local impacts extend 1 km downstream of the effluent dis-
charge. Effects on aquatic environments with a spatial scale of several kilometers are considered 
regional impacts [20].

The effluents from aquaculture ponds have a high volume and low nutrient concentrations when 
compared to domestic effluents, which present little volume and high concentration of nitrogen 
and phosphorus [21]. Although the dilution value of these effluent discharges from aquaculture 
is considered high, its direct launch in the limnic environments can result in a chronic bioaccu-
mulation and eutrophication, which can lead to an excessive increase of phytoplankton, causing 
dissolved oxygen deficit at night and possible death of local organisms [22]. Thus, the advance-
ments in aquaculture simultaneously increase the concern of environmental agencies and societ-
ies with the environmental impact generated by it.

The main negative impact of effluents from aquaculture activities on aquatic ecosystems is the 
increase of nitrogen and phosphorus concentrations in the water column and accumulation 
of organic matter in the sediments [22]. In addition to effluent produced by natural processes, 
nutrient enrichment, feces, and unconsumed feed, chemical residues are also released, which 
are used in disinfection, pest and predator controls, disease treatments, hormones to induce 
reproduction, and sexual reversal beyond anesthetics for transport [23].

Not all breeding techniques have negative environmental consequences, since many of them 
are beneficial when environmental management is effective and socioeconomically sustain-
able [24]. As a positive impact of aquaculture, there are related consortiums between aquacul-
ture and agriculture (irrigation and farming), rearing of tadpoles along with ornamental fish 
[25] or integrated systems of multiple uses such as recreation, gastronomy and rural tourism.

Another positive aspect is the maintenance of fish stocks in the sea and rivers, protecting and 
conserving endangered species, the use of industrial and domestic (treated) effluents in the 
enrichment of fish farms, or the coupling of a hydroponics system together with the residues 
of fish farming itself. It is also important to highlight the opportunities for new economic and 
working sources in the river basin [23] as a positive social and economic aspect.

The increasing growth of the animal industry has forced the reduction in the effects of intensive 
production systems on the environment. The concern with amino acids up to recent animal 
response considerations was restricted for maximizing production efficiency but little or no 
attention was given for reducing nitrogen excretion [26]. But now, there is a great concern about 
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modern aquaculture’s response to intensive production systems—the sustainability and envi-
ronmental impact or pollution caused by them. In these systems, the density of fish per volume 
of water is very high, needing high rations and large amount of feed consisting of ingredients 
of high digestibility and palatability in order to produce minimum residue from feed wastage 
and stop high excretion of phosphorus and nitrogen [27].

The development of nutritious and environmentally and economically viable rations depends 
on the knowledge regarding the alimentary habits and nutritional requirements of the species 
reared [27]. Being an alternative production in the agriculture sector, frog culture can be placed 
among aquaculture activities that are gaining importance in the natural scenario [28], as the 
natural populations of frogs in Asia are decreasing due to environmental contamination and 
uncontrolled capture [29].

3. Importance of water quality for raniculture

The quality and cleanliness of water used in production of aquatic organisms are essential 
factors for the success of these programs. The frogs leave their excreta, and skin remains in 
water due to constant changes. It is imperative to constantly renew the water and clean the 
tanks and bays, and such care is necessary to prevent diseases and mortalities.

Amphibians such as bullfrog need water with specific physical and chemical quality. Parameters 
such as pH, electrical conductivity, total alkalinity, total hardness, ammonia, nitrite, nitrate, phos-
phorus, chlorides, iron, and especially oxygen must be measured before starting a breeding. These 
parameters are the most important indexes that characterize the quality of water. For breeders 
who are starting the activity, it is of the utmost importance to understand these variables.

All animal or vegetable life forms breathe in inhaling oxygen and exhaling carbon dioxide. When 
an aquatic environment is polluted with organic matter, the consumption of O2 (respiration) 
exceeds beyond the acceptable levels and a decrease occurs in its available concentration. If the 
imbalance persists under anaerobic conditions (without oxygen), fish and most other animals 
will be unable to exist and will die. Oxygen allows aerobic (oxygen-using) bacteria to be more 
efficient decomposers than anaerobic (non-oxygen) bacteria, reducing decomposing organic 
matter in the water without leaving harmful odors.

When large quantities of organic material are discharged into rivers, for example, a population 
explosion of decomposing bacteria occurs. By “breathing,” oxygen depletion occurs and the water 
becomes anaerobic or septic. The aerobic bacteria then facilitate the anaerobic bacteria, which 
produce hydrogen sulfide gas that has an extremely unpleasant smell and affect the aquatic life.

Aquatic ecosystems are dynamic, and even in tanks with small volumes of water, the physical 
and chemical parameters interrelate and are dependent on one another. The level of dissolved 
oxygen in water varies with temperature and atmospheric pressure. The dissolved oxygen 
content is about 9.08 mg L−1 at sea level and a temperature of 20°C, while this concentration 
rises up to 10.07 mg L−1 of oxygen, if the temperature drops to 15°C, indicating them the two 
closely interrelated factors.
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modern aquaculture’s response to intensive production systems—the sustainability and envi-
ronmental impact or pollution caused by them. In these systems, the density of fish per volume 
of water is very high, needing high rations and large amount of feed consisting of ingredients 
of high digestibility and palatability in order to produce minimum residue from feed wastage 
and stop high excretion of phosphorus and nitrogen [27].

The development of nutritious and environmentally and economically viable rations depends 
on the knowledge regarding the alimentary habits and nutritional requirements of the species 
reared [27]. Being an alternative production in the agriculture sector, frog culture can be placed 
among aquaculture activities that are gaining importance in the natural scenario [28], as the 
natural populations of frogs in Asia are decreasing due to environmental contamination and 
uncontrolled capture [29].

3. Importance of water quality for raniculture

The quality and cleanliness of water used in production of aquatic organisms are essential 
factors for the success of these programs. The frogs leave their excreta, and skin remains in 
water due to constant changes. It is imperative to constantly renew the water and clean the 
tanks and bays, and such care is necessary to prevent diseases and mortalities.

Amphibians such as bullfrog need water with specific physical and chemical quality. Parameters 
such as pH, electrical conductivity, total alkalinity, total hardness, ammonia, nitrite, nitrate, phos-
phorus, chlorides, iron, and especially oxygen must be measured before starting a breeding. These 
parameters are the most important indexes that characterize the quality of water. For breeders 
who are starting the activity, it is of the utmost importance to understand these variables.

All animal or vegetable life forms breathe in inhaling oxygen and exhaling carbon dioxide. When 
an aquatic environment is polluted with organic matter, the consumption of O2 (respiration) 
exceeds beyond the acceptable levels and a decrease occurs in its available concentration. If the 
imbalance persists under anaerobic conditions (without oxygen), fish and most other animals 
will be unable to exist and will die. Oxygen allows aerobic (oxygen-using) bacteria to be more 
efficient decomposers than anaerobic (non-oxygen) bacteria, reducing decomposing organic 
matter in the water without leaving harmful odors.

When large quantities of organic material are discharged into rivers, for example, a population 
explosion of decomposing bacteria occurs. By “breathing,” oxygen depletion occurs and the water 
becomes anaerobic or septic. The aerobic bacteria then facilitate the anaerobic bacteria, which 
produce hydrogen sulfide gas that has an extremely unpleasant smell and affect the aquatic life.

Aquatic ecosystems are dynamic, and even in tanks with small volumes of water, the physical 
and chemical parameters interrelate and are dependent on one another. The level of dissolved 
oxygen in water varies with temperature and atmospheric pressure. The dissolved oxygen 
content is about 9.08 mg L−1 at sea level and a temperature of 20°C, while this concentration 
rises up to 10.07 mg L−1 of oxygen, if the temperature drops to 15°C, indicating them the two 
closely interrelated factors.
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The behavior of several other parameters occurs in the same way. Thus, it is not enough to 
know only one parameter or strictly follow the literature. The physical and chemical evalua-
tion of water must be analyzed together, taking into account all factors.

3.1. Variables of interest in water quality control

pH (hydrogenation potential): It is the ratio between concentrations of hydrogen ions (H+) 
and hydroxyl ions (OH−), that is, acidity or alkalinity. It has a scale of 0–14, with pH 7 being 
neutral, where H+ and OH concentrations are the same. Below 7, the pH indicates acidity, 
and above 7, it indicates alkalinity. The most responsible for its variation is the carbonic acid, 
which is originating from the carbon dioxide produced by phytoplankton during photosyn-
thesis, where in excess, it renders the pH acidic and vice versa.

Electric conductivity: It is determined by the presence of dissolved substances that dissociate 
into anions and cations. It is the ability of water to transmit electric current. Practically for 
aquatic organisms, the higher the conductivity the more charged the system will be.

Total alkalinity: It indicates the concentration of carbonate and bicarbonate salts in water. 
It has a function of water buffering, that is, it maintains the pH stable, besides participating 
in the carapace formation of some species of plankton. Carbonates and other salts react with 
carbonic acid, neutralizing their action.

Total hardness: It indicates the concentration of metallic ions mainly the ions of calcium (Ca2+) 
and magnesium (Mg2+) present in water. It is expressed in CaCO3 equivalents. The values 
of total hardness are practically associated with alkalinity. It also potentiates the toxicity of 
various chemicals.

Ammonia, nitrite, and nitrate: Ammonia produced due to the excretions of aquatic organisms 
and bacterial decomposition of the organic material in water is divided into toxic ammonia (NH3) 
and ammonium ion (NH4). Through bacterial oxidation (nitrosomonas), the ammonia is trans-
formed into nitrite. Then, nitrite is oxidized by bacteria of the genus Nitrobacter to nitrate. The 
denitrifying bacteria transform nitrate into nitrogen by completing the cycle. Generally, ammo-
nia and nitrite are the toxic forms (depending on pH and temperature). Nitrate is not toxic.

Phosphorus: It is a nutrient with low concentration in water but is one with the highest con-
centration factor in phytoplankton, followed by nitrogen and carbon. Its compounds consti-
tute an important component of the living cell, especially nucleoproteins, essential for cellular 
reproduction. It is also associated with respiratory and photosynthetic metabolism. They occur 
mainly in the form of soluble phosphates and phosphate rock. Organic wastes, especially 
domestic sewage, contribute to the enrichment of water with this element.

Iron: Among the physical and chemical parameters of water, iron is the one that most frequently 
makes impossible the implantation of a commercial raniculture. This metal when in high con-
centration causes tadpoles mortality due to its chemical toxicity. It is sometimes possible to 
remove the iron from water through its oxidation (Fe3—colloidal), in other words, introducing 
oxygen in the medium and aeration.

Limnology - Some New Aspects of Inland Water Ecology138

4. Water quality indices found in commercial farms for the 
cultivation of tadpoles

The excretion of the animals (feces and urine) results in ammonia-based compounds. Ammonia 
is extremely toxic when in large quantities and is converted into nitrite and nitrate by the action of 
nitrifying bacteria. Nitrite is also a toxic compound. It can oxidize hemoglobin in animals’ blood; 
thus, converting it into methaemoglobin, a molecule incapable of carrying oxygen. This transfor-
mation process of ammonia (NH3—toxic) in nitrite (NO2—toxic) and then in nitrate (NO3—toxic 
only in high quantities) is called denitrification and occurs depending on the temperature, pH, 
and oxygen of water. This reaction is one of the most common causes of mortality in tadpole 
tanks but it can also be easily avoided by taking basic precautions such as controlling the amount 
of food offered, constant and efficient oxygenation, water renewal, and regular cleaning.

The changes in water are related to values that allow classifying water by its degree of con-
tamination, origin or nature of the main pollutants, and their effects to characterize cases of 
loads or peaks of concentration of toxic substances and to evaluate the biochemical balance 
necessary for maintenance of aquatic life. In other words, the farmer observing the water of 
his tanks daily can infer and/or perceive its state. However, not even the experience gained 
over the years will spare the farmer from regular observing/monitoring the water of his tanks.

In the literature, we find little information available on the ideal water quality for raniculture. 
Many concepts and values come from other types of aquaculture animals. Thus, a gap occurs 
when the farmers apply this information in commercial ranks, which is a more practical 
activity. Another way to aid in the elucidation of this process is to conduct aquatic research 
regarding the impact of water quality on frog culture on large-scale laboratory tests in order 
to provide more accurate and practical information to the frog culturists.

Following are some data collected in the field from observations made in commercial ranks in 
Brazil (Table 1), which are demonstrated.

Analyzing the above mentioned variables, it is verified that there is a very great similarity 
between fish and amphibians with respect to the physical and chemical parameters of the 
water. It has been noted that bullfrog tadpoles require less oxygen than fish. This is one of the 
reasons why many amphibians are known as “homebodies,” that is, animals do not migrate 
from their place of origin when environmental conditions become adverse.

Normally, higher production of tadpoles is carried out in hot periods due to better adapta-
tion and development of animals at an average temperature of 26°C [32]. The pH values did 
not show large changes among the frog farms, normally presenting average values of 7.0 for 
water supply and effluent, respectively. Thus, it remains within the standards recommended 
by the Brazilian resolution (pH between 6.0 and 9.0 for breeding waters of this species).

It is common to observe decrease in the dissolved oxygen content in the effluent than the 
water supply, but ideally, it is above the minimum required by the legislation (5.0 mg L−1). As 
far as the ideal flow rate for spinning water is concerned, it is ideal that the total tank volume 
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denitrifying bacteria transform nitrate into nitrogen by completing the cycle. Generally, ammo-
nia and nitrite are the toxic forms (depending on pH and temperature). Nitrate is not toxic.

Phosphorus: It is a nutrient with low concentration in water but is one with the highest con-
centration factor in phytoplankton, followed by nitrogen and carbon. Its compounds consti-
tute an important component of the living cell, especially nucleoproteins, essential for cellular 
reproduction. It is also associated with respiratory and photosynthetic metabolism. They occur 
mainly in the form of soluble phosphates and phosphate rock. Organic wastes, especially 
domestic sewage, contribute to the enrichment of water with this element.

Iron: Among the physical and chemical parameters of water, iron is the one that most frequently 
makes impossible the implantation of a commercial raniculture. This metal when in high con-
centration causes tadpoles mortality due to its chemical toxicity. It is sometimes possible to 
remove the iron from water through its oxidation (Fe3—colloidal), in other words, introducing 
oxygen in the medium and aeration.
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In the literature, we find little information available on the ideal water quality for raniculture. 
Many concepts and values come from other types of aquaculture animals. Thus, a gap occurs 
when the farmers apply this information in commercial ranks, which is a more practical 
activity. Another way to aid in the elucidation of this process is to conduct aquatic research 
regarding the impact of water quality on frog culture on large-scale laboratory tests in order 
to provide more accurate and practical information to the frog culturists.

Following are some data collected in the field from observations made in commercial ranks in 
Brazil (Table 1), which are demonstrated.

Analyzing the above mentioned variables, it is verified that there is a very great similarity 
between fish and amphibians with respect to the physical and chemical parameters of the 
water. It has been noted that bullfrog tadpoles require less oxygen than fish. This is one of the 
reasons why many amphibians are known as “homebodies,” that is, animals do not migrate 
from their place of origin when environmental conditions become adverse.

Normally, higher production of tadpoles is carried out in hot periods due to better adapta-
tion and development of animals at an average temperature of 26°C [32]. The pH values did 
not show large changes among the frog farms, normally presenting average values of 7.0 for 
water supply and effluent, respectively. Thus, it remains within the standards recommended 
by the Brazilian resolution (pH between 6.0 and 9.0 for breeding waters of this species).

It is common to observe decrease in the dissolved oxygen content in the effluent than the 
water supply, but ideally, it is above the minimum required by the legislation (5.0 mg L−1). As 
far as the ideal flow rate for spinning water is concerned, it is ideal that the total tank volume 
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is renewed at least once a day in small tanks. Some authors have already described some flow 
rates found in frogs: Borges et al. [33] found 0.11 L s−1 and for the exit water, 0.08 L s−1; and 
Pereira et al. [34] found the value of 0.064 L s−1.

For electrical conductivity, there is no established standard for tadpoles. We find literature 
that demonstrates values of 30 to 200 μS cm−1 for incoming water and runoff water [35–37]. 
Mercante et al. [38] working with sequential nurseries of semi-intensive fish production 
observed a mean variation between 46 and 113 μS cm−1 in the nurseries (Table 1). The same 
author states that when the values are high, they indicate a high degree of decomposition and 
the inverse (reduced values) is intense primary production (phytoplankton).

The maximum limit for turbidity in effluents, according to Brazilian legislation, is 100 NTU (neph-
elometric turbidity units). According to Borges et al. [33], in a study with tadpoles, the maximum 
value obtained for incoming water was 20 NTU and for output was 26 NTU, thus remaining 
within the allowed range. Sipaúba-Tavares [39] argues that high levels of turbidity may be related 
to the presence of clays and dissolved or colloidal organic matter. In the same study by Borges 
et al. [33], ammonia and nitrate remained well below the limit established by legislation during 
the experimental period. However, from collection 2 (31 days of experiment), the concentrations 
were higher in the outlet water, with mean values of 0.40 and 0.49 mg L−1, respectively, evidencing 
the organic matter decomposition and the rapid nitrification process due to the good oxygenation 
of the tanks.

Parameters Desirable values Values observed

pH 6.5–7.0 6.0–8.0

Oxygen 0.7–6.0 mg L−1 2.0–6.0 mg L−1

Ammonia (NH3) Up to 0.5 mg L−1 Up to 0.7 mg L−1

Nitrite (NO2) Up to 0.5 mg L−1 Up to 1.0 mg L−1

Nitrate (NO3) Up to 1.0 mg L−1 —

Hardness Up to 40 mg L−1 10–80 mg L−1 CaCO3 (most frequent)

Alkalinity Up to 40 mg L−1 10–80 mg L−1 CaCO3 (most frequent)

Chloride (Cl2) Up to 7 mg L−1 —

Chlorine (Cl) 0.02 mg L−1 Up to 1 mg L−1

Fluoride (F2) Less than 1 mg L−1 —

Iron Up to 0.3 mg L−1 Up to 1 mg L−1

Orthophosphate (PO4) Less than 0.3 mg L−1

Electrical conductivity — Less than 150 μS cm−1

Adapted Ferreira et al. [30] and Hailey et al. [31].

Table 1. Physico-chemical characteristics of water observed in commercial bullfrog tadpole (Lithobates catesbeianus) farms 
in Brazil.
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5. Qualitative and microbiological characteristics of raniculture 
effluent

The main problem observed in raniculture as already observed in aquaculture is water enrich-
ment (eutrophication) caused mainly by inadequate food management, which raises nutrient 
concentrations and modifies the environmental conditions of the farm [40]. The eutrophica-
tion process is a frequently observed problem and suggests the need for effluent studies and 
management techniques focused on ecological and specific aspects of these systems, favoring 
a lower impact of the effluents in the receiving water bodies [41].

In raniculture, commercial feed is usually used for carnivorous fish with average levels of 
45% crude protein [42]. In addition to the increase in the amount of feed offered according to 
the growth of the animals, there is also a change in the use of this feed in each developmental 
stage of the animal [43]. The bullfrog produced in “anfigranja system” presents low protein 
efficiency of the commercial diet elaborated based on the requirements of carnivorous fish, 
which is used for feeding in most Brazilian ranicultures [44]. In addition, there is a significant 
loss of feed nutrients to the environment, resulting in the degradation of water quality [45].

A compound resulting from the catabolism of proteins is ammonia; therefore, the control of 
food quantity and quality, as well as adequate flow of water, is of fundamental importance 
for the maintenance of a good artificial breeding system [46]. In breeding systems for aquatic 
organisms, food introduced into the water and ammoniacal nitrogen fertilizers, such as ammo-
nium sulfate, ammonium nitrate, phosphates, and urea, contribute to the increase of ammonia 
concentration in water [47]. The diet formulation should eliminate high levels of phosphorus 
and nondigestible components, testing the minimum necessity to grow a certain species [48]. 
Thus, the quality and quantity of food should be controlled for the sustainability of the harvest-
ing system [49], since a relationship has been observed between commercial feed utilization 
and the water eutrophication process [50]. If the aquatic system is in imbalance, it becomes 
propitious to the development of diseases, compromising the sanitary sanity of that place.

Ectothermal animals such as bullfrog often serve as carriers for etiological agents by contact 
or as carriers when agents are ingested. When they are infected, it may result in an imbalance 
in the population of the pathogenic microorganisms in the environment, changes in the physi-
cal, chemical, and biological quality of water, immunological deficiency of these organisms, 
and unnecessary stresses [51].

The “Biological Institute of São Paulo, Brazil” has identified the presence of Escherichia coli 
bacteria in a very high load in diseased frogs (secondary and opportunistic infection) in a 
breeding system where the frogs fed larvae, and in the examination of feces of pigs used as 
substrate of larvae, an extremely high amount of this enterobacterium was reported [52].

E. coli is found in sewage, effluent, natural waters, and soils that have received recent fecal dis-
charge, being inactivated. When ingested, it becomes active and pathogenic, but it is most used 
as indicator of fecal pollution in the environment and food, appearing in fresh and poor fish, 
frogs, mollusks, and shrimp [51].
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45% crude protein [42]. In addition to the increase in the amount of feed offered according to 
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A compound resulting from the catabolism of proteins is ammonia; therefore, the control of 
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for the maintenance of a good artificial breeding system [46]. In breeding systems for aquatic 
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nium sulfate, ammonium nitrate, phosphates, and urea, contribute to the increase of ammonia 
concentration in water [47]. The diet formulation should eliminate high levels of phosphorus 
and nondigestible components, testing the minimum necessity to grow a certain species [48]. 
Thus, the quality and quantity of food should be controlled for the sustainability of the harvest-
ing system [49], since a relationship has been observed between commercial feed utilization 
and the water eutrophication process [50]. If the aquatic system is in imbalance, it becomes 
propitious to the development of diseases, compromising the sanitary sanity of that place.

Ectothermal animals such as bullfrog often serve as carriers for etiological agents by contact 
or as carriers when agents are ingested. When they are infected, it may result in an imbalance 
in the population of the pathogenic microorganisms in the environment, changes in the physi-
cal, chemical, and biological quality of water, immunological deficiency of these organisms, 
and unnecessary stresses [51].

The “Biological Institute of São Paulo, Brazil” has identified the presence of Escherichia coli 
bacteria in a very high load in diseased frogs (secondary and opportunistic infection) in a 
breeding system where the frogs fed larvae, and in the examination of feces of pigs used as 
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Bacteria from the coliform group are also found in soil and vegetables, some with a certain 
ability to remain and even multiply in humid environments with high levels of organic 
and inorganic nutrients. Organisms in the coliform group may be introduced into water 
and food from nonfecal sources, such as plants and individual transporters, already pol-
luted (lack of hygiene or sanity), such as contact with other animals or humans, even 
without release or direct contact with their excreta [51]. Gray et al. [53] suggest that frogs 
in metamorphosis or infected “froglets” may continue to release this pathogen, infecting 
other breeding members and eventually contaminating water sources. In addition, they can 
transport terrestrial pathogens to adjacent aquatic systems. It is possible that bullfrog adults 
may serve as suitable hosts for E. coli in stagnant aquatic systems. Another care that must 
be taken in raniculture is during the process of metamorphosis that is directly related to the 
reduced immunocompetence.

It has been reported that this microorganism can survive in fluvial waters for up to 27 days. 
Thus, persistence of E. coli in aquatic environments should be maintained through periodic 
contributions from primary reservoirs (homeothermic animals) or excreta contamination of 
wild host animals. The results of Borges et al. [33] suggest that bullfrogs can function as spill-
over reservoirs of E. coli and thus contribute to its persistence in aquatic environments. In 
addition, since tadpoles in metamorphosis are capable of dispersion, they may play a role in 
the pathogen epidemiology [53]. Table 2 shows the values of the biotic and abiotic variables 
of different types of aquatic cultures.

DO, dissolved oxygen; EC, electrical conductivity; BOD, biochemical oxygen demand; COD, 
chemical oxygen demand; MLN, most likely number.

Variables Pisciculture

Macedo and Sipaúba-
Tavares [54]1

Sipaúba-Tavares et al. [55]2

Macedo et al. [56]3

Carciniculture

Henry-Silva and Camargo 
[57]1

Pistori et al. [58]2

Keppeler [59]3

Tadpole

Borges et al. [45]

EC (μS cm) 962 702 74

DO (mg L−1) 8.402 4.632 6.15

P-total (mg L−1) 0.252 0.291 1.88

Nitrate (mg L−1) 0.132 0.623 0.68

Ammonia (mg L−1) 0.102 0.133 0.82

BOD (mg L−1) 71 73 12

COD (mg L−1) 181 — 51

Escherichia coli (MLN/100 ml) 4 × 10^63 — 1.3 × 103

Table 2. Comparison between the values of biotic and abiotic variables found in effluents from different aquaculture 
activities.
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6. Water quality indices in commercial farms for terrestrial frog 
cultivation

Frogs are water-dependent organisms, thus, for the elimination of excreta, controlling their  
body posture, respiration, reproduction, protection and safety makes the quality of water 
extremely important in breeding times [60]. The quality of water used in the production of 
aquatic organisms is one of the essential factors for the success of these enterprises. In ranicul-
ture, postmetamorphic animals leave their excreta and skin remains from constant changes in 
water. Therefore, it is important to constantly renew the water and clean the tanks and bays. 
Such care is essential for the prevention and prophylaxis of diseases, because when a disease 
sets in, mortality is certain [30].

The water for use in commercial frog farms should be of good quality, without fecal coliforms, 
heavy metals, and iron, with neutral pH, being preferably of spring or artesian well. It is 
recommended to select places with higher ambient temperatures for its rearing, since the 
frogs are ectothermic animals, presenting a more accelerated growth in higher temperatures. 
To maintain the quality of the breeding place, the water used in the farm must come from its 
own source and protected, do not receive polluting load of any kind, and have its reservoirs 
protected and cleaned regularly [61].

Raniculture projects should include knowledge of local hydrography and concern for the 
rational use of water, mainly to reduce impacts on water resources. Particular attention should 
be paid to the construction of projects in ecologically sensitive areas of importance to envi-
ronmental preservation, such as permanent preservation areas. According to the Brazilian 
Institute of Fisheries, the flow necessary for the installation of commercial frog farms of 
500 m2 is 0.5 L s−1 ABRAPOA [62], resulting in an amount of 43,200 liters per day. However, 
this volume should not be discarded in the receiving water body without prior treatment.

The quality of the effluents must be periodically monitored, and the projects must provide 
for the installation of a treatment system for these effluents. Efforts should be made to 
increase the feed efficiency of the animals in order to ensure the reduction of the waste loads 
generated by the activity. The adoption of measures to reduce and eliminate the chances of 
diseases with preventive actions (sanitary management) and the maintenance of efficient and 
sustainable population densities is also important.

The main negative environmental impact observed is related to the degradation of the uncon-
sumed feed, releasing to the water the nutrients and increasing the concentration of nitrogen 
and phosphorus. The excretion of animals (urea) is also released into the water and results 
in increased ammonia concentration. Remains of skin contribute to increase the amount of 
organic matter (total solids). Due to the nitrification processes that take place inside the bays, 
the amount of dissolved oxygen decreases drastically and reaches the anoxic levels.

The quality of the breeding place is based on the application of good animal breeding prac-
tices, in which the factors such as the technical knowledge about raniculture, ideal soil qualities 
(space), water in quality and quantity, constant, trained, and responsible workforce and projects 
that contemplate an economic planning should be properly addressed. The frog culture presents 
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Bacteria from the coliform group are also found in soil and vegetables, some with a certain 
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The quality of the effluents must be periodically monitored, and the projects must provide 
for the installation of a treatment system for these effluents. Efforts should be made to 
increase the feed efficiency of the animals in order to ensure the reduction of the waste loads 
generated by the activity. The adoption of measures to reduce and eliminate the chances of 
diseases with preventive actions (sanitary management) and the maintenance of efficient and 
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sumed feed, releasing to the water the nutrients and increasing the concentration of nitrogen 
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higher levels of dissolved nutrients, mainly concentrations of phosphorus, ammonia, and con-
ductivity, as compared to other aquaculture activities, such as fish and shrimp cultures (Table 3).

Borges et al. [45] (2012) concluded that the management adopted in ponds of frog growth 
positively changed the quality of water. In contrast to other cultures of aquatic organisms 
(fish and shrimp), effluent from frog culture has a greater potential to cause eutrophication in 
receiving bodies of water. Best aquaculture practices (BAPs) should also be recommended for 
frog culture in order to avoid water pollution and contamination of animals (food biosecurity).

Mercante et al. [38] evaluated the mean concentrations of total phosphorus (TP) and flow in 
the water (inlet and outlet) and the load produced per day for bullfrogs and compare their 
results with other aquatic production systems (Table 4).

Inlet Outlet

Concentration Flow Load Concentration Flow Load

(mg L−1) (L s−1) (g day−1) (mgL−1) (L s−1) (g day−1)

Bullfrog 
farming

0.03 0.06 0.21 0.19 0.06 14.3 Mercante et al. 
[38]

Bullfrog 
farming

0.07 0.03 0.18 6.09 0.02 11.57 Borges et al. [45]

Tilapia 
farming

0.42 2.76 9.7 2.45 2.76 49.1 Pereira et al. 
[64]

Trout 
farming

72.26 40.61 233.33 99.69 40.61 343.67 Moraes et al. 
[65]

Table 4. Mean concentrations of total phosphorus (TP) and flow in water (inlet and outlet) and the load produced per 
day in different systems of animal production.

Limnological variables Bullfrog culture

Borges et al. [45]

Shrimp culture

Henry-Silva and Camargo 
[57]

Fish culture

Sipaúba-Tavares et al. 
[55]1

Henry-Silva and Camargo 
[63]2

Temperature (°C) 28.2 26.5 25.71

pH 7.2 8.1 7.21

Dissolved oxygen (mg L−1) 1.23 5.10 5.401

Conductivity (μS cm−1) 249 68 621

Turbidity (NTU) 66 62 262

Total phosphorus (mg L−1) 6.09 0.23 0.201

Ammonia (mg L−1) 6.94 0.02 0.071

Nitrate (mg L−1) 2.37 0.16 0.161

Table 3. Comparison of the limnological characteristics of effluent from frog, shrimp, and fish cultures.
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Mercante et al. [38] concluded that a constant renewal of water in the breeding bay is neces-
sary to avoid the toxic effects in bullfrogs. However, it can promote higher nutrient loads. In 
order to improve the effluent quality and to reduce the nutrient load, in addition to effluent 
treatment, management options such as (a) flow maintenance and density reduction of ani-
mals and (b) maintain flow and density storage with better control of food supply, quality, 
and digestibility are proposed.

7. Usage of “wetland” in effluent treatment

Effluent treatment systems generated in aquaculture farms can be deployed using wetlands 
constructed to remove nutrients and improve water quality [66]. The aquatic macrophytes that 
are used in biological treatment systems, such as constructed wetlands, function as a bio-filter, 
improving the environmental conditions of production nurseries [67].

The constructed wetlands are tools used for the treatment of waste in aquaculture whose 
physical, chemical, and biological processes together with the local climatic conditions can 
improve the effluent quality [57, 68]. The importance of the implementation of these systems 
for the treatment of fish farming effluents in Brazil is due to the fact that many producers 
release water directly into natural streams and rivers [69], and the organic load exceeds its 
capacity of support and resilience [70].

The disposal of the effluent in the soil together with the presence of microorganisms, aquatic 
macrophytes, and solar energy results in the production of biomass and chemical energy, 
removing the polluting load. This is a system artificially designed to use aquatic plants (mac-
rophytes) on substrates (such as sand, soil, or gravel), where the occurrence of biofilms with 
diverse populations of microorganisms treats wastewater through biological, chemical, and 
physical processes [71].

The conversion of ammoniacal nitrogen into wetlands is mainly due to two basic factors: the 
assimilatory process of microorganisms and macrophytes present in the systems and nitrifica-
tion due to the transfer of oxygen from atmospheric air through the leaves of the macrophytes 
that through the aerenchyma permits the distribution of oxygen to the rhizomes and roots of 
plants [72].

The phosphorus present in the wastewater is generally phosphate and its removal in wetlands 
is controlled by the biotic and abiotic processes. The removal occurs due to the use of phospho-
rus by plants, periphyton and microorganisms, sedimentation, adsorption, precipitation, and 
exchange processes between the substrate and the water layer that remain in the system [73].

According to Travaini-Lima and Sipaúba-Tavares [68], the removal of phosphate compounds 
is associated to the hydraulic flow of the system, retention time, and the macrophyte species 
used, and species such as Cyperus giganteus, Typha domingensis, and Eichhornia crassipes are 
resistant and highly effective plants for subtropical regions. Sipaúba-Tavares and Boyd [74] 
verified that the wetland installed in an aquaculture farm containing only the aquatic plant 
E. crassipes presented efficiency in the removal of nitrogenous and phosphate compounds, 
improving the water quality of the effluent and also confirming that the system of biofiltration 
can be applied in shallow water channels.
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higher levels of dissolved nutrients, mainly concentrations of phosphorus, ammonia, and con-
ductivity, as compared to other aquaculture activities, such as fish and shrimp cultures (Table 3).

Borges et al. [45] (2012) concluded that the management adopted in ponds of frog growth 
positively changed the quality of water. In contrast to other cultures of aquatic organisms 
(fish and shrimp), effluent from frog culture has a greater potential to cause eutrophication in 
receiving bodies of water. Best aquaculture practices (BAPs) should also be recommended for 
frog culture in order to avoid water pollution and contamination of animals (food biosecurity).

Mercante et al. [38] evaluated the mean concentrations of total phosphorus (TP) and flow in 
the water (inlet and outlet) and the load produced per day for bullfrogs and compare their 
results with other aquatic production systems (Table 4).
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order to improve the effluent quality and to reduce the nutrient load, in addition to effluent 
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mals and (b) maintain flow and density storage with better control of food supply, quality, 
and digestibility are proposed.

7. Usage of “wetland” in effluent treatment

Effluent treatment systems generated in aquaculture farms can be deployed using wetlands 
constructed to remove nutrients and improve water quality [66]. The aquatic macrophytes that 
are used in biological treatment systems, such as constructed wetlands, function as a bio-filter, 
improving the environmental conditions of production nurseries [67].

The constructed wetlands are tools used for the treatment of waste in aquaculture whose 
physical, chemical, and biological processes together with the local climatic conditions can 
improve the effluent quality [57, 68]. The importance of the implementation of these systems 
for the treatment of fish farming effluents in Brazil is due to the fact that many producers 
release water directly into natural streams and rivers [69], and the organic load exceeds its 
capacity of support and resilience [70].

The disposal of the effluent in the soil together with the presence of microorganisms, aquatic 
macrophytes, and solar energy results in the production of biomass and chemical energy, 
removing the polluting load. This is a system artificially designed to use aquatic plants (mac-
rophytes) on substrates (such as sand, soil, or gravel), where the occurrence of biofilms with 
diverse populations of microorganisms treats wastewater through biological, chemical, and 
physical processes [71].

The conversion of ammoniacal nitrogen into wetlands is mainly due to two basic factors: the 
assimilatory process of microorganisms and macrophytes present in the systems and nitrifica-
tion due to the transfer of oxygen from atmospheric air through the leaves of the macrophytes 
that through the aerenchyma permits the distribution of oxygen to the rhizomes and roots of 
plants [72].

The phosphorus present in the wastewater is generally phosphate and its removal in wetlands 
is controlled by the biotic and abiotic processes. The removal occurs due to the use of phospho-
rus by plants, periphyton and microorganisms, sedimentation, adsorption, precipitation, and 
exchange processes between the substrate and the water layer that remain in the system [73].

According to Travaini-Lima and Sipaúba-Tavares [68], the removal of phosphate compounds 
is associated to the hydraulic flow of the system, retention time, and the macrophyte species 
used, and species such as Cyperus giganteus, Typha domingensis, and Eichhornia crassipes are 
resistant and highly effective plants for subtropical regions. Sipaúba-Tavares and Boyd [74] 
verified that the wetland installed in an aquaculture farm containing only the aquatic plant 
E. crassipes presented efficiency in the removal of nitrogenous and phosphate compounds, 
improving the water quality of the effluent and also confirming that the system of biofiltration 
can be applied in shallow water channels.
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The reduction of thermotolerant and total coliforms occurs due to the combination of physical, 
chemical, and biological factors. Physical factors include filtration through the plants, biofilm 
fixation on the substrate and on the macrophytes, and sedimentation. The chemical factors 
involve oxidation, biocidal effect resulting from the material excreted by some macrophytes, and 
adsorption of the organic matter. The biological mechanism includes production and effusion 
of chemical substances in the environment, which prevent the development of other organisms 
(antibiosis) and predation by nematodes and parasites, bacterial lysis, and inactivation [75].

Effluent treatment in aquaculture is one of the main factors in systems for breeding aquatic 
organisms that improve the water quality, avoiding or minimizing eutrophication in the 
receiving body. In addition, it is important to note that the use of nitrogen and phosphorus 
as a source of nitrogen and phosphorus in the aquatic ecosystem is a very important factor.

The importance of using biofiltration in aquaculture in different locations around the world is 
to ensure the development of this enterprise. The production of aquatic organisms varies from 
country to country, directly influenced by climatic and edaphic factors, as well as the popula-
tion habit of each site. The incorporation of effluent treatment mechanisms of aquatic organism 
breeding systems depends on the economic conditions of the enterprise, the degree of pollution 
of the effluent, the cultivated species, and the ecological management employed [76].

Technology transfer should be stimulated toward the use of water or even in the treatment 
systems for the production of aquatic organisms, as a way of minimizing the impacts caused 
by aquaculture, being located and identifiable as possibilities of techniques for the mitigation 
of waste [77].

Integrated management of the system for the establishment of built wetlands and organisms 
results in significant productive and environmental gains. The cost of constructing the wet-
land system is similar to the cost of building stabilization ponds. The advantage of using wet-
land is the quality of the effluent, which can be used in crop irrigation, and the macrophytes 
can be used as material for green fertilization in agriculture, since they contain the nutrients 
withdrawn from the water stored in their biomass [78].

7.1. Use of “wetland” in raniculture

Raniculture or frog culture, as well as any other aquaculture practice, requires a large volume of 
water and produces effluent with high organic load and can be a significant source of local envi-
ronmental impact. The main characteristics of this type of effluent are the high concentrations 
of dissolved nutrients, mainly ammonia and phosphorus, high electrical conductivity, and low 
dissolved oxygen concentration, as compared to effluents from other aquaculture practices [45].

Due to the need to treat the effluent from aquaculture practices, the use of “wetlands” con-
structed in a growing way in the country has been studied to minimize the impacts produced 
by these aquatic organisms [63, 66, 68, 69]. The aquatic plants extract or take out nutrients 
and other substances from the surrounding water which are necessary for their development, 
besides requiring low capital, low operating cost and versatility in the removal mechanism than 
conventional treatments. Sipaúba-Tavares and Braga [69] are also important in the removal of 
nitrogen, phosphorus, biochemical oxygen demand, thermotolerant solids, and coliforms [79].
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Studies on the treatment of raniculture effluents are still scarce, and however, the aim of the 
wetlands is to avoid the degradation of the water quality of receiving reservoirs. Keeping 
this in view, Borges and Sipaúba-Tavares [80] constructed a wetland for the treatment of 
effluent from bullfrog breeding and evaluated the efficiency of removal of nutrients and 
thermotolerant coliforms in two phases of the fattening period (post metamorphosis). The 
total area and volume of the “wetland” were 14.2 m2 and 2.2 m3, respectively. It was 23 m 
long and composed of three boxes, the first with 0.51 m3, the second 0.72 m3, and the third 
0.93 m3, connected by channels with surface water flow, according to Figure 1. The first box 
was used only for sedimentation of solid residues, the second one filled with Eichhornia 
crassipes, and the third with Typha domingensis and Cyperus giganteus planted at the density 
of 5 m2 plants (Figure 1).

In the study by Borges and Sipaúba-Tavares [80], water harvesting occurred in two distinct 
phases, phase I corresponded to the period of highest stock biomass (IF) between July and 
October 2012, when the animals weighed on average 276 g and the other in phase II (FII) 
between December 2012 and March 2013, where the animals weighed on average 29 g. The 
total biomass of animals in the bays in phase I was 351 kg and in phase II 218 kg.

Borges and Sipaúba-Tavares [80] found the following values for phase I: limnological vari-
ables such as pH and dissolved oxygen (DO) were higher (p < 0.05) at the exit and turbidity, 
and NO3, NO2, total suspend solids (TSS), and thermotolerant coliforms (TC) were higher 
(p < 0.05) at the entrance to the wetland (Table 1). In phase II, the values of the limnological 
variables such as turbidity, NO2, NO3, SST, and TC were higher (p < 0.05) at the entrance 
and DO and NH3 were higher (p < 0.05) at the wetland exit (Table 1). In both phases, it was 
possible to observe an increase of DO in the water leaving the wetland in relation to the input 
water (Table 5).

In phase I, the highest values of NH3, PT, SST, and TC occurred at the entrance of the wet-
land, and in phase II, the highest values of NO2, total solids dissolved (TSD), biochemical 
oxygen demand (BOD), and chlorophyll occurred. NO2 was approximately twice as high at 
the water inlet in the wetland of stage II, and NH3 and STS were also higher at the entrance 
in phase I (Table 5).

Figure 1. Layout of the wetland constructed in the frog breeding sector of the aquaculture center located at the State 
University of São Paulo (UNESP), Jaboticabal, SP, Brazil. I = entry point where the wastewater of the bullfrog production 
system entered the built marsh; O = the exit point where treated wastewater left the constructed wetland entering 
directly into a fish pond, adapted of Borges and Sipaúba-Tavares [80].
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The reduction of thermotolerant and total coliforms occurs due to the combination of physical, 
chemical, and biological factors. Physical factors include filtration through the plants, biofilm 
fixation on the substrate and on the macrophytes, and sedimentation. The chemical factors 
involve oxidation, biocidal effect resulting from the material excreted by some macrophytes, and 
adsorption of the organic matter. The biological mechanism includes production and effusion 
of chemical substances in the environment, which prevent the development of other organisms 
(antibiosis) and predation by nematodes and parasites, bacterial lysis, and inactivation [75].

Effluent treatment in aquaculture is one of the main factors in systems for breeding aquatic 
organisms that improve the water quality, avoiding or minimizing eutrophication in the 
receiving body. In addition, it is important to note that the use of nitrogen and phosphorus 
as a source of nitrogen and phosphorus in the aquatic ecosystem is a very important factor.

The importance of using biofiltration in aquaculture in different locations around the world is 
to ensure the development of this enterprise. The production of aquatic organisms varies from 
country to country, directly influenced by climatic and edaphic factors, as well as the popula-
tion habit of each site. The incorporation of effluent treatment mechanisms of aquatic organism 
breeding systems depends on the economic conditions of the enterprise, the degree of pollution 
of the effluent, the cultivated species, and the ecological management employed [76].

Technology transfer should be stimulated toward the use of water or even in the treatment 
systems for the production of aquatic organisms, as a way of minimizing the impacts caused 
by aquaculture, being located and identifiable as possibilities of techniques for the mitigation 
of waste [77].

Integrated management of the system for the establishment of built wetlands and organisms 
results in significant productive and environmental gains. The cost of constructing the wet-
land system is similar to the cost of building stabilization ponds. The advantage of using wet-
land is the quality of the effluent, which can be used in crop irrigation, and the macrophytes 
can be used as material for green fertilization in agriculture, since they contain the nutrients 
withdrawn from the water stored in their biomass [78].

7.1. Use of “wetland” in raniculture

Raniculture or frog culture, as well as any other aquaculture practice, requires a large volume of 
water and produces effluent with high organic load and can be a significant source of local envi-
ronmental impact. The main characteristics of this type of effluent are the high concentrations 
of dissolved nutrients, mainly ammonia and phosphorus, high electrical conductivity, and low 
dissolved oxygen concentration, as compared to effluents from other aquaculture practices [45].

Due to the need to treat the effluent from aquaculture practices, the use of “wetlands” con-
structed in a growing way in the country has been studied to minimize the impacts produced 
by these aquatic organisms [63, 66, 68, 69]. The aquatic plants extract or take out nutrients 
and other substances from the surrounding water which are necessary for their development, 
besides requiring low capital, low operating cost and versatility in the removal mechanism than 
conventional treatments. Sipaúba-Tavares and Braga [69] are also important in the removal of 
nitrogen, phosphorus, biochemical oxygen demand, thermotolerant solids, and coliforms [79].
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Studies on the treatment of raniculture effluents are still scarce, and however, the aim of the 
wetlands is to avoid the degradation of the water quality of receiving reservoirs. Keeping 
this in view, Borges and Sipaúba-Tavares [80] constructed a wetland for the treatment of 
effluent from bullfrog breeding and evaluated the efficiency of removal of nutrients and 
thermotolerant coliforms in two phases of the fattening period (post metamorphosis). The 
total area and volume of the “wetland” were 14.2 m2 and 2.2 m3, respectively. It was 23 m 
long and composed of three boxes, the first with 0.51 m3, the second 0.72 m3, and the third 
0.93 m3, connected by channels with surface water flow, according to Figure 1. The first box 
was used only for sedimentation of solid residues, the second one filled with Eichhornia 
crassipes, and the third with Typha domingensis and Cyperus giganteus planted at the density 
of 5 m2 plants (Figure 1).

In the study by Borges and Sipaúba-Tavares [80], water harvesting occurred in two distinct 
phases, phase I corresponded to the period of highest stock biomass (IF) between July and 
October 2012, when the animals weighed on average 276 g and the other in phase II (FII) 
between December 2012 and March 2013, where the animals weighed on average 29 g. The 
total biomass of animals in the bays in phase I was 351 kg and in phase II 218 kg.

Borges and Sipaúba-Tavares [80] found the following values for phase I: limnological vari-
ables such as pH and dissolved oxygen (DO) were higher (p < 0.05) at the exit and turbidity, 
and NO3, NO2, total suspend solids (TSS), and thermotolerant coliforms (TC) were higher 
(p < 0.05) at the entrance to the wetland (Table 1). In phase II, the values of the limnological 
variables such as turbidity, NO2, NO3, SST, and TC were higher (p < 0.05) at the entrance 
and DO and NH3 were higher (p < 0.05) at the wetland exit (Table 1). In both phases, it was 
possible to observe an increase of DO in the water leaving the wetland in relation to the input 
water (Table 5).

In phase I, the highest values of NH3, PT, SST, and TC occurred at the entrance of the wet-
land, and in phase II, the highest values of NO2, total solids dissolved (TSD), biochemical 
oxygen demand (BOD), and chlorophyll occurred. NO2 was approximately twice as high at 
the water inlet in the wetland of stage II, and NH3 and STS were also higher at the entrance 
in phase I (Table 5).

Figure 1. Layout of the wetland constructed in the frog breeding sector of the aquaculture center located at the State 
University of São Paulo (UNESP), Jaboticabal, SP, Brazil. I = entry point where the wastewater of the bullfrog production 
system entered the built marsh; O = the exit point where treated wastewater left the constructed wetland entering 
directly into a fish pond, adapted of Borges and Sipaúba-Tavares [80].
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Variables Phase I Phase II

Entrance Exit Entrance Exit

Temperature (°C) 28.0 ± 1.0 27.3 ± 1.0 27.9 ± 0.9 26.4 ± 0.9

pH 7.1 ± 0 7.3 ± 0.1 6.7 ± 0.3 6.9 ± 0.3

EC (μS cm−1) 182.9 ± 22.0 181.7 ± 19.9 162.6 ± 3.6 169.0 ± 5.4

Turbidity (NTU) 5.8 ± 1.6 2.9 ± 2.4 8.2 ± 3.4 2.3 ± 0.9

Alkalinity (mg L−1) 104.0 ± 2.3 108.4 ± 2.9 103.5 ± 1.6 104.9 ± 2.8

DO (mg L−1) 1.9 ± 0.3 2.6 ± 0.2 1.6 ± 0.4 2.9 ± 0.6

NO3 (μg L−1) 82.7 ± 45.7 37.2 ± 14.4 81.8 ± 12.6 22.9 ± 18.5

NO2 (μg L−1) 9.4 ± 3.6 5.3 ± 1.0 19.7 ± 3.1 11.6 ± 5.0

NH3 (μg L−1) 2.785 ± 1.219.6 3.590 ± 955.9 1.388 ± 217.2 1.863 ± 164.9

PO4 (μg L−1) 271.1 ± 132.6 309.9 ± 94.9 242.1 ± 52.2 265.4 ± 24.6

TP (μg L−1) 570.5 ± 285.5 480.4 ± 192.9 361.5 ± 102.2 283.4 ± 61.3

TSS (mg L−1) 21.0 ± 12.3 7.6 ± 6.8 9.0 ± 7.0 1.0 ± 0.8

STD (mg L−1) 135.7 ± 23.1 153.2 ± 31.7 194.5 ± 70.4 111.4 ± 9.5

BOD (mg L−1) 76.5 ± 13.6 71.6 ± 18.7 93.0 ± 3.8 85.6 ± 7.8

TC (NMP.100 m L−1) 50.750 ± 32.623 3.475 ± 2.284 25.250 ± 16.257 3.325 ± 1.362

Chlorophyll a (μg L−1) 4.5 ± 3.7 6.0 ± 4.8 7.2 ± 5.2 5.1 ± 3.4

EC, Electrical conductivity; DO, Dissolved oxygen; NO3, Nitrate; NH3, Nitrite; PO4, Orthophosphate; TP, Total phosphorus; 
TSS, Total suspended solids; TSD, Total solids dissolved; BOD, Biochemical oxygen demand; TC, Thermotolerant 
coliforms.

Table 5. Mean, minimum, maximum, and standard deviation for the limnological variables of the water entering and 
exiting the wetland in phases I and II.

The authors concluded that there was a significant improvement in the quality of waste water 
of the bullfrog production system. Therefore, the treatment used was adequate and could be 
used in commercial farms, with only a few adjustments being made to improve the efficiency 
of nutrient removal.

8. Final considerations

Raniculture like other aquaculture practices is facing problems that affect the water regime, 
impacting natural water sources and directly water quality, which are responsible for the 
successful breeding and production systems. Although there are few studies on water qual-
ity in raniculture, aquaculture has already a number of studies but still there is a lack of 
understanding of how these ecosystems actually function and interact with biotic and abiotic 
factors. Any sudden disturbance rapidly changes the water quality and consequently causing 
certain damages to the commercially important species. Thus, future studies should focus on 
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the point to explain how different aquaculture systems function and how they interact with 
biotic and abiotic factors. These practices may provide excellent information to establish suc-
cessful aquaculture systems with favorable environmental influences.
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