
IntechOpen Series  
Environmental Sciences, Volume 21

Inland Waters 
Ecology, Limnology,  

and Environmental Protection

Edited by Mohamed Nageeb Rashed

Edited by Mohamed Nageeb Rashed

Inland water primarily includes rivers, lakes, reservoirs, and wetlands. It also includes 
ponds, streams, groundwater, reservoirs, springs, cave waters, and floodplains. Most 
inland water bodies are lakes. Inland waters are unique ecosystems offering services 
and habitat resources. Food, fiber, medicine, climate management, flood and natural 

disaster mitigation, nutrient recycling, and drinking water purification are among 
the services they offer for human progress and poverty reduction. These ecosystems 

are also necessary for the generation of energy, transportation, leisure, tourism, 
and providing a home for flora and fauna. This book includes updates and recent 

research on all aspects of inland waters and the related field ( ecology, limnology, and 
environment protection). In this book, different chapters are presented with different 

sections that include water pollution and treatment, the hydromorphological quality of 
inland water, and the ecology and limnology of inland water. So, in this book, readers 

and scientists from different scientific fields will obtain updated information on all 
aspects of inland waters.

Published in London, UK 

©  2024 IntechOpen 
©  Jian Fan / iStock

ISBN 978-0-85466-641-6

J. Kevin Summers, Environmental Sceinces Series Editor
ISSN  2754-6713

Inland W
aters - Ecology, Lim

nology, and Environm
ental Protection





Inland Waters - Ecology, 
Limnology, and 

Environmental Protection
Edited by Mohamed Nageeb Rashed

Published in London, United Kingdom



Inland Waters - Ecology, Limnology, and Environmental Protection
http://dx.doi.org/10.5772/10.5772/intechopen.1002161
Edited by Mohamed Nageeb Rashed

Contributors
Aarefa Jan, Abenezer Wendimu, Abnet Woldesenbet, Amy M. Villamagna, Andreea Voina, Ben J. Nugent, 
Brigid C. O’Donnell, Dean G. Fitzgerald, Diego García de Jalón, Donovan C. Kotze, Edineldo Lans-
Ceballos, Erik Mosselman, Erwin J.J. Sieben, Fatma Dhaouadi, Gabriela Circiumaru, Jared B. Lamy, 
Joshua C. Hoekwater, Kandé Bangoura, Lotfi Sellaoui, Lucia-Andreea El-Leathey, Lynn S. McCarty, 
Marie Serena McConnell, Mario Mariglia, Massimo Rinaldi, Mohamed Lamine Komara, Rajendra Chouhan, 
Rares-Andrei Chihaia, Saima Syed, Subrata Pani, Suchitra Banerjee, Thomas Shahady, Tyson R. Morrill, 
Wondimagegnehu Tekalign

© The Editor(s) and the Author(s) 2024
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 4.0 License which permits commercial use, distribution and reproduction of the 
individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/ copyright-policy.html

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2024 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Inland Waters - Ecology, Limnology, and Environmental Protection
Edited by Mohamed Nageeb Rashed
p. cm.

This title is part of the Environmental Sciences Book Series, Volume 21
Topic: Water Science
Series Editor:J. Kevin Summers 
Topic Editor: Yizi Shang

Print ISBN 978-0-85466-641-6
Online ISBN 978-0-85466-640-9
eBook (PDF) ISBN 978-0-85466-642-3
ISSN 2754-6713



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

7,200+ 
Open access books available

192,000+
International  authors and editors

210M+ 
Downloads

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





IntechOpen Book Series  

Environmental Sciences
Volume 21

Aims and Scope of the Series
Scientists have long researched to understand the environment and man’s place 
in it. The search for this knowledge grows in importance as rapid increases in 
population and economic development intensify humans’ stresses on ecosystems. 
Fortunately, rapid increases in multiple scientific areas are advancing our un-
derstanding of environmental sciences. Breakthroughs in computing, molecular 
biology, ecology, and sustainability science are enhancing our ability to utilize 
environmental sciences to address real-world problems.

The four topics of this book series - Pollution; Environmental Resilience and Man-
agement; Ecosystems and Biodiversity; and Water Science - will address important 
areas of advancement in the environmental sciences. They will represent an excel-
lent initial grouping of published works on these critical topics.





Meet the Series Editor

J. Kevin Summers is a Senior Research Ecologist at the Environ-
mental Protection Agency’s (EPA) Gulf Ecosystem Measurement 
and Modeling Division. He is currently working with colleagues 
in the Sustainable and Healthy Communities Program to develop 
an index of community resilience to natural hazards, an index of 
human well-being that can be linked to changes in the ecosystem, 
social and economic services, and a community sustainability tool 

for communities with populations under 40,000. He leads research efforts for indica-
tor and indices development. Dr. Summers is a systems ecologist and began his career 
at the EPA in 1989 and has worked in various programs and capacities. This includes 
leading the National Coastal Assessment in collaboration with the Office of Water 
which culminated in the award-winning National Coastal Condition Report series 
(four volumes between 2001 and 2012), and which integrates water quality, sediment 
quality, habitat, and biological data to assess the ecosystem condition of the United 
States estuaries. He was acting National Program Director for Ecology for the EPA 
between 2004 and 2006. He has authored approximately 150 peer-reviewed journal 
articles, book chapters, and reports and has received many awards for technical ac-
complishments from the EPA and from outside of the agency. Dr. Summers holds a BA 
in Zoology and Psychology, an MA in Ecology, and Ph.D. in Systems Ecology/Biology.





Prof. Mohamed Nageeb Rashed is a professor of analytical and 
environmental chemistry at the Faculty of Science, and the head 
of the unit of environmental studies at Aswan University, Egypt. 
His research interest has been analytical and environmental 
chemistry. He has published 95 scientific papers in peer-reviewed 
international journals. He has participated as an invited speaker 
at 35 international conferences worldwide. He was selected as 

an examiner for several Ph.D. theses in analytical chemistry from India, Azerbai-
jan, Malaysia, KSA and Botswana. Prof. Rashed acts as editor-in-chief of the Aswan 
University Journal of Environmental Studies as well as an editorial board member for 
several international journals. He received the Egyptian State Award for Environmen-
tal Research in 2001. He was recognized by Stanford University’s list of the world’s top 
2% of scientists in 2020, 2021, 2022, and 2023.

Meet the Volume Editor





Preface XV

Section 1
Water Pollution and Treatment 1

Chapter 1 3
Adsorptive Removal of Water Pollutants: Modeling and Consequences
by Lotfi Sellaoui and Fatma Dhaouadi

Chapter 2 19
Plastic Pollution in Inland Waters – A Threat to Life
by Marie Serena McConnell

Chapter 3 51
Removal of Heavy Metals and Purification of Surface Waters
by Mario Mariglia and Edineldo Lans-Ceballos

Section 2
Hydromorphological Quality 69

Chapter 4 71
Analysis of Heavy Metal Toxicity in the Surface and Bottom Waters 
of Lower Lake Bhopal, M.P. (India)
by Aarefa Jan, Suchitra Banerjee, Rajendra Chouhan, Subrata Pani  
and Saima Syed

Chapter 5 101
Determination of the Physicochemical and Bacteriological Parameters of the  
Waters of Lake Sonfonia Commune of Ratoma (Republic of Guinea) 2021
by Mohamed Lamine Komara and Kandé Bangoura

Chapter 6 127
Hydropower Reservoirs as Arbiters of Climate Change
by Thomas Shahady

Contents



Chapter 7 147
The European REFORM Project for Hydromorphological Quality in River  
Basin Management
by Erik Mosselman, Massimo Rinaldi and Diego García de Jalón

Section 3
Ecology and Limnology 161

Chapter 8 163
Experimental Study of a Fish Behavioral Barrier Based on Bubble Curtains  
for a River Water Intake
by Gabriela Circiumaru, Rares-Andrei Chihaia, Lucia-Andreea El-Leathey  
and Andreea Voina

Chapter 9 199
Time Trends in Fish Tissue Methylmercury in Northern Watersheds:  
Implications of Phosphorus Loading and Eutrophication on Subsistence  
Fisheries
by Dean G. Fitzgerald and Lynn S. McCarty

Chapter 10 227
Fish Fauna and Fishery in Ethiopia, Africa
by Abenezer Wendimu, Wondimagegnehu Tekalign and Abnet Woldesenbet

Chapter 11 257
Timber and Trout: An Examination of the Logging Legacy and Restoration  
Efforts in Headwater Streams in New England (USA)
by Joshua C. Hoekwater, Amy M. Villamagna, Brigid C. O’Donnell,  
Tyson R. Morrill, Ben J. Nugent and Jared B. Lamy

Chapter 12 279
Wetlands and the Ecological Services that They Provide on Multiple Spatial  
Scales, from Landscape Down to Soil
by Erwin J.J. Sieben and Donovan C. Kotze

IIXIV



Preface

Inland waters are permanent water bodies inland from areas and coastal zone regions 
whose features and uses are primarily influenced by the regular, irregular, or sea-
sonal occurrence of flooding. Rivers, lakes, floodplains, and wetlands are examples 
of inland waters. Along with bogs, marshes, swamps, wetlands, and inland saline 
systems, the classification also includes ponds, streams, groundwater, reservoirs, 
springs, cave waters, and floodplains.

Aquatic ecosystems known as inland waters are contained inside the confines of land 
and offer crucial biological, environmental, hydrological, and socioeconomic benefits 
to both people and the environment.

Inland water bodies, which are essential for recreation and the provision of food, com-
merce, transportation, and human health, have come under threat from outside factors 
such as direct human activity and climate change. Since inland waterways are aquatic 
ecosystems surrounded by land, it is important to preserve them and their ecosystems.

This book gathers recent research by outstanding experts in the field related to inland 
waters’ ecology, limnology, and environmental protection. It will sound to a wide 
readership from universities and industry. Also, the readers will obtain updated 
information on all aspects of inland waters, limnology, ecology, water monitoring, 
and water pollution treatment.

This book Inland Waters – Ecology, Limnology, and Environmental Protection deals 
with several aspects of inland waters. The book is divided into three sections and 
structured in 12 chapters. The first section includes water pollution and treatment and 
presents three chapters: (1) “Adsorptive Removal of Water Pollutants: Modeling and 
Consequences”; (2) “Plastic Pollution in Inland Waters – A Threat to Life”; and (3) 
“Removal of Heavy Metals and Purification of Surface Waters”. The second section 
explains the hydromorphological quality of inland water and includes four chapters: 
(1) “Analysis of Heavy Metal Toxicity in the Surface and Bottom Waters of Lower Lake 
Bhopal, M.P. (India)”; (2) “Determination of the Physicochemical and Bacteriological 
Parameters of the Waters of Lake Sonfonia Commune of Ratoma (Republic of 
Guinea) 2021”; (3) “Hydropower Reservoirs as Arbiters of Climate Change”; and (4) 
“The European REFORM Project for Hydromorphological Quality in River Basin 
Management”. The third section explains the ecology and limnology of inland water 
and presents five chapters: (1) “Experimental Study of a Fish Behavioral Barrier 
Based on Bubble Curtains for a River Water Intake”; (2) “Time Trends in Fish Tissue 
Methylmercury in Northern Watersheds: Implications of Phosphorus Loading and 
Eutrophication on Subsistence Fisheries ”; (3) “Fish Fauna and Fishery in Ethiopia, 
Africa”; (4) “Timber and Trout: An Examination of the Logging Legacy and Restoration 
Efforts in Headwater Streams in New England (USA)”; and (5) “Wetlands and the 
Ecological Services that They Provide on Multiple Spatial Scales, from Landscape 
Down to Soil”.



So, in this book, the readers will obtain updated information on all aspects of inland 
waters: ecology, limnology, and environment protection. Scientists from different 
scientific fields report their findings in this book. The book Inland Waters – Ecology, 
Limnology, and Environmental Protection offers an important information source for 
researchers and professionals working in water, ecology, and environmental fields.

I would like to express my sincere thanks to my colleagues from Aswan University, 
Egypt: Dr. Arwa Hassan, Faculty of Science; Prof. Abdel-Moamen Mohamed, Faculty 
of Energy Engineering; Dr. Hickmat Hossen, Faculty of Engineering; Dr. Abdallah 
Elshawadfy Elwakeel, Faculty of Agriculture and Natural Resources; and Dr. Ragaa 
Abdallah Ahmed, Faculty of Fish and Fisheries Technology. Also, thanks to my col-
leques from the National Institute of Oceanography and Fisheries, Egypt, Prof. Dr. 
Hala Elshahat Ghannam and Dr. Sally Salaah Eldin Elshalqamy, for their contribution 
in the scientific revision of the book chapters.

Also, I would like to express my thanks to the IntechOpen Publishing Process 
Manager, Ms. Iva Horvat. I’m also grateful to the book authors for their hard work and 
worthy contributions.

Dr. Mohamed Nageeb Rashed
Professor,

Faculty of Science,
Aswan University,

Aswan, Egypt
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Chapter 1

Adsorptive Removal of Water
Pollutants: Modeling and
Consequences
Lotfi Sellaoui and Fatma Dhaouadi

Abstract

In this chapter, the metal-organic framework (MOF) was employed to investigate
the adsorption mechanism of different water pollutants such as dyes (Direct Blue 1:
D1 and Direct Yellow-4: D2) and pharmaceuticals (amoxicillin: PHM1 and doripenem:
PHM2) via physical approach in single and binary systems (SS and BS). Based on an
experimental assessment, it was indicated that the adsorption capacities of dye and
pharmaceutical pollutants (D1, D2, PHM1, and PHM2) were reduced when the second
pollutant is present in solution. This investigation highlighted that an antagonistic
impact was occurred during the adsorption process. The competition between D1 and
D2, and PHM1 and PHM2 on the same MOF adsorbent site was interpreted via the
physical model parameters. The application of models on D1, D2, PHM1, and PHM2
data indicated that an aggregation process was present with lower degree that is due to
the lower interactions between the pollutants in the solution. A detailed analysis
reflected that our adsorbent presents an excellent performance to remove D1, D2,
PHM1, and PHM2 from environment compared to other materials. Overall, this
chapter presents a deeper analysis of the adsorption process and its relevant impact to
protect the environment from known water pollutants.

Keywords: water pollutants, adsorption, physical models, MOF, environment

1. Introduction

In recent years, the industrial landscape has undergone rapid evolution, catalyzing
advancements that have significantly enhanced our society well-being and quality of
life. This progress has been marked by innovations in various sectors, leading to the
creation of new products and the adoption of cutting-edge technologies and processes
[1–3]. However, amidst these commendable strides, an environmental pollution was
totally identified. The unchecked growth of industrial activities has resulted in the
generation of a diverse array of pollutants, which find their way into our waterways
[4–7]. These pollutants stem from the manufacturing processes, waste disposal prac-
tices, and the widespread use of chemicals inherent in industrial operations. More-
over, the commercialization of new products often introduces novel substances into
the environment whose long-term effects remain uncertain. Additionally, the
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adoption of advanced transformation technologies and processes, while improving
efficiency and productivity, can inadvertently contribute to the pollution load. Con-
taminated water sources pose risks not only to aquatic ecosystems but also to human
health, as water is a fundamental resource for drinking, agriculture, and sanitation.
Furthermore, the impact extends beyond local ecosystems, with pollutants often
accumulating and spreading through interconnected water systems, affecting regions
far removed from their source [1–7].

In this context, the protection of the environment that is mainly related to the water
contamination has become an important subject for society due to the increment popula-
tion and growing of different industrial activities [1–7]. The minimization of concentra-
tions of environmental pollutants is necessary and has a relevant role to retain the
environment and human health. Note that the pollution source is due to the wide use of
the organic and inorganic pollutants in the industrial fields. Among these water pollut-
ants; the pharmaceuticals (PHMs) and dyes (Ds) compounds are posing potential risks on
human health [8, 9]. As by-products in wastewater, the PHMs (amoxicillin and
doripenem) and Ds (Direct Blue 1 and Direct Yellow-4) are discharged into diverse water
bodies, posing considerable toxicity to aquatic life, plants, and humans. Despite the
efforts regarding the wastewater remediation, these mentioned pollutants persist in envi-
ronmental waters. Therefore, the exploration of diverse techniques for their complete
remediation remains pertinent. In this context, various methods for removing these
organic wastes have been applied, including coagulation, precipitation, reverse osmosis,
advanced oxidation processes, filtration, and biodegradation [6–9].However, the imple-
mentation of these technologies in treating actual effluents faces significant constraints.
For instance, they are costly and difficult in manipulation compared to other process.

It was proved that the water pollutants, mainly the PHMs and Ds, can be elimi-
nated from wastewater, rivers, lakes, etc., via the adsorption process [10, 11] to
minimize their dangers. The adsorption process stands out as a highly effective and
versatile method for the removal of PHMs and Ds from contaminated effluents. Its
excellent performance, simplicity in manipulation, and compatibility with existing
treatment infrastructure make it a preferred choice for addressing water contamina-
tion challenges and safeguarding environmental and human health [12–14]. The
adsorbent choice is the first key for obtaining good PHMs and Ds elimination. Hence,
metal-organic frameworks (MOFs) have proved to be promising adsorbents than
known other materials like activated carbons [15–24]. In general, this material is
typified by excellent physicochemical properties such as high specific surface area. In
addition, its surface contains different functional groups that can play a relevant role
to remove both mentioned water pollutants. Therefore, the objective of this chapter is
to provide advanced explanation of the PHMs and Ds adsorption mechanisms and
explain the impact of the presence of a second pollutant in solution via physical
models. In particular, an advanced vision was developed in this chapter via non-
classical approach to select the best conditions to protect the environment.

2. Materials and methods: determination of PHMs and Ds adsorption data

The D1, D2, PHM1, and PHM2 adsorption data expressing the variation of the
adsorption capacities as function of their concentrations were achieved at three dif-
ferent temperatures ranging from 30 to 50°C. The determination of the adsorption
isotherms of D1, D2, PHM1, and PHM2 represents a necessary step to offer a com-
prehensive analysis concerning the adsorption mechanisms. In particular, these
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isotherms can provide ideas about the interactions between the D1, D2, PHM1, and
PHM2 and MOF adsorbent, the saturation process, etc. To determine these data, a
concentration of 250 mg/L was prepared that contains D1 or D2 and PHM1 or PHM2
with RO water. D1, D2, PHM1, and PHM2 adsorption investigations were conducted
using Erlenmeyer flasks with 50 mL of dye and pharmaceutical solution and MOF
quantities ranging from 0.01 to 0.1 g. Erlenmeyer flasks with the suspensions were
later immersed in a controlled water bath to maintain a specific temperature. Subse-
quently, the water bath was agitated at a rotational speed of 200 rpm. Note that the
equilibrium time is of 12 h. To separate MOF from the solution, a centrifugation was
used. The initial and equilibrium concentrations of D1, D2, PHM1, and PHM2 were
calculated by using a SHIMADZU UV/VIS-1700 PharmaSpec instrument operated at a
wavelength of 565 nm for D1, 497 nm for D4, 628 nm for PHM1 and 448 nm for
PHM2. The same method was used to determine binary adsorption data. All the
determined data were fitted via advanced theoretical models that were developed by
elements in statistical physics.

3. Results and discussion

3.1 Advantages of the models

The models that will be applied on D1, D2, PHM1, and PHM2 data have numerous
advantages compared to the classical models. Note that they consider that the MOF
adsorbent site (i.e., functional group) can receive a variable number of water pollut-
ants. This consideration is not consistent with the Langmuir model hypotheses, which
assumes that the main adsorbent site of all adsorbents can detect only one water
pollutant. This assumption that is generalized by the Langmuir model can provide
classical investigation of the adsorption mechanism and limit the space of the treat-
ment of the adsorption process of water pollutants mainly the PHMs and Ds. Classi-
cally, the application of this model can offer simple and questionable investigation of
the adsorption mechanism. For instance, the analysis of the parameter n of these
models that represents the number of captured water pollutants per site provides
additional insights and a plausible understanding of the adsorption mechanism. It can
estimate the aggregation degree of organic pollutant under different experimental
conditions. It is important to note that is possible to describe the adsorbates configu-
ration of these used pollutants via the values of this parameter at different solution
temperatures.

3.2 D1, D2, PHM1, and PHM2 isotherms and their modeling in single systems

The relationship between the D1, D2, PHM1, and PHM2 adsorption capacities
and their equilibrium concentrations in single systems is summarized according to
Figure 1. These D1, D2, PHM1, and PHM2 adsorption data were fitted via a physical
model that suggests a monolayer process occurring at different temperatures. This
model represents the general form of Langmuir model. Its expression is described as
follows [25, 26]:

Qe ¼
npS

1þ Chs
Ce

� �nD (1)
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Based on this model, the D1, D2, PHM1, and PHM2 adsorption can be controlled
via three parameters defined such as:

Parameter np: this parameter estimates the pollutant amount per MOF site
(number of pollutant per adsorbent site of MOF),

Parameter S: this parameter represents the density of sites at saturation,
Parameter Chs: the concentration at half-saturation of the pollutant layer.

3.3 D1, D2, PHM1, and PHM2 isotherms and their modeling in binary systems

The D1, D2, PHM1, and PHM2 adsorption quantities as function of their concen-
trations are represented in Figure 2. Comparatively, a significant reduction in
adsorption capacity from binary to single systems was observed. Overall, the model of
binary systems considers that these pollutants (D1 and D2, PHM1, and PHM2) were
removed via the contribution of the same MOF adsorbent site to explain and under-
stand the competition between these molecules. The model expression is defined
according to the next expression [27, 28]:

Figure 1.
D1 and D2 adsorption capacities as function of their equilibrium concentrations (T = 30, 40, and 50°C).

Figure 2.
PHM1 and PHM2 adsorption capacities as function of their equilibrium concentrations (T = 30, 40, and 50°C).
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Qb1 ¼
n1bDb

Ce
C1b

� �n1b

1þ Ce
C1b

� �n1b þ Ce
C2b

� �n2b (2)

Qb2 ¼
n2bDb

Ce
C2b

� �n2b

1þ Ce
C1b

� �n1 þ Ce
C2b

� �n2 (3)

Both relationships contain different parameters that can be defined such as:
The n1b and n2b represent the quantities of D1, D2, PHM1, and PHM2 that are
captured per MOF site, Db can estimate the number of MOF sites that are filled
by these adsorbates, and Cib(i = 1,2) is the concentrations at half-saturation(mg/L)
(Figures 3 and 4).

Figure 3.
D1 and D2 adsorption capacities as function of their concentrations in binary systems (T = 30, 40, and 50°C).

Figure 4.
PHM1 and PHM2 adsorption capacities as function of their concentrations in binary systems
(T = 30, 40, and 50°C).
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3.4 Interpretation of the model parameters

The objective of this section was to analyze the adsorption process of these
pollutants in single and binary systems via both model parameters and to select the
best working conditions to remove these tested water pollutants in terms of environ-
ment protection. In this direction, these two models were applied on all data to
retrieve their parameters. The impact of temperature on all model parameters was
described in the next sections.

3.4.1 Physical assessment of D1, D2, PHM1, and PHM2 adsorption mechanisms

3.4.1.1 Physicochemical analysis of the nD, n1, and n2 parameters

The data fitting showed that the estimated values of the nD parameter that is in
relationship with single systems of dyes are close to the unity (Figure 5). The
determined values are 1.17, 0.95, and 1.22 for D1 adsorption, while for D2 adsorption
they are 0.92, 1.16, and 0.95. Based on these fitted values, we can conclude that D1 and
D2 were adsorbed with the presence of a monomer process. This means that an

Figure 5.
Impact of the temperature on the nD, nPHM (n pollutant), and nib parameters.
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aggregation process with lower degree [29, 30] was present. Concerning the pharma-
ceuticals adsorption, the values are 1.54, 0.93, and 1.13 and 1.17, 1.04, and 0.79 for
PHM1 and PHM2, respectively. Most of these values are also close to the unity
suggesting that PHM1 and PHM2 are also removed with an aggregation process with
lower degree. The presence of this aggregation with lower degree is probably due to
the lower interaction energies between the molecules in solutions (before adsorption).
The presence of a second pollutant in the solution (D1 with D2, and PHM1 with
PHM2) reduced the nD values at different temperatures (30, 40, and 50°C). This
reduction is mainly related to the competition that is established between D1 and D2,
and PHM and PHM2 on the same MOF site. It is convenient to note that the presence
of a second water pollutant can exclude the first one leading to this reduction of water
pollutant amount per MOF site. Referring to this investigation, we can deduce that
both pollutants share the MOF site during the adsorption process. In general, the
temperature impact plays a relevant to analyze the adsorption process. This effect on
the nD, n1, and n2 parameters for D1, D2, PHM1, PHM2-MOF and D1 (D1 + D2), D2
(D1 + D2), PHM1 (PHM1 + PHM2), PHM2 (PHM1 + PHM2) systems is depicted in
Figure 5. For instance, for dyes (D1 and D2) removal, it was observed that two
opposite behaviors were identified in single and binary systems. In this context, for D1
and D2 adsorption systems, it was obtained that there is no linear trend showing that
both D1 and D2 shared their MOF sites for adsorption. For D1(D1 + D2), D2 (D1 + D2)
systems, an opposite trend was observed indicating that D1 partially excludes D2 or
inversely.

3.4.1.2 Estimation and interpretation of the maximum adsorption capacity:
Qm and Qmbi (i = 1,2)

The estimation of the maximum adsorption capacities in single and binary
cases can describe the MOF performance (see Figure 6) and provides useful
results concerning the protection of the environment. A simple comparison
between the results in single systems indicated that this adsorbent is characterized
by a good performance to eliminate D2 and PHM2 than D1 and PHM1 from
environment [31–33]. For an excellent analysis of the presence of a second pollutant
in solution, three cases can be discussed via the calculation of this report r = Qib/Qs

(Qib and Qs represent the adsorption uptakes in binary and single systems,
respectively) [34, 35]:

• If r = 1: This investigation indicates that the adsorption capacities in single and
binary systems are the same. This means that the presence of D1 with D2, or
PHM1 with PHM2 is totally negligible.

• If r < 1: This case corroborates that the presence of D1 with D2, or PHM1 with
PHM2decreases the adsorption capacity.

• If r > 1: This behavior shows that there is an increment of binary adsorption
capacity: Presence of synergetic effect.

A comparison was achieved indicating that that all maximum adsorption capacities
in binary systems were inferior to single systems. This reduction corroborates that
during the binary adsorption, an antagonistic impact was present between D1 and D2,
and PHM and PHM2.
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3.4.1.3 Investigation of the parameter S and Db

The analysis of the adsorption density based on the S and Db parameters can
complete the assessment of the D1, D2, PHM1, and PHM2 adsorption mechanisms.
Figure 7 explains the impact of temperature on these parameters.

It is convenient to note that the temperature has an opposite impact on these
parameters in single and binary systems. This opposite phenomenon was related to
the role of temperature on the number of D1 and D2 (also for PHM1 and PHM2)
that are removed by the main MOF site. For instance, for D1 and D2 systems,
when the uptake of these dyes increased per MOF site, a reduction of its adsorption
site density was identified and inversely. For D1 and D2 mixture solutions, an
opposite behavior was obtained that is also due in particular due to the competitive
effect.

3.4.1.4 Description of the adsorbent performance

In general, the removal of the liquid or gas pollutants can be performed via
different adsorbents as discussed in introduction. According to the literature, there is

Figure 6.
Difference of adsorption capacity in single and binary systems.
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a competition about the choice of the adsorbents to remove these pollutants particu-
larly these dyes and pharmaceuticals. To select the best adsorbents for different
applications, it is worth to compare their performances. Comparatively, it was proved
that our adsorbent is an excellent material to remove various water pollutants mainly
the Direct Blue 1, Direct Yellow-4, amoxicillin, and doripenem. In this direction, its
maximum adsorption capacity for these pollutants was compared with other available
adsorbents from literature. For instance, the maximum adsorption capacity of amox-
icillin (PHM1) was about 300 mg/g (see Figure 6) in this study. The maximum
adsorption capacities of this PHM1 are 26, 2.3, and 24.7 mg/g by using Kaolinite clay
[36], Zr-MOFs nanoparticles [37], and ordered-mesoporous silica SBA-15 [38],
respectively. This investigation indicated that our used adsorbent is relevant to
protect the environment such as the water of rivers and lakes in single and mixture
systems.

3.4.1.5 Energetic assessment

The models offer good option to provide additional insights for a better treatment
of all adsorption systems of the used pollutants that is based on energetic

Figure 7.
Impact of the temperature on the S and Db parameters.
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investigation. Based on the estimated values of the concentrations at half-saturation,
different adsorption energies were determined through the next expressions [39–45]:

ΔEs ¼ RTln
Cs

Chs

� �
(4)

ΔEb2 ¼ RTln
Cs

Cib

� �
(5)

These expressions characterize the interactions between the pollutants and MOF
surface in single and binary systems, respectively. Note that CS is the water pollutant
solubility and R is constant of idea gas. In single systems (D1-MOF, D2-MOF, PHM1-
MOF, and PHM2-MOF), the determined values are lower than 23 kJ/mol. This evi-
dence reflected that these water pollutants were eliminated via physics interactions.
According to the chemical structures of these adsorbates, hydrogen bonding and Van
der Walls interactions can mainly participate in the elimination of D1, D2, PHM1, and
PHM2. Returning the binary systems (D1 + D2 and PHM1 + PHM2), the calculation
indicated that a reduction in values of adsorption energies at different temperatures.
They are around 16 kJ/mol. This significant reduction is explained by the competition
between D1 and D1, and PHM1 and PHM2. Since the values of these energies are not
strong, the inverse process is possible at different temperatures. This means that our
adsorbent can be used for additional applications. It is clear that these systems were
controlled by all single and binary model parameters. By investigation of the amount
of D1, D2, PHM1, and PHM2 per MOF site, it was concluded that these water pollut-
ants shared the main MOF site. This means that the presence of a second pollutant on
MOF site excludes the first pollutant and inversely. This partial exclusion is the result
to the reduction of the pollutant amount per MOF site in binary systems. This reduc-
tion plays a clear role concerning the reduction in D1, D2, PHM1, and PHM2 adsorp-
tion capacities in binary systems. In terms of comparison, it was also obtained that
there is a reduction in adsorption energies from single to binary systems. Based on
these scientific investigations, it is clear that this adsorption process of potential water
pollutants was well governed by steric and energetic assessments contrary to the
classical studies of these and other water pollutants.

4. Conclusion

In this chapter, an advanced analysis of the adsorption of two relevant pharma-
ceuticals (PHM1 and PHM2) and dyes (D1 and D2) was developed via physical
models. Steric investigations were detailed via the model parameters. The impact of
temperature was also studied on the adsorption data. This study indicated that both
tested water pollutants were removed via lower aggregation degree. It was deduced
that the presence of a second adsorbate in solution reduced the adsorption capacities
and also the amounts of the pharmaceuticals and dyes per site. An energetic assess-
ment was developed signaling that physical interactions contributed in the elimination
of all pollutants. The experimental and theoretical studies indicated that our adsorbent
is a promising material for water treatment from pharmaceuticals and dyes.
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Chapter 2

Plastic Pollution in Inland 
Waters – A Threat to Life
Marie Serena McConnell

Abstract

This chapter explores a comprehensive approach to mitigating plastic pollution 
in freshwater ecosystems, aligning recommendations with the United Nations 
Sustainable Development Goals (SDGs). Regulatory measures, including extended 
producer responsibility and waste management infrastructure, are essential to curb 
plastic production. Mitigation strategies emphasize technological innovations, 
nature-based solutions, and individual actions. Education and outreach activities, 
targeting schools, communities, and businesses, play a pivotal role in preventing 
future pollution. Challenges and research needs highlight the evolving nature of the 
issue, necessitating a deeper understanding of plastic sources, long-term effects, and 
effective monitoring techniques. The interdisciplinary approach presented integrates 
environmental, social, and economic dimensions, emphasizing the interconnected-
ness of sustainability efforts.

Keywords: plastic pollution, freshwater ecosystems, sustainability, sustainable 
development goals, challenges

1.  Introduction

Inland waters refer to bodies of water that are not part of the ocean, including riv-
ers, lakes, ponds, reservoirs, and wetlands [1]. These water systems play a crucial role 
in the Earth’s ecosystem and are of significant importance to both the environment 
and human societies [2, 3].

Inland waters support a diverse range of aquatic species, including fish, amphib-
ians, insects, and plants. These ecosystems contribute to global biodiversity and 
provide habitat for many unique and often specialized species. They serve as a vital 
source of freshwater for human consumption, agriculture, and industrial processes. 
Rivers and lakes are important reservoirs that store and supply water for various uses, 
sustaining human life and economic activities [4].

Inland waters provide a variety of ecosystem services, such as water purification, 
nutrient cycling, and flood control. Wetlands, for example, act as natural filters, 
improving water quality by trapping pollutants and sediments [5]. Lakes and rivers 
offer recreational opportunities such as boating, fishing, swimming, and wildlife 
observation. These activities contribute to the tourism industry and provide social 
and economic benefits to local communities [6].
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Historically, rivers and lakes have been essential for transportation. Even today, 
many rivers are used for shipping goods, and lakes provide important navigation 
routes. Inland waters are crucial for agriculture, providing water for irrigation. Many 
civilizations throughout history have flourished near rivers and lakes due to the avail-
ability of water for farming. Rivers are often harnessed for hydropower generation, 
providing a renewable and relatively clean source of energy. Dams and reservoirs are 
constructed to regulate water flow and generate electricity [7].

Inland waters play a role in climate regulation by influencing local weather 
patterns and helping to moderate temperature extremes. They can also act as carbon 
sinks, sequestering carbon and mitigating climate change. They often hold cultural 
and spiritual significance for communities. Many societies have developed around 
rivers and lakes, and these water bodies are integral to their myths, traditions, and 
rituals. Inland waters are considered biodiversity hotspots, with high concentrations 
of unique species. Protecting these ecosystems is crucial for maintaining overall 
global biodiversity [5].

2.  From miracle material to global menace: Plastics’ rise and fall

The world is draped in plastic. From the clothes we wear to the toys our children 
play with, from the food we eat to the bottles we sip from, plastic has become omni-
present, infiltrating every facet of our lives. What began as a revolutionary invention 
in the early 1900s has morphed into a ubiquitous material fuelling a “use and throw” 
culture with dire environmental consequences [8, 9].

Plastics boast remarkable properties – lightweight, durable, and affordable. 
These advantages propel them into everything from packaging to furniture, medical 
equipment to cleaning products. They have revolutionized industries, streamlined 
transportation, and offered countless conveniences. Yet, the very qualities that make 
plastics so useful also contribute to their sinister side. Their resistance to degradation, 
once a marvel, translates to an alarming reality – they persist in the environment for 
centuries [10].

Landfills groan under the weight of discarded plastic, while oceans choke on an 
endless tide of plastic debris. Microplastics, insidious fragments born from larger 
plastic breakdown, infiltrate food chains, poisoning ecosystems and potentially 
endangering human health. The statistics are staggering: millions of tonnes of plastic 
waste dumped annually, plastic pollution threatening countless species, and a grow-
ing plastic island swirling in the Pacific Ocean [10, 11].

The convenience plastic offers comes at a steep price. Our addiction to this ubiq-
uitous material has unleashed a global pollution crisis. But, amidst the devastation, 
glimmers of hope emerge. Innovative minds are developing biodegradable alterna-
tives, exploring plastic recycling methods, and promoting responsible consumption 
habits. Governments are implementing stricter regulations to curb plastic production 
and encourage better waste management.

The challenge we face is monumental but not insurmountable. We must transition 
from a disposable mindset to one of responsible stewardship. Investing in sustainable 
alternatives, embracing reuse and repair, and actively seeking solutions to manage 
existing plastic waste are crucial steps on this path. By rethinking our relationship 
with this ubiquitous material, we can rewrite the narrative of plastic, transforming it 
from a global menace back into a force for good [12–14].
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2.1  Beyond the blue bin: Unveiling the hidden sources of plastic pollution

2.1.1  Human reliance on single-use plastics

Single-use plastics like bottles, bags, straws, and food packaging offer ease and 
convenience, contributing to their popularity. The cheap production cost of these 
plastics makes them readily available and tempting to manufacturers and consumers. 
Many people underestimate the far-reaching consequences of discarding single-use 
plastics after a single use [15].

2.1.2  Inadequate waste management

Many countries lack proper waste collection and disposal systems, leading to 
plastic ending up in landfills, waterways, and the environment. Practices like open 
dumping and burning of plastic waste release harmful toxins and microplastics into 
the air and soil. Even in developed countries, recycling capacity for certain types of 
plastic is limited, and recycled content in new products remains low [15, 16].

2.1.3  Unregulated industrial practices

Microfibers from synthetic clothing, beads in personal care products like scrubs, 
and pre-production pellets all contribute to microplastic pollution. Production and 
transportation of plastic materials can lead to accidental spills and the release of 
microplastics. Lost or discarded fishing gear, primarily made of plastic, constitutes a 
significant source of water pollution [16].

2.1.4  Consumer choices

Our preference for readily available and disposable products fuels the produc-
tion and use of single-use plastics. We prefer “convenient” over sustainability. Lack 
of awareness about the lifecycle of plastic and its environmental impact can lead to 
irresponsible disposal practices. Availability and affordability of sustainable alterna-
tives to plastic products sometimes remain a challenge (Figure 1) [16, 17].

2.2  Unraveling the web of plastic pollution in inland waters

2.2.1  Invisible menace

The silent tide of plastic pollution has swept inland, infiltrating our rivers, lakes, 
and freshwater ecosystems. This insidious threat emerges from diverse sources, weav-
ing a complex web of contamination [2, 18].

2.2.2  Micro mania

Microplastics, tiny warriors less than 5 mm in size, dominate the battlefield. Some 
emerge preformed, shed from cosmetics, textiles, and even fishing nets. Others are 
battle-hardened veterans, broken down from larger plastic warriors like bottles, their 
resilience a curse that allows them to linger for centuries. Research tells us these seasoned 
veterans, the secondary microplastics, outnumber their younger counterparts [19].
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2.2.3  Transformation’s dance

The fate of these microplastic warriors is a complex ballet. They migrate from 
manufacturing to consumption, then discard, only to return in an intricate circle back 
to human society. Within inland waters, they undergo a five-act transformation: sus-
pended pieces, settling sediments, resuspended nomads, buried soldiers, and finally, 
travelers to the marine world. This intricate dance with the environment allows them 
to entangle aquatic plants, be ingested by unsuspecting organisms, and ultimately 
impact us all [19–21].

2.2.4  Agricultural echoes

Beyond the direct battlefield, agriculture plays a subtle role. Millions of tonnes 
of sewage sludge containing microplastics are used to nourish land, while discarded 
agricultural films leave their plastic ghost behind. Even irrigation water, tainted with 
these tiny warriors, carries the pollution further, contaminating soil and eventually 
seeping into freshwater bodies [21].

2.2.5  Rain’s downpour

From the heavens above, another enemy arrives. Rainfall-runoff and atmospheric 
deposition, like silent assassins, carry pollutants, including plastics, directly into 
vulnerable small water bodies. Mismanagement and negligence become accomplices, 
further bolstering the enemy’s ranks [22].

Figure 1. 
Classification of plastic materials. Adapted from: https://www.plasticsforchange.org/blog/different-types-of-plastic.
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2.2.6  Macroplastics and megaplastics

This web also ensnares larger warriors. Macroplastics, visible to the naked eye, 
litter riverbanks and lake beds, while megaplastics, giants from the seas and landfills, 
cast their long shadows. Mismanaged waste, individual carelessness, and industrial 
leaks all feed the ranks of these visible enemies. Wind, surface runoff, and the very 
flow of rivers become their chariots, spreading their dominion further. Despite the 
initial focus on plastic pollution being due to these types of plastic, recent research 
has not given them much attention [18, 22–24].

Understanding the multifaceted nature of plastic pollution in inland waters is 
crucial for crafting effective solutions. By recognizing the diverse sources, the dance 
of transformation, and the silent allies like rain and agriculture, we can begin to 
untangle this complex web and protect our precious freshwater ecosystems.

3.  Freshwater ecosystems: choking on plastic’s grip

The crystal-clear image of a serene lake belies a harsh reality – freshwater ecosys-
tems are drowning in plastic. This global environmental crisis is not just confined to 
the oceans; it is plaguing rivers, lakes, and wetlands at an alarming rate [25–29].

3.1  Biodiversity under siege

The very fabric of freshwater life is unraveling under the onslaught of plastic. 
Studies reveal over 206 freshwater species, from tiny invertebrates to majestic mam-
mals, bearing the scars of plastic ingestion [25]. Entangled limbs, choked intestines, 
and internal injuries – the plastic menace mimics its marine counterpart in inflicting a 
gruesome toll on freshwater fauna [26].

3.2  A toxic cocktail

Beyond physical harm, plastic acts as a Trojan horse, transporting a chemical 
cocktail into the bodies of aquatic life. These additives and waterborne pollutants 
can wreak havoc, triggering reproductive problems, growth abnormalities, and even 
altering organ function [28].

3.3  Ecosystems on edge

Plastic disrupts the delicate dance of life in freshwater ecosystems. It smothers 
habitats, alters water flow, and hinders natural processes, leaving these vital systems 
crippled in the face of climate change. Ultimately, the consequences ripple outwards, 
impacting millions of people’s livelihoods, food security, and well-being [29].

3.4  Plankton in peril

Microplastics are not just an eyesore; they pose a grave threat to the ecosystem’s 
silent workhorses – plankton. These microscopic organisms, crucial for carbon seques-
tration and ecosystem health, are being adversely affected by the plastic invasion, 
jeopardizing the planet’s ability to combat climate change [27].
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3.5  Cascading consequences

The boundaries between ecosystems are blurry. Plastic pollution in one system does 
not stay put; it cascades through interconnected webs, impacting terrestrial, aquatic, and 
marine realms alike [27]. From land-based sources, plastic contaminates rivers and wet-
lands, eventually finding its way to the depths of the ocean, leaving no corner untouched.

The plastic pandemic in freshwater ecosystems demands immediate and coor-
dinated action. Robust recycling programs, responsible disposal habits, stringent 
legislation, regular inspections, and replacing synthetic polymers with eco-friendly 
alternatives are all crucial steps in this fight. We must not underestimate the severity 
of this crisis; the situation in freshwater may be as dire as in the oceans, yet it remains 
largely under-recognized [25].

Only by acknowledging the full scope of this plastic chokehold and taking decisive 
action can we hope to heal our freshwater ecosystems and restore the delicate balance 
of life they sustain.

4.  Microplastics and nanoplastics: a tangled web of human health threats

Microplastics, minuscule invaders less than 5 millimeters in size, and their even 
tinier cousins, nanoplastics, are silently pervading our world. We breathe them in the 
air, drink them in our water, and eat them in our food. This pervasive presence ignites 
a crucial question: What are the potential impacts of these minuscule menaces on 
human health and society?

4.1  Ingestion pathways

Our food and water, the very sustenance of life, become unwitting Trojan horses 
for these plastic particles. Seafood, drinking water, and even the air we breathe are 
increasingly contaminated [30–36]. This alarming reality suggests a silent invasion, 
with microplastics insinuating themselves into our very bodies.

4.2  Tissue presence

The grim reality is not limited to external exposure. Recent studies have unearthed 
microplastics within human tissues, including the gastrointestinal tract, placenta and 
breast milk [37–40]. While the full implications remain unclear, this discovery sends shiv-
ers down the spine, raising potent questions about their potential to harm us from within.

4.3  Bioaccumulation concerns

Could these plastic infiltrators become unwanted tenants in our bodies? Evidence 
suggests the chilling possibility of bioaccumulation, where microplastics build up in the 
food chain, eventually reaching our plates. The extent and health effects of this phenom-
enon are still unfolding, but the potential implications are far-reaching [41–44].

4.4  Potential for physical harm

The mere size of these invaders raises concerns. Microplastics, like silent sabo-
teurs, could cause physical harm due to their ability to accumulate in tissues. Studies 
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hint at inflammation, oxidative stress, and even disruptions in nutrient absorption 
and the gut microbiome, a vital ecosystem within us [41–44].

4.5  Toxicological threats

Microplastics are not just inert trespassers; they can act as sponges, adsorbing 
and concentrating environmental pollutants. When ingested, these pollutants are 
released within our bodies, raising alarms about potential toxicological effects 
[42, 45]. This adds another layer of complexity to the already murky picture of 
their impact.

4.6  Inflammatory responses

Beyond physical harm, some research suggests that microplastics can trigger 
unwelcome guests in the form of inflammatory responses and immunological reac-
tions [46–48]. While the long-term consequences remain obscured, the possibility of 
internal battles against these invaders is unsettling.

4.7  Unraveling the web of uncertainty

Our understanding of microplastics and nanoplastics and their impact on human 
health is like a half-woven tapestry. We see glimpses of potential harm – physical 
disruption, internal battles, and toxic cocktail delivery – but the full picture remains 
veiled. More research is urgently needed to untangle this web of uncertainty and 
assess the true scope of the threat these tiny trespassers pose. While answers remain 
elusive, one thing is clear: inaction is not an option. We must prioritize research, 
implement preventive measures to curb plastic pollution, and develop strategies to 
mitigate the potential risks. The health of future generations and the integrity of our 
ecosystems depend on it.

5.  Microplastics and human health: future trends and research focus

5.1  Expanding research efforts

The field of microplastics and human health is anticipated to see a surge in 
research efforts aimed at understanding the sources, pathways, and potential 
health effects of microplastics [49–51]. With the rapid advancement in analytical 
techniques, our ability to detect and quantify microplastics in various biological 
samples is expected to improve. This will provide more accurate data, thereby 
enhancing our understanding of the extent and implications of microplastic 
 pollution [52, 53].

5.2  Standardization of methods

There is a growing need for standardized methods to measure and character-
ize microplastics in human tissues. The development of consistent methodologies 
will enhance the comparability of studies and contribute to a more comprehensive 
understanding of exposure levels. This is crucial for establishing reliable baselines and 
tracking trends over time [52–54].
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5.3  Long-term health studies

Future research may involve more longitudinal studies to assess the long-term 
health effects of microplastic exposure. This includes investigating chronic exposure 
scenarios and potential cumulative impacts. Such studies are critical for understanding 
the potential health risks associated with prolonged exposure to microplastics [41–53].

5.4  Regulatory considerations/actions

As awareness of the potential impacts of microplastic pollution on human health 
grows, there may be increased attention from regulatory bodies. This could lead to 
the development of guidelines or regulations to mitigate exposure. Such measures 
are essential for protecting public health and preventing further environmental 
degradation [55–57].

5.5  Technological innovations/advances

Advances in analytical techniques and technologies may enhance our ability to 
detect and characterize microplastics, including nanoplastics, in various matrices. 
This will allow for more accurate risk assessments and inform mitigation strategies 
[58–60]. The integration of artificial intelligence in microplastic research is also a 
promising trend, offering new possibilities for data analysis and interpretation [58].

In conclusion, the field of microplastics and human health is poised for significant 
advancements in the coming years. Through expanding research efforts, standardiza-
tion of methods, long-term health studies, regulatory actions, and technological inno-
vations, we can gain a deeper understanding of this global issue and develop effective 
strategies to mitigate its impacts.

6.  The impact of micro and nanoplastics on aquatic life in freshwater 
ecosystems

This segment explores the impact of microplastic and nanoplastic on organisms 
residing in freshwater ecosystems, including plants, animals, and microbes. Ongoing 
research in these domains is essential, as much more investigation is required to fully 
comprehend the situation and understand how organisms respond to plastic pollution.

6.1  The growing threat to freshwater flora

The menace of plastic pollution poses an escalating threat to freshwater flora, impact-
ing the lifeblood of aquatic ecosystems worldwide. The infiltration of microplastics and 
nanoplastics, derived from larger debris and everyday products, has become pervasive 
in lakes, rivers, and wetlands, posing multifaceted dangers to aquatic plants. Studies 
on duckweed and water hyacinths reveal the physical harm inflicted by sharp plastic 
fragments, causing lacerations and punctures on delicate photosynthetic tissues [61–63]. 
These injuries compromise plant vigor and productivity. Additionally, nanoparticles 
create a coating on biofilm surfaces, potentially impeding algal growth [64].

The obstruction of sunlight, essential for photosynthesis, emerges as a signifi-
cant concern, with nanoplastics lingering in the water column, creating a haze that 
obstructs sunlight penetration [65]. This plastic-induced shade suppresses the growth 
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of submerged plants, hindering their capacity to fix carbon and maintain biomass. 
Ingestion of microplastics further intensifies the threat, with studies reporting 
accumulation on and within plant tissues, raising concerns about enzyme inhibition, 
cell stress, and metabolic decline [66, 67].

Plastics’ role as carriers of harmful chemicals and sponges for waterborne pol-
lutants exacerbates the problem. Common additives like phthalates and flame 
retardants, confirmed endocrine disruptors, leach into the water from plastics, while 
organic contaminants like Polychlorinated Biphenyls (PCBs) and pesticides read-
ily bind to plastic surfaces, heightening plant exposure to toxins [68]. Documented 
impacts include altered cell structures, disrupted pigment production, and weakened 
enzymatic activity [67].

In the genus Lemna, crucial as bioindicators and base feeders in aquatic food 
webs, exposure to microplastics leads to stunted growth, diminished pigmentation, 
and cellular membrane disruption [69]. Further concerns arise as research indicates 
microplastics may enhance metal bioaccumulation in water hyacinths, potentially 
promoting the spread of invasive plants in disturbed ecosystems [70, 71].

The comprehensive understanding of plastic’s impact on freshwater flora is still unfold-
ing, yet existing evidence paints a dire picture. From physical harm to chemical threats, 
aquatic plants globally demonstrate vulnerability to this pervasive pollution. Safeguarding 
freshwater ecosystems demands concerted efforts to curtail plastic releases, improve waste 
management, and advance biodegradable alternatives. Urgent research extending beyond 
lab studies is crucial to quantifying impacts on natural plant communities.

6.2  Menacing consequences for freshwater fauna

Freshwater ecosystems, vital conduits of life for numerous species, face a formi-
dable adversary – plastic pollution. Microplastics and nanoplastics, minute fragments 
originating from larger debris and everyday items, now extensively taint rivers, lakes, 
and streams worldwide. This pervasive menace poses a myriad of challenges for our 
freshwater fauna.

Ingestion stands out as a major concern, as a diverse array of animals mistakenly 
consume microplastics, leading to false satiety, nutrient dilution, and potentially fatal 
blockages. Research, such as a study on Great Lakes fish, reveals that over 80% of 
them have microplastics in their guts [72, 73]. Ingestion not only hampers growth and 
reproduction across various species, from zooplankton to fish [74].

Entanglement introduces another layer of peril. Abandoned fishing gear, packag-
ing bands, and other plastic debris ensnare and fatally harm turtles, waterfowl, fish, 
and more [75, 76]. Apart from causing drowning or strangulation, entanglement 
inflicts severe injuries, impeding mobility and escalating predation risk.

Plastic debris also acts as a Trojan horse for invasive species and toxins. Microplastics 
readily absorb pollutants and pathogens, subsequently delivering them to animal 
tissues upon ingestion [77]. Studies confirm the transfer of heavy metals, petroleum 
compounds, and other harmful chemicals from plastics to organisms [78]. Furthermore, 
floating plastic serves as a habitat for invasive species, facilitating their spread [79].

Beyond these documented effects, plastic disrupts natural behaviors like algal 
grazing and can alter endocrine systems and respiration [80, 81]. The full picture of 
chronic plastic exposure remains under investigation, but the combined physical and 
chemical threats are incontrovertible.

Specific instances illustrate a grim reality. Perch larvae exposed to microplastics 
experience a 40% mortality rate within days [82]. Over half of Asian carp in Illinois 
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rivers harbor nanoplastics [83]. Plastic ingestion by freshwater birds mirrors the 
devastating impacts observed in their marine counterparts [84].

Even iconic species like river turtles are not immune. More than 50 freshwater 
turtle species have been documented ingesting or entangling themselves in plastic 
[76]. For these long-lived reptiles, plastic accumulation can lead to severe health 
decline over decades, compounding the threats to their already endangered status.

The sheer volume of plastic infiltrating freshwater systems poses a dire threat to 
biodiversity and ecosystem health. With plastic production expected to surge, imme-
diate action is imperative. Stricter policies, enhanced waste management infrastruc-
ture, widespread education on proper disposal and alternatives, and ongoing research 
on plastic impacts and mitigation are essential (Figure 2) [85, 86].

6.3  Microbial battleground: plastic’s covert assault on freshwater ecosystems

Freshwater ecosystems, the concealed engines of life, confront an imperceptible 
adversary: plastic pollution. Microplastics and nanoplastics, minute remnants 
from larger debris and daily items, now cover lake bottoms and riverbeds. Yet, this 
intrusion is not merely passive; it actively reshapes the unseen realm of freshwater 
microbes in intricate and unsettling ways.

Plastics create new habitats for certain bacteria, fostering adaptations like hydro-
carbon degradation and specialized “grappling hooks.” Genera such as Pseudomonas, 
Bacillus, and Vibrio dominate these “plastispheres,” showcasing remarkable adjust-
ments to their plastic environments [86, 87]. While the overall impact on ecosys-
tem function remains uncertain, it is clear that plastics instigate novel microbial 
relationships.

However, this apparent symbiosis has a sinister side. Plastics function as carriers 
for disease-spreading, with pathogenic bacteria like Vibrio cholera, Legionella, and 
Pseudomonas aeruginosa exploiting these platforms for accelerated dispersal [88, 89]. 
This disturbing trend suggests that plastic pollution may be facilitating the swift 
spread of harmful microbes in freshwater systems.

Figure 2. 
Consequences of plastic pollution for aquatic life.
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The narrative extends further. The intense competition on plastics initiates an 
evolutionary arms race among bacteria, promoting the emergence of more virulent 
strains through toxin and antibiotic release [90, 91]. Plastic additives like flame 
retardants and Bisphenol A (BPA) contribute to this selection pressure, potentially 
elevating mutation rates and genetic adaptation [92]. In essence, plastic pollution 
favors the development of hardier, more harmful microbes in freshwater.

Beyond targeting specific species, plastic disrupts microbial diversity at its core. 
Studies comparing pristine and plastic-laden sediments reveal significant declines 
in community richness and evenness [93, 94]. This imbalance could have cascading 
effects, disrupting the crucial roles played by sediment bacteria in nutrient cycling 
and aquifer health.

Moreover, plastics release a toxic blend of chemicals, including monomers, 
stabilizers, and pesticides, potent enough to hinder microbial growth at environmen-
tally relevant concentrations [77]. UV-degraded plastics release even more hazardous 
derivatives, intensifying chemical warfare in an already hostile environment [95].

The threat transcends surface contamination. Vertical transport of microplastics 
into sediments endangers vital communities responsible for bioremediation and 
nutrient cycling. N-cycling bacteria and sulfur-oxidizing populations, crucial for 
water decontamination, are impacted by plastics [96, 97]. This unseen battleground 
beneath the surface underscores the profound impact plastics have on the founda-
tional elements of freshwater ecosystems.

Adding to the complexity, invasive aquatic plants may benefit from plastic pol-
lution, as debris offers new habitats and microplastics enhance biofilm formation, 
potentially providing protection from pollutants [79, 98]. This alliance between 
plastic and invaders may accelerate the spread of undesirable species in waterways.

Finally, plastic fragments infiltrate the sensitive hyporheic zone, the crucial 
meeting point of groundwater and surface water with unique microbial communi-
ties. Significant differences in microbial biodiversity are observed between plastic-
contaminated and pristine hyporheic zones, raising concerns about plastic’s influence 
on these critical life support systems.

In conclusion, plastic pollution poses a disconcerting threat to freshwater microbes. 
While some may flourish on plastic islands, the larger ecosystem bears the brunt of the 
impact. Reduced diversity, toxic leaching, disrupted biogeochemical services, and the 
rise of potentially dangerous bacterial strains are alarming consequences.

The future of our freshwater systems, and ultimately our own well-being, hinges 
on safeguarding these microscopic life forms. Neglecting the hidden world of 
microbes would be akin to ignoring the very roots of a tree. Let us act now to ensure 
these vital communities thrive, preserving the health and resilience of our freshwater 
ecosystems for generations to come.

7.  Regulatory and mitigatory measures: a comprehensive approach to 
plastic pollution

This section is not just a laundry list of Sustainable Development Goals (SDGs) – it 
is a battle cry. For over 30 years, we have danced around the fringes of reducing, reus-
ing, and recycling plastics. The Earth is at a breaking point, and we cannot waltz our 
way out anymore. We need to link these actions directly to the SDGs, transforming 
them into potent weapons against plastic pollution. The time for talk is over; the time 
for strategic action is now.
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Curbing plastic pollution demands a three-pronged attack: stricter regulations, 
innovative mitigation strategies, and empowered individuals. Linking these efforts to 
the UN’s Sustainable Development Goals (SDGs) offers a roadmap for lasting change. 
Governments and NGOs are already leading the charge with awareness campaigns 
and initiatives to curb plastic use. By anchoring the fight within the SDG framework, 
we gain a shared understanding and a springboard for effective action [99–107].

7.1  Regulatory and policy measures

Our insatiable appetite for convenience has fuelled a global plastic crisis. We churn 
through 300 million tonnes of plastic annually, half of it disposable, creating a stag-
gering waste stream roughly equivalent to the weight of humanity itself. This plastic 
tide pollutes ecosystems, endangers marine life, and even infiltrates our food chain. 
Recognizing the urgency, governments worldwide are stepping up with regulatory 
measures linked to the UN Sustainable Development Goals (SDGs):

7.1.1  SDG 14: life below water – regulating plastic production

Countries like Rwanda and Kenya are leading the charge with bans on specific single-
use items like bags and straws. The EU has followed suit, and India recently enacted a 
comprehensive ban targeting various disposable plastics. This aligns with SDG 14’s call to 
“conserve and sustainably use the oceans and marine resources” [99, 102].

7.1.2  SDG 12: responsible consumption and production – extended producer 
responsibility (EPR)

France’s heavy levies on plastic packaging producers exemplify EPR policies aimed 
at shifting responsibility to manufacturers, encouraging them to design for reusability 
and recyclability. This echoes SDG 12’s focus on “promoting sustainable production 
and consumption patterns” [108, 109].

7.1.3  SDG 15: life on land – protecting ecosystems

Establishing and enforcing protected areas, as Bangladesh is doing with inter-
national support, safeguards ecosystems from plastic pollution. This aligns with 
SDG 15’s goal of “protecting, restoring and sustainably managing terrestrial ecosys-
tems” [109].

7.1.4  SDG 6: clean water and sanitation – water quality standards

Setting stringent water quality standards and implementing monitoring systems, 
as proposed by the UN Environment Program, are crucial steps toward SDG 6’s target 
of “ensuring access to clean water and sanitation for all” [55, 110].

7.2  Mitigation strategies

7.2.1  SDG 13: climate action – reducing the carbon footprint

The fight against plastic goes hand-in-hand with mitigating climate change. 
Initiatives like Kenya’s bamboo straw movement, replacing plastic with a 
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fast-growing, naturally compostable alternative, are not just reducing plastic waste 
but also sequestering carbon [111]. In India, companies like Ecoware are pioneering 
edible seaweed-based cutlery, further slashing the carbon footprint associated with 
plastic production [112]. These stories exemplify SDG 13’s call to “take urgent action 
to combat climate change and its impacts.”

7.2.2  SDG 11: sustainable cities and communities – waste management infrastructure

Cities stand at the frontline of the plastic battle. Bogota, Colombia, has trans-
formed its landfill into a sprawling eco-park, diverting tonnes of plastic waste from 
landfills [113]. Meanwhile, Amsterdam is piloting “smart bins” that monitor fill levels 
and optimize collection routes, boosting efficiency and reducing plastic leakage [114]. 
Such initiatives embody SDG 11’s goal of “making cities and human settlements 
inclusive, safe, resilient and sustainable.”

7.2.3  SDG 9: industry, innovation, and infrastructure – research and innovation

Innovation holds the key to breaking free from our plastic dependence. 
Researchers around the world are harnessing fungi that degrade plastic, offering a 
bioremediation solution with immense potential [115, 116]. Meanwhile, start-ups in 
the United States are developing enzyme cocktails that can break down various types 
of plastic into recyclable components [117–119]. These cutting-edge solutions align 
with SDG 9’s focus on “promoting sustainable industrial development” and “fostering 
innovation.”

7.3  Individual and community actions

7.3.1  SDG 3: good health and well-being – consumer awareness

Knowledge is power in the fight against plastic. Stories like Adithya Mukerjiee, the 
16-year-old activist from India who raised awareness about the dangers of plastic straws, 
exemplify the potential of individual action [120]. Empowering individuals with infor-
mation about the health risks associated with microplastic ingestion through campaigns 
and educational platforms like The Story of Stuff Project’s Plastic Free July initiative 
encourages informed choices toward sustainable alternatives [121]. This resonates with 
SDG 3’s goal of “ensuring healthy lives and promoting well-being at all ages.”

7.3.2  SDG 4: quality education – educational campaigns

Educating the next generation is crucial for breaking the cycle of plastic depen-
dence. Initiatives like the Plastic Pollution Coalition’s educational resource kits for 
schools or the Green Schools program in Mexico, which integrates environmental 
education into the curriculum, are sowing the seeds of change [122]. These efforts 
embody SDG 4’s focus on “ensuring inclusive and equitable quality education and 
promoting lifelong learning opportunities for all.”

7.3.3  SDG 17: partnerships for the goals – community engagement

Collective action holds the key to tackling the plastic crisis head-on. Local cam-
paigns like the Great Pacific Garbage Patch Cleanup, with its dedicated volunteers 
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tackling plastic debris in the ocean [123], or the “Adopt-a-River” initiatives in many 
countries, demonstrate the power of community engagement [124]. These partner-
ships between governments, businesses, NGOs, and communities align with SDG 17’s 
call to “strengthen the means of implementation and revitalize the global partnership 
for sustainable development.”

7.4  Everyday actions

The scale of the problem can feel overwhelming, but amidst the plastic tide, 
a wave of individual action is rising, driven by the spirit of the UN Sustainable 
Development Goals (SDGs). These everyday choices, big and small, have the power to 
break our dependence on plastic and build a healthier future for our planet.

7.4.1  SDG 12: responsible consumption and production – plastic-free living

Our everyday choices can create a ripple effect of change. Opting for products with 
minimal packaging or choosing to refill your own containers at stores like Package 
Free Shop in London are simple yet impactful steps [125]. Carrying a reusable water 
bottle and coffee mug, like those offered by companies like Hydro Flask, can dramati-
cally reduce your reliance on single-use plastics [126, 127]. By embracing a “plastic-
free living” mantra, we align with SDG 12’s call to “promote sustainable production 
and consumption patterns.”

7.4.2  SDG 14: life below water – cleanup initiatives

From organizing local beach cleanups like those coordinated by Surfrider 
Foundation to joining riverbank restoration projects, individuals can directly combat 
existing plastic pollution [128–131]. Responsible disposal of collected plastics ensures 
they do not re-enter the environment, further supporting SDG 14’s goal of “conserve 
and sustainably use the oceans and marine resources.”

7.4.3  SDG 6: clean water and sanitation – mindful water use

Conserving water goes hand-in-hand with reducing plastic waste. Every liter 
saved means fewer plastic bottles are produced and consumed. Additionally, choos-
ing sustainable personal care products and properly disposing of them helps prevent 
microplastics from entering our water bodies, contributing to SDG 6’s mission of 
“ensuring access to clean water and sanitation for all” [55, 56, 110].

The plastic pollution crisis demands urgent and collaborative action at all levels to 
create transformative change. While individual actions like recycling and using reus-
able products are invaluable, we must also harness our collective power to advocate 
for policy changes, invest in infrastructure, and drive widespread education and 
awareness. The key is scaling up pilot programs, fostering partnerships to accelerate 
innovation, empowering communities, and demanding stronger regulations world-
wide. By embracing the collective spirit of the SDGs, we can phase out single-use 
plastics, develop alternative materials and technology, and usher in a new culture of 
sustainability. The road ahead is long, but each small act creates ripples that can swell 
into waves of change. If we work together, combining individual action with systemic 
transformation, we can stem the tide of plastic pollution and secure a healthy planet 
for generations to come.
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8.  Future challenges and research needs

The study of plastic pollution in freshwater bodies presents ongoing challenges 
and areas for future research. As the field evolves, researchers continue to uncover 
new dimensions of the issue. This section lists out the challenges and areas where 
research advancement is needed [16, 115, 132–137].

8.1  Comprehensive understanding: challenge

Achieving a comprehensive understanding of the sources, pathways, and fate of 
plastic pollution in freshwater bodies. Research Needs: Conduct detailed studies to 
identify and quantify various sources of plastic pollution, including primary sources 
(e.g., mismanaged waste) and secondary sources (e.g., fragmentation of larger 
plastics).

8.2  Microplastics and nanoplastics: challenge

Understanding the full extent of the impacts of microplastics and, especially, 
nanoplastics on freshwater ecosystems and human health. Research Needs: Investigate 
the mechanisms of nanoplastic formation, their behavior in aquatic environments, 
and potential toxicological effects on aquatic organisms and humans.

8.3  Long-term effects: challenge

Assessing the long-term ecological and human health consequences of plastic 
pollution in freshwater ecosystems. Research Needs: Implement longitudinal studies 
to monitor the persistence of plastics in the environment, their interactions with 
ecosystems over time, and the potential accumulation of plastics in organisms.

8.4  Remote sensing techniques: challenge

Developing effective remote sensing techniques for monitoring and mapping plastic 
pollution in large and remote freshwater bodies. Research Needs: Explore the use of satel-
lite imagery, drones, and other remote sensing technologies to assess the distribution and 
dynamics of plastic pollution in lakes, rivers, and other freshwater environments.

8.5  Ecological impacts: challenge

Evaluating the ecological impacts of plastic pollution on different components of 
freshwater ecosystems, including flora, fauna, and microbial communities. Research 
Needs: Conduct in-depth studies on the effects of plastic pollution on biodiversity, 
habitat structure, nutrient cycling, and other ecological processes in both aquatic and 
riparian ecosystems.

8.6  Emerging contaminants: challenge

Identifying and understanding the role of emerging contaminants associated 
with plastics in freshwater systems. Research Needs: Investigate the potential release of 
chemicals from plastics into the environment and their effects on aquatic organisms 
and ecosystem functioning.
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8.7  Social and economic dimensions: challenge

Incorporating social and economic dimensions into plastic pollution research to 
address the human dimensions of the issue. Research Needs: Explore the social and 
economic impacts of plastic pollution on communities dependent on freshwater 
resources. Investigate the effectiveness of different policy measures and community 
engagement strategies.

8.8  Mitigation and remediation strategies: challenge

Developing effective and scalable mitigation and remediation strategies for reduc-
ing plastic pollution and removing existing plastics from freshwater bodies. Research 
Needs: Evaluate the performance of different cleanup technologies, such as floating 
barriers, skimmers, and innovative materials for plastic capture. Explore nature-
based solutions and the potential for natural processes to assist in plastic degradation.

8.9  Stakeholder engagement: challenge

Enhancing stakeholder engagement and collaboration to address plastic pollution 
at various levels, including government, industry, and local communities. Research 
Needs: Investigate the social dynamics and factors influencing the adoption of sus-
tainable practices. Evaluate the effectiveness of education and outreach programs in 
changing behaviors related to plastic use and disposal.

8.10  Policy effectiveness: challenge

Assessing the effectiveness of existing policies and regulations in mitigating plas-
tic pollution in freshwater bodies. Research Needs: Evaluate the enforcement, compli-
ance, and overall impact of current regulations. Identify gaps and opportunities for 
strengthening policy frameworks at local, national, and international levels.

As researchers continue to address these challenges and research needs, advance-
ments in the understanding of plastic pollution in freshwater ecosystems will contrib-
ute to more effective management strategies and policy interventions. Additionally, 
interdisciplinary collaboration and the integration of diverse perspectives will be 
crucial in addressing the complexity of this global environmental issue.

9.  Education and outreach: powerful tools in the fight against plastic 
pollution

The power of education and outreach offers a potent antidote. By informing 
individuals, communities, and organizations, we can inspire behavioral changes, 
promote responsible consumption, and foster a sense of environmental stewardship 
[103, 138–145].

9.1  Engaging minds, shaping habits

At the heart of this revolution lies school curriculum integration. Weaving lessons 
on plastic pollution and sustainable practices into various subjects equips students with 
knowledge and empowers them to become responsible citizens. Field trips to recycling 
centres or polluted environments further solidify learning through visceral experiences.
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9.2  Amplifying the message

But education alone is not enough. Public awareness campaigns utilizing media, 
celebrities, and influencers ignite a shared urgency. Imagine hard-hitting visuals 
paired with the voice of a beloved actor urging viewers to ditch single-use plastics. 
Such campaigns pierce through apathy and spark individual action.

9.3  Mobilizing communities

Community engagement takes education a step further. Interactive workshops 
empower residents with practical skills for reducing plastic use and proper waste 
disposal. Cleanup drives and eco-fairs transform awareness into action, fostering a 
sense of collective responsibility and environmental pride.

9.4  Collaboration and amplification

No one stands alone in this fight. Partnerships with NGOs and environmental 
organizations leverage their expertise and networks to magnify outreach efforts. Joint 
initiatives like awareness campaigns or community projects ensure diverse voices and 
resources reach a wider audience.

9.5  Online resources and action

In an age of digital ubiquity, web platforms and online courses democratize 
access to knowledge. Imagine an interactive website where users learn about the 
plastic life cycle, explore sustainable alternatives, and track their own plastic 
footprint. Such tools empower individuals to become agents of change, regardless 
of location.

9.6  Corporate responsibility and engagement

Businesses are crucial partners in this journey. Employee training programs on 
plastic reduction and eco-friendly practices empower workforces to become ambas-
sadors of sustainability within their communities. Collaborations with corporations 
can promote sustainable packaging, reduce single-use plastics, and amplify awareness 
campaigns through their extensive reach.

9.7  Creativity and artistic expression

Art speaks where words falter. Artistic installations, sculptures, and performances 
deliver powerful messages about plastic pollution in a captivating way. Imagine a 
child’s drawing of a choked dolphin going viral, sparking conversations, and prompt-
ing action at dinner tables across the globe.

9.8  Citizen science and data collection

Empowering citizens in data collection fosters a sense of ownership and respon-
sibility. Imagine a mobile app where individuals report plastic pollution hotspots, 
creating a real-time map of the crisis that galvanizes collective action.
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9.9  Culturally tailored messages

One size does not fit all. Reaching diverse audiences requires targeted messaging. 
Culturally aware materials and languages ensure inclusivity and resonate with specific 
communities, ensuring no voice is left behind.

9.10  Continuous monitoring and improvement

Education is a dynamic process. Feedback mechanisms like surveys and focus 
groups enable us to assess the effectiveness of outreach programs and adapt based on 
emerging trends and audience needs.

9.11  Learning in action: education & outreach impact stories

Educational Initiatives Educational initiatives play a crucial role in raising aware-
ness about plastic pollution and its impacts. For instance, Unilever partnered with The 
Economist Educational Foundation to create a workbook about plastics and packaging 
[141]. This workbook encourages young people to think about the role of plastic in our 
society and what more could be done to keep plastic out of the environment.

Another example is the Ocean Purpose Project created by Mathilda D’Silva. After 
developing three autoimmune diseases due to prolonged contact with polluted water, 
D’Silva sought to gain a scientific understanding of how plastic molecules work and 
their impact on health and the environment. Her project aims to transform water 
polluted by plastic microorganisms into hydrogen, thereby creating energy [144].

Outreach Programs are another effective way to combat plastic pollution. The 
Zero Waste Challenge, supported by UNESCO Green Citizens, is an example of an 
outreach program that has made a significant impact [146]. The challenge includes 
a range of public awareness activities, such as a monthly zero-waste newsletter, a 
Facebook page for promoting zero-waste events, and an online resource showcasing 
best practice projects [139].

GreenKayak, co-founded by Oke Carstensen, is another innovative project 
committed to the fight against plastic pollution. The concept behind GreenKayak is a 
“win-win”: having a good time by renting a kayak free of charge, taking a stroll along 
the river, and picking up any garbage you come across. By giving people a chance to 
get active and act collectively, Carstensen’s project educates people by offering them 
an enjoyable, sustainable tourism experience [145, 147].

The Role of Schools: Schools play a vital role in educating students about plastic 
pollution [139, 142, 147]. The Ocean Plastics Academy, for example, helps students 
develop a deep understanding of the plastics challenge [139, 145]. The Plastic Clever 
Schools initiative provides real-world experiences where students can apply new 
knowledge, practice skills, and build confidence [148, 149].

10.  Conclusion

To combat plastic pollution in freshwater ecosystems comprehensively, a multifac-
eted strategy is necessary, addressing regulatory, mitigation, and individual aspects. 
The United Nations’ Sustainable Development Goals (SDGs) serve as a guiding 
framework for equitable solutions. Regulatory measures, crucial for tackling the 
issue at its source, involve enforcing production and disposal regulations, promoting 
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sustainable alternatives, and implementing Extended Producer Responsibility (EPR) 
policies. Mitigation efforts focus on efficient waste management infrastructure, 
technological innovations, and research into alternative materials to reduce envi-
ronmental impacts. Nature-based solutions and ecosystem resilience enhancement 
are also valuable. Individual actions play a pivotal role, with education and outreach 
initiatives driving behavioral change through awareness campaigns and empower-
ment. Aligning recommendations with specific SDGs, such as SDG 14 (Life Below 
Water) and SDG 12 (Responsible Consumption and Production), emphasizes the 
interconnectedness of environmental and societal goals. Ongoing challenges highlight 
the evolving nature of plastic pollution, emphasizing the need for continued research, 
including understanding sources, pathways, and long-term effects. Education and 
outreach activities emerge as powerful tools for prevention, targeting diverse audi-
ences and utilizing creative approaches. Ultimately, collaboration, innovation, and 
a commitment to SDGs are essential for a sustainable and resilient future amid the 
challenges of plastic pollution in freshwater ecosystems.
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Chapter 3

Removal of Heavy Metals and 
Purification of Surface Waters
Mario Mariglia and Edineldo Lans-Ceballos

Abstract

In many parts of the world, the removal of heavy metals and turbidity in surface 
waters for potabilization is a focus of study, as it has become a public health problem. 
Many researchers develop methodologies for the removal of heavy metals; however, 
these are generally difficult to implement in rural areas due to the danger associated 
with the use of chemical reagents by individuals with little or no education. That is 
why this chapter aims to conduct a comprehensive literature review, including an 
original research project developed by our working group, to identify affordable 
methods for the potabilization of surface waters in small communities with minimal 
technology. Additionally, it aims to provide data for better understanding. These 
economical, sustainable, and efficient methods will help improve the treatment 
of surface waters for human consumption, using plants and their extracts for the 
removal of turbidity and various heavy metals. The methods proposed in this chapter 
for the potabilization of natural water are a contribution to green analytical chemis-
try. The objective of this chapter is to present metals, removal techniques, and evaluate 
the efficiency of removing Fe and Mn during phytoremediation processes. To carry 
out this work, three stages were considered. In the first stage, the quantity of plant 
material required for the process is selected. In the second stage, the metal removal 
capacity is determined with the selected mass, and in the third stage, the aim is to 
understand the removal levels of extracts from Opuntia ficus-indica and Hylocereus 
triangularis to compare it with Hydrilla verticillata (L.f.) Royle. The determination 
of metals was performed using atomic absorption spectroscopy with a previously 
validated method. The Hydrilla exhibited a 100% removal of Fe and Mn, as well as a 
reduction in turbidity and color of 92% and 94%, respectively. The Hydrilla verticil-
lata (L.f.) Royle and Opuntia ficus-indica are plants that can be used for the removal 
of Fe, Mn, turbidity, and color in natural waters. The Hylocereus triangularis did not 
show efficient results in removing these metals in natural waters. Similar to Hylocereus 
and Hydrilla, Opuntia can be used for the removal of turbidity from natural waters, 
which is useful for rural communities.

Keywords: plant material, manganese, iron, water, removal

1.  Introduction

Aquatic ecosystems essential for human consumption are riddled with numerous 
contaminants, including heavy metals, which constitute a major issue in developing 
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countries due to the significant pollution they introduce to surface waters [1]. This 
level of contamination is a result of anthropogenic activities. While various water 
treatment methods exist, many of them are effective but costly [2]. Hence, there is a 
need to employ appropriate and low-cost technologies for the removal of such con-
taminants. Considering that rural areas in developing countries lack the capacity for 
expensive water treatments, it is essential to highlight the different methods used for 
contaminant removal. Furthermore, it is of utmost importance to showcase effective 
and economical methods that enable the removal of heavy metals.

There is interest in a wide variety of heavy metals as they pose a health problem 
for humans. Among them, we can find zinc (Zn), copper (Cu), cadmium (Cd), lead 
(Pb), arsenic (As), iron (Fe), manganese (Mn), and chromium (Cr) [2, 3]. These 
metals can cause harmful effects on the environment and the living organisms inhab-
iting it [2]. Hence, it is important to monitor water quality concerning the various 
contaminants that may be present in surface waters.

To assess water quality, the Water Quality Index (WQI) [4] is used, which indi-
cates the condition of a water source. If the WQI falls between 91 and 100, the water 
quality is considered good; 71–90 indicates acceptable water quality; 51–70 suggests 
regular water quality; 26–50 denotes poor water quality, and 0–25 implies the lowest 
level of water quality. This index varies based on the geography and water usage of 
the country [5]. Water quality regarding heavy metals is determined by two indices: 
the Heavy Metal Pollution Index (HPI), which shows the combined effect of metals in 
surface waters [6], and the Heavy Metal Evaluation Index (HEI), which indicates the 
state of the water body. The state of the water body can be affected by various sources 
of pollution, including mining, agriculture, volcanoes, forest fires, and urbanization, 
among others.

One crucial aspect to consider regarding heavy metals is their toxicity, as they 
jeopardize the natural balance and human health [7]. Prolonged exposure to these 
metals is associated with various diseases such as Alzheimer’s, neurological issues, 
osteoporosis [2], and can even lead to death. For these and many more reasons, this 
text aims to conduct a thorough review of different methods for heavy metal removal. 
We will focus on those methods that are cost-effective and also involve the use of 
plants or plant extracts for the decontamination of surface waters, such as coagula-
tion/flocculation and phytoremediation. These methods are highly beneficial as they 
enable the removal of contaminants in a natural way without the use of chemicals.

The B. papyrifera and K. paniculata have been used for manganese removal in 
soil [8], Duckweed and tape grass for copper removal in water [9], Water Jacinta 
(Eichhornia crassipes), Water Lettuce (Pistia stratiotes) [10, 11] used for water reme-
diation, Guasimo (Guazuma ulmifolia), prickly pear cactus (Opuntia ficus-indica), 
and dragon fruit (Hylocereus triangularis) [12]. These studies demonstrate that they 
are an environmentally friendly alternative.

For contaminant removal, it employs various types of hyperaccumulating plants 
known as macrophytes, which are beneficial in removing metals from water through 
mechanisms such as phytoextraction, rhizofiltration, phytovolatilization, and phytosta-
bilization [13]. Chelation is the mechanism used by plants to retain heavy metals [14].

Phytoremediation has its advantages and disadvantages. Among its disadvantages 
is the difficulty of disposing of biomass with adsorbed contaminants. However, there 
are different disposal mechanisms such as incineration treatments, pyrolysis, gasifica-
tion, and microbial extraction, among others [13, 15].

Hydrilla Verticillata is an aquatic plant belonging to the Hydrocharitaceae family. 
It is considered an aggressive and invasive species that has been used in studies for 
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the removal of red dye 120 from simulated wastewater [16, 17] and phosphates in 
domestic wastewater [18]. The interest in studying this plant lies in its abundance 
in our aquatic ecosystems, the lack of contaminant removal through conventional 
treatments, and its potential use in removing Fe and Mn, which contribute to a brown 
color in the water, giving it an unhygienic appearance.

2.  Heavy metals: Their sources and toxicity

2.1  Heavy metals

Heavy metals are considered those whose density is greater than (4 g/cm3), and 
they are toxic at low concentrations [19, 20]. Among these, we can find (Hg), (Zn), 
(Cu), (Cd), (Pb), (As), (Fe), (Mn), (Cr), (Ni), and (Co), among others [3, 20].

Mercury (Hg) is a silver-colored metal, liquid at room temperature, with oxidation 
states (+4, +2, +1). It accumulates in most living organisms, being extremely toxic and 
causing diseases such as digestive syndromes (nausea, bad breath, vomiting, diarrhea, 
etc.), neurological syndromes, ophthalmological syndromes, dermatitis, rhinitis, and 
hypersensitivity, among others [21].

Zinc (Zn) is an element with oxidation states (−2, 0, +1, +2), appearing as a 
solid with a silver-gray appearance. Although essential for humans, excessive intake 
increases the likelihood of prostate cancer, elevated cholesterol levels, increased 
testosterone, and can cause immune dysfunction [22].

Copper (Cu) with oxidation states (+1 and + 2), this reddish solid can cause 
stress to aquatic biota [23]. Additionally, in large quantities, it can exert toxic 
effects, physiological alterations, and acute toxicity are also consequences of 
exposure to Cu [24, 25].

Cadmium (Cd) is a metal characterized by a bluish-white solid appearance and 
oxidation states +1 and +2. This metal possesses the four most dangerous characteris-
tics that can be attributed to a toxic contaminant: bioaccumulation, ease of transport 
through water and air, toxicity to humans, and persistence in the environment. Due to 
its bioaccumulative nature, it is a causative factor for conditions in the lungs, bones, 
and kidneys [26].

Lead (Pb) is a dark-gray element with oxidation states (+2, +4), harmful to the 
central nervous system and affecting balance, as well as the direction and range of 
muscle movement [27].

Arsenic (As) with oxidation states (+3, +5), this metal can be found in gray, yellow, 
and black colors due to its three allotropic states. It is extremely toxic, causing poison-
ings, as well as a predisposition to cancer in the lungs, skin, and bladder [28].

Iron (Fe) is a gray-silver metal with oxidation states (+2, +3). It can generate free 
radicals, leading to oxidative stress, and can cause poisoning due to its accumulation 
in the liver. Iron intoxication affects the central nervous, gastrointestinal, cardiovas-
cular systems, and metabolic functions [29].

Chromium (Cr) with a bright whitish-gray color and oxidation states (+2, +3, +4, 
+6), can cause damage to the skin and eyes, and it is also carcinogenic. Its intake may 
lead to kidney failure, bronchitis, hemorrhages, and gastrointestinal damage [30].

Manganese (Mn) is a whitish-gray transition metal, with the most common 
oxidation states being (+2, +3, +4, +6, +7). It causes respiratory problems, blocks the 
neurotransmitter system, and also leads to a syndrome called manganism, where the 
patient exhibits symptoms similar to Parkinson’s [31].
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Niquel (Ni) Elemento solido de color blanco ligeramente amarillento con estados 
de oxidación (+3, +2, 0). Su exposición prolongada u ingesta puede provocar embolia 
pulmonar, fallos respiratorios, mareos, bronquitis crónica, erupciones cutáneas y 
cáncer de pulmón entre otras [32].

Nickel (Ni) is a solid element with a slightly yellowish-white color and oxidation 
states (+3, +2, 0). Prolonged exposure or ingestion can lead to pulmonary embolism, 
respiratory failure, dizziness, chronic bronchitis, skin rashes, and lung cancer, among 
other effects [32].

Cobalto (Co) is a metal pesado de color blanco azulado con estados de oxidación 
(+5, +4, +3, +2, +1, −1). Su ingesta puede ocasionar alteraciones en epitelios de la 
mucosa bucal [33], alteraciones visuales, hipotiroidismo, cardiomiopatía, erupciones 
en la piel [34].

Cobalt (Co) is a heavy metal with a bluish-white color and oxidation states 
(+5, +4, +3, +2, +1, −1). Its ingestion can cause alterations in the epithelium of the 
oral mucosa [33], visual disturbances, hypothyroidism, cardiomyopathy, and skin 
rashes [34].

2.2  Sources

According to the World Health Organization (WHO), contaminated waters are 
those whose composition has been altered in such a way that it no longer maintains 
optimal conditions for human consumption. Surface water sources receive a wide 
variety of contaminants from numerous natural and anthropogenic events, includ-
ing mining, forest fires, agroindustry, urbanization, and volcanoes [2]. Each of these 
events releases a significant amount of heavy metals into the environment, posing a 
threat to human health and ecosystems (Figure 1).

Primarily due to anthropogenic activities, surface waters can become contami-
nated with a range of heavy metals, through pesticides, insecticides, and mining, 
among others. Specifically, for water used for human consumption, the presence of 

Figure 1. 
Heavy metal sources. Water pollution by heavy metals.
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high concentrations of heavy metals in the body can lead to failures in the organisms 
that are exposed to it. In (Table 1), the heavy metals, their sources, ailments caused 
by these metals, and the maximum allowable amount in water are shown.

Metals Sources Suffering Maximum 
allowed in 

drinking water 
(WHO)

Ref.

Cr Corrosion Kidney failure, bronchitis, bleeding, 
and gastrointestinal damage

0.05 mg/l [3, 30, 
35–37], 
[WHO]

Pb Mining, 
corrosion, 

agriculture, and 
cattle farming

Loss of sense of balance and 
direction and range of muscle 

movement

0,01 mg/l [3, 27, 
35–38]

Zn Mining, 
corrosion, 

agriculture, and 
cattle farming

Prostate cancer, increased 
cholesterol, testosterone, and 

immune dysfunction

3 mg/l [3, 22, 
35–37]

Ni Mining, 
corrosion

Pulmonary embolism, respiratory 
failure, dizziness, bronchitis, skin 

rashes, and lung cancer

0,02 mg/l [3, 32, 
35–37]

Cu Mining, 
corrosion, 

agriculture, and 
cattle farming

Physiological alterations and acute 
toxicity

2 mg/l [3, 24, 25, 
35–37]

Cd Mining, 
corrosion

Conditions in the lungs, bones, and 
kidneys.

0,003 mg/l [3, 26, 
35–37]

As Mining, 
agriculture, and 
cattle farming

Poisoning, carcinogenic prevalence 
in lungs, skin, and bladder

0.01 mg/l [3, 28, 
35–38].

Fe Corrosion Effects on the central nervous 
system, gastrointestinal, 

cardiovascular

NGL** [3, 29, 35, 
37, 39]

Co Corrosion Alterations in epithelia of the oral 
mucosa, visual, hypothyroidism, 

cardiomyopathy, skin rashes

NM [3, 33–35, 
37, 39]

Mn Agriculture and 
cattle farming

Respiratory problems, blockage of 
the neurotransmitter system, and 

manganism syndrome

0,5 mg/l [3, 31, 35, 
37]

Hg Mining Nausea, vomiting, diarrhea, 
neurological syndromes, 

ophthalmological syndrome, 
dermatitis, rhinitis, and 

hypersensitivity

0,001 mg/l [21, 36, 38]

NM = Not mentioned; NGL = No Guideline, because it occurs in drinking water at concentrations well below those at 
which toxic effects may occur**No Guideline, because it is not of health concern at concentrations normally observed in 
drinking water, but may affect the acceptability of water at concentration above 0,3 mg/l.

Table 1. 
Major heavy metals present in surface waters and their anthropogenic sources.
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2.3  Toxicity of heavy metals

Heavy metals such as chromium (VI), beryllium, arsenic, nickel, and cadmium 
have been classified by the International Agency for Research on Cancer (IARC) 
as human carcinogens, along with aluminum production and iron and steel 
foundries [38].

Some divalent metal cations are structurally similar, as is the case with Co2+, Fe2+, 
Zn2+, Cu2+, Ni2+, and Mn2+. It is likely that they may compete with each other, leading 
to complications in physiological functions within the cell [40]. An example of this 
is Ca, which is found in membranes and can be displaced by other metals, causing 
functional disorders [41].

The ingestion and/or prolonged exposure to heavy metals can lead to multiple 
diseases such as cancer, neurological syndromes, ophthalmological syndromes, der-
matitis, rhinitis, hypersensitivity [21], visual impairments, hypothyroidism, car-
diomyopathy, skin rashes [34], elevated cholesterol levels, increased testosterone, 
and immune dysfunction [22], conditions in lungs, bones, and kidneys [26], kidney 
failure, gastrointestinal damage [30], a syndrome called manganism [31], poisonings, 
among others [28]. This emphasizes the importance of researching and improv-
ing various methods for removing contaminants from waters intended for human 
consumption (Figure 2).

Figure 2. 
Alterations and toxicity in humans caused by ingestion of heavy metals.
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3.  Methods for removal of heavy metals

There are various methods for treating surface waters, including chemical, physi-
cochemical, and biological methods. Biological and physicochemical methods can 
involve the use of plants for water decontamination (phytoremediation) [7] (coagula-
tion/flocculation). These two methods are significant as they can be employed in 
rural areas where large infrastructure for the treatment of surface waters for human 
consumption may be lacking.

3.1  Coagulation/flocculation

The method that uses plants or plant extracts with the ability to absorb 
 contaminants, followed by a coagulation/flocculation process that allows for the 
easy separation of contaminants. However, this method generates a secondary 
pollution [42].

3.2  Phytoremediation

The method that uses plants to remove contaminants from water is environmen-
tally friendly though it is a slow process and requires large land areas [43].

3.3  Photocatalysis

Photocatalysis este método posee la capacidad de degradar complejos de metales 
pesados, dispone de un alto poder oxidativo, descompone complejos orgánicos y 
además no produce lodos, su limitación es el alto costo a causa del equipamiento 
necesario para su funcionamiento [44].

3.4  Chemical precipitation

It is an economical and straightforward method that removes a significant amount 
of heavy metals from water, although it has some limitations such as the use of chemi-
cals, generation of sludge, as well as handling expenses [45].

3.5  Electrochemical treatment

The method that minimizes the use of chemicals and is also an effective technique 
for recycling heavy metals. The limitations of this method include its lack of sensitiv-
ity, stability, and efficiency, as well as its high cost [46].

3.6  Reverse osmosis

The method that can be complemented with other methods, no use of 
 chemicals is estimated, and it is simple to operate. Among the limitations, we 
can find reduced water permeability, the membrane may become contaminated, 
large amounts of energy are required, and there are high operation and equipment 
costs [47].
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3.7  Flotation

Method for water treatment where physical phenomena are predominant, which 
can be low-cost when purchasing equipment, although maintenance and operational 
costs are some of its limitations [48].

3.8  AOPs

This method involves minimal chemical consumption and does not generate 
sludge. However, one of the major limitations of this method is its inapplicability on a 
large scale [49].

3.9  Ion-exchange

The method that uses a resin that maintains good regeneration and is also cost-
effective. Its limitations are based on the adsorption of organic substances and 
difficulty in handling [50].

3.10  Membrane filtration

This method has good selectivity and provides efficient separation under low-
pressure conditions. Its limitation lies in its expensive operability and difficult 
handling after use [51].

3.11  Adsortion

An efficient separation method, easy to use, with low costs, and applicable 
over a wide pH range. The limitation of this method is the need to regenerate the 
adsorbent [52].

As can be observed, all the methods shown above have their associated limita-
tions. However, in this text, we want to highlight the method in which plants or plant 
extracts are used (phytoremediation). This method can be reproducible in rural areas 
where there are limited resources for the treatment of surface waters.

4.  Methodology

4.1  Experimental design

To carry out this work, three stages were considered, for which glass experimental 
units with a capacity of 10 L were used, (2) for each evaluated factor. To assess the 
removal efficiency of Fe and Mn in natural water, Hydrilla verticillata (L.f.) Royle 
plants, and extracts from cactus (Opuntia ficus-indica) and dragon fruit (Hylocereus 
triangularis) were employed.

4.1.1  Stage 1

The amount of plant material, Hydrilla verticillata (L.f.) Royle, to be used in the 
subsequent stages of the work was determined. Four quantities of the plant were 
considered: 20,000, 80,000, 120,000, and 160,000 mg per 10 L of water.
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The plant was extracted from a natural pond with all its roots and fresh foliar 
system, immediately weighed on a scale (Pioneer, TM Ohaus), and introduced into 
the experimental unit.

Initially, the levels of Fe and Mn present in the raw water were determined by AAS 
using a Thermoelectronatomic absorption system model S4AA System (Thermofisher 
Scientific, MA, USA).

200 mL of metals at a concentration of 2 ppm were added to each experimental 
unit. Every two hours after the start of the process (9 am, 11 am, 1 pm, and 3 pm), 
water samples (1 L) were taken from each experimental unit at a depth of 0.5 cm from 
the surface to determine the levels of Fe and Mn. This allows understanding of the 
influence of mass and determining the time range during which solar radiation has 
the greatest impact on removal.

4.1.2  Stage 2

Four experimental units with a capacity of 10 L each were taken, and (200 mL) 
of a concentration of 1.5, 2.0, 3.0, and 4.0 mg metal/L were added. The mixtures 
were homogenized through rapid mixing at 100 rpm for 1 minute and slow mixing at 
30 rpm for 60 minutes.

The selected mass was distributed among the experimental units and remained 
for 18 days. Three samples were collected at 3 pm every six days, and the levels of 
total Fe and Mn, as well as other physicochemical parameters, were determined at the 
beginning, during, and at the end of the experiment. This was done to understand the 
influence of time and the maximum amount of plant absorption.

4.1.3  Stage 3

Obtaining the extracts 500 g (wet weight) of Pitahaya (Hylocereus triangularis) and 
Cactus (Opuntia ficus-indica) were weighed. They were manually grated and filtered 
three times under pressure with surgical gauze. Due to the viscosity and instability 
of the concentrated extracts, 10% and 20% (w/v) solutions were prepared for the 
cactus and dragon fruit, respectively. These solutions were then stored at 4°C [12]. To 
determine the appropriate dose for each extract, a jar test was conducted (Standard 
Practice for Coagulation-Flocculation Jar Test of Water).

To find and select the appropriate dose of the extracts, each 1 L container was 
filled with raw water, and increasing doses of 0.008, 0.01, 0.012, 0.015, and 0.020 L 
of the solutions previously prepared with the extracts under study were added. It 
underwent rapid and slow mixing at 100 rpm for 1 minute and 30 rpm for 60 min-
utes, respectively. The mixture was allowed to settle for 60 minutes.

5.  Statistical analysis and analytical control

To determine the mass of plant material, a completely randomized design (CRD) 
was used for each of its masses, selecting the mass with the best performance through 
the Tukey HDS multiple range test. Assumptions of normality and homogeneity of 
variance of errors in the proposed designs were tested using Shapiro-Wilk and Cochran 
tests, respectively. When it was not possible to ensure them, the non-parametric 
Kruskal-Wallis test was used. All tests were carried out using the statistical package 
Statgraphics Centurion 16 and Excel 2016.
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For metal determinations, the direct flame atomic absorption method was used, 
following digestion with sulfuric-nitric acid for Fe and Mn. The method validation 
parameters are shown in the following Table 2.

6.  Results and discussion

See Table 3.
The results indicate that the mass of plant material influences the removal of 

these metals, with the best results observed for the mass of 160,000 mg in both cases, 
at different times of the day, with an average of 78.84% for Fe and 66.56% for Mn, 
respectively.

It is observed that the lowest removal occurred in the morning hours for both met-
als at all masses. This is due to the short exposure time of the material to the metals 
dissolved in natural water.

In contrast, for water with longer exposure times to the plant, a higher percent-
age of metal removal is observed at all masses, as seen at midday (4 h) and in the 
afternoon (6 h). However, no significant differences in removal are observed between 
daytime hours in both cases (Table 4).

After six days of the experiment, experimental unit 1 shows a removal of 100% 
for both metals. Additionally, it is observed that as the concentration of metals 

% removal Fe 20,000 mg 80,000 mg 120,000 mg 160,000 mg

Morning (2 h) 54.92 (±0.5) 59.58 (±0.3) 69.16 (±0.3) 75.19 (±0.4)

Half day (4 h) 65.32 (±0.7) 69.98 (±0.1) 73.54 (±0.4) 79.29 (±0.6)

Afternoon (6 h) 73.27 (±0.4) 75.46 (±0.7) 78.47 (±0.5) 82.04 (±0.6)

% removal Mn

Morning (2 h) 59.81 (±0.1) 60.46 (±0.2) 61.93 (±0.5) 65.52 (±0.3)

Half day (4 h) 60.79 (±0.2) 62.26 (±0.4) 63.24 (±0.7) 66.67 (±0.2)

Afternoon (6 h) 62.26 (±0.2) 64.05 (±0.5) 65.85 (±0.9) 67.48 (±0.1)

Table 3. 
Percentage removal of Fe and Mn (Hydrilla verticillata) as a function of solar radiation and mass.

Fe Mn

Linear range 0.050–4000 mg/L 0.050–4000 mg/L

LDM 0.018 (+/−0.003) mg/L 0.021(+/−0.002) mg/L

LCM 0.050 (+/−0.004) mg/L 0.050 (+/−0.004) mg/L

Precision 1.11% 2.98%

Accuracy 99.69% 97.15%

Uncertainty 1.500(+/−0.119) mg/L 1.600(+/−0.088) mg/L

To ensure that there were no changes in the calibration curve during measurements, r2, m ± s, b ± s of the line, and 
residuals were checked every 12 measurements using a standard.

Table 2. 
Method validation parameters.



61

Removal of Heavy Metals and Purification of Surface Waters
DOI: http://dx.doi.org/10.5772/intechopen.1005095

increases, the removal decreases, suggesting that there is a maximum concentration 
that the plant can tolerate. In experimental units 2, 3, and 4, the plants show signs of 
deterioration, and some died, possibly due to the surrounding climate (temperature, 
sunlight) and environmental conditions (sodium chloride, nutrients, and pH) [13], as 
these experiments were conducted in situ, where the plants were extracted.

The experimental units were set up under artisanal roofs. On days 12 and 18, it was 
not possible to carry out the experiment for the reasons mentioned above.

In experimental unit 1 and 2, after six days, a turbidity removal of 92.42% and 
90.35%, respectively, was observed, indicating the usefulness of Hydrilla in the 
natural removal of turbidity. It can be used for this purpose in rural communities to 
avoid the use of chemicals and the risks associated with them.

In studies conducted by Lans et al. [12], turbidity removal percentages of 98.97% 
and 95% were observed for natural extracts of Opuntia ficus-indica, Hylocereus trian-
gularis and Guazuma ulmifolia, respectively.

Figures 3 and 4 show the appearance of the water before and after treatment 
with the plant material. As can be seen, there is a drastic reduction in turbidity, 
as well as a decrease in Fe and Mn. Hydrilla is sensitive to high temperatures, so 
it must be controlled, and 323 K is the appropriate temperature [17]. Hence, it 
changes in appearance after being exposed to direct sunlight and high tempera-
tures. This allowed us to avoid direct radiation on the plant to continue with the 
experiment (Figure 5).

Hydrilla verticillata has also been used to assess the removal efficiency of BOD, 
COD, and phosphates in freshwater and domestic wastewater, achieving removal 
efficiencies of up to 84% for BOD, up to 63% for COD, and up to 87% for phos-
phates [18].

Table 5 shows an efficient reduction in Fe levels by Opuntia and Hydrilla, 98.04% 
and 86.6% respectively, and 95.12% and 85.37% reduction in Mn for Opuntia and 
Hydrilla respectively. The Pitahaya extract showed a very poor reduction in these 
metals. Opuntia demonstrates a higher recovery level than Hydrilla; however, it is 
essential to consider that Opuntia requires an extract, involving prior work. For this 
reason, Hydrilla has an advantage, as it is only exposed to the water being treated. It 
is worth mentioning that this process is slower, as a specific waiting time is required 

Expe Unit 1 Expe Unit 2 Expe Unit 3 Expe Unit 4

mg. 
Initial

mg. 
Final

mg. 
Initial

mg. 
Final

mg. 
Initial

mg. 
Final

mg. 
Initial

mg. 
Final

Fe 17.34 0 17.44 0.73 17.64 1.54 17.84 3.07

Mn 0.92 0 1.02 0.24 1.22 0.35 1.42 0.43

Turbidity 
NTU**

41.02 3.11 41.02 3.96

%removal Fe 100 95.82 91.29 81.67

%removal Mn 100 76.27 71.57 69.52

% Turbidity 
NTU

92.42 90.35

**Nephelometric turbidity units.

Table 4. 
Percentage of removal of Fe and Mn from each experimental unit after six days of exposure.
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Figure 3. 
Untreated raw water.

Figure 4. 
Water condition after six days of contact with 160 g of Hydrilla mass.

for removal. On the other hand, with Hydrilla, there is a risk that the plant may die 
without completing its work if Fe and Mn levels are too high.

Particularly, it was observed that the processes of turbidity and color removal by 
Hydrilla are slow compared to the Opuntia extract, where the result is almost imme-
diate. Therefore, the plant material was left for a longer period (24 hours) after the 
process started. The removal of Fe and Mn is possibly due to the adsorption of these 
metals through an endothermic process [17].

Figure 5. 
Change in the appearance of the plant after 1 day with direct sunlight and temperatures exceeding 32°C.
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The Opuntia extract showed a removal different from Hydrilla and achieved better 
short-term results, both in turbidity and color, with removal values of 97% and 92%, 
respectively.

7.  Conclusions

• The Hydrilla verticillata (l.f.) Royle, Opuntia ficus indica proved to be efficient in 
the removal of Fe, Mn, turbidity, and color in natural waters.

• The extracts of Hylocereus triangularis were found to be inefficient in the removal 
of the studied metals in natural waters.

• Similarly to Opuntia and Hylocereus, Hydrilla can be used for the removal of 
turbidity from natural waters, making it useful for rural communities.

Ext. Opuntia Hydrilla Ext. Hylocereus

[ ]. Initial [ ]. 
Final

[ ]. Initial [ ]. Final [ ]. initial [ ]. Final

Fe 1.704 ± 0.43 0.033 1.704 ± 0.43 0.228 ± 0.030 1.704 ± 0.43 1.557 ± 0.031

Mn 0.062 ± 0.02 0.003 0.062 ± 0.02 0.009 ± 0.004 0.062 ± 0.02 0.057 ± 0.010

% removal 
Fe

98.04 86.6 8.43

% removal 
Mn

95.12 85.37 7.32

[ ]= Concentration

Table 5. 
Percentage removal of Fe and Mn by Hydrilla verticillata vs. extracts of Opuntia ficus and Hylocereus 
triangularis.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Analysis of Heavy Metal Toxicity in
the Surface and Bottom Waters of
Lower Lake Bhopal, M.P. (India)
Aarefa Jan, Suchitra Banerjee, Rajendra Chouhan,
Subrata Pani and Saima Syed

Abstract

The present study was focused on the assessment of heavy metals in Lower Lake of
Bhopal. With reference to toxic metal contamination, water samples were collected
quaterly from four stations mentioned for a period of two years (January 2020 to
December 2021). Heavy metals, i.e., iron, zinc, chromium, copper, and nickel were
determined in surface and bottom waters taken from the Lower Lake, Bhopal, using
atomic absorption spectroscopy (AAS) according to the Standard Methods of Ameri-
can Public Health Association (APHA). The range values of these metals were com-
pared with the tolerance limits as laid down by the Central Pollution Control Board
(CPCB), India. Results of this analysis revealed that the concentration of these metals
was below the permissible limits both in surface and bottom waters except Fe, which
was alarming. It was concluded that the metals (Fe, Zn, Cr, Cu, and Ni) were present
in water, and the contamination was supposed to be due to a high degree of anthro-
pogenic stress including idol immersion activity. The water quality of the Lake reveals
that although the situation is not too bad, it is alarming. Proper conservation and
management plans and strategies have to be formulated and implemented for the
restoration, conservation, and management of these water bodies at the government
and public level.

Keywords: Lower Lake, toxic metals, AAS, contamination, anthropogenic activities

1. Introduction

One of the main issues facing modern human society is environmental degradation
[1]. Environmental pollution has been rising steadily over the last few decades because
of rapidly expanding industry, rising energy consumption, and thoughtless loss of
natural resources [2]. The soil and aquatic ecosystems are continually exposed to a
variety of harmful organic and inorganic chemicals from various natural and anthro-
pogenic sources. Heavy metals are one of them, and they contribute significantly to
environmental pollution both because they are hazardous and because they have the
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capacity to bioaccumulate in the food chain [3]. Water quality assessment of water
bodies like Lakes has become an important issue due to increased water pollution
caused by human interference [4]. Lakes have been continuously contaminated by the
encroachment of lake areas due to human settlements, release of industrial
waste, sewage, dumping of garbage, etc. By assessing the water quality of lakes,
pollution load caused by human activities can be monitored regularly, and water
pollution can be controlled. The water quality index tells the water quality status of
a water source and has been applied for both surface and groundwater quality
assessment [5]. WQI reduces a large amount of water quality data into easily
understandable information to the public and to the concerned authorities and
policymakers [6]. WQI detects and evaluates the level of contamination of any
water body and helps in water quality management [7]. Water purity is considered
as a major concern for humanity since it is the main resource for sustaining life [8].
Due to the concomitant rise of human activity adjacent to the rivers over the past
few decades, harmful chemical compounds are contaminating water supplies at
an accelerated pace [2, 3]. Among the most significant pollutants are toxic
metals, which pose a global problem due to their protracted retention in waterways
and soils, rising geo-ecological dangers, and disruption of normal biochemical pro-
cesses [9, 10]. Numerous toxic metals are created and discharged into our aquatic
system because of human endeavors like agriculture, mining, industry, or urbaniza-
tion. These metals then accumulate in soils and are biomagnified through the food
chain cycle [11, 12].

In order to assess the quality of the water, physiochemical factors are crucial. The
relationship between toxic metals and physicochemical characteristics may be seen in
the way that a higher concentration of toxic metals is linked to a decrease in oxygen
demand in water. Among the most harmful types of water contamination is toxic
metals [13]. Cu and Zn are among those that are necessary for living things, whereas
other elements like Pb, Cd, and Al are harmful to them [14]. Toxic metals are essential
elements for drinking water guidelines in determining the purity of water for con-
sumption [15]. The ecotoxicological impacts of toxic substances on living things
include both necessary and non-essential elements [16]. In order to reduce sewage
disposal, various preventive strategies and nature-based approaches are being used to
limit toxic metal inflow into our water systems; however, toxic metal accumulation
persists within aquatic habitats [17–21].

As a result, water contamination, evaluation, and monitoring were essential due
to their immediate impacts on aquatic life as well as human health [22]. Because
they were also non-degradable and hazardous even at small doses, lead and
mercury can accumulate via food chain. On the contrary, important micronutrients,
such as copper, zinc, and iron, have adverse impacts on the biology of living things
when in large quantities [23, 24]. Heavy metals concentration in the groundwater
could be due to various anthropogenic activities that release various types of contam-
inants [25]. The potential health risks of heavy metal contamination in groundwater
sources of southwestern Punjab showed that the Hg, Pb, As, and Se concentrations are
above the guideline values of the World Health Organization [26]. Contamination of
freshwater sources can be caused by both anthropogenic and natural processes.
According to the Central Pollution Control Board, Maharashtra along with two other
states, contributes 80% of hazardous waste generated in India, including heavy metal
pollution [27].

The present study has been carried out to evaluate the heavy metal toxicity in
Lower Lake of Bhopal.
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2. Methodology, results, and discussion

2.1 Description of sampling site

The Lower Lake, also known as Chhota Talaab, is a lake situated in Bhopal, the
capital of the Indian province of Madhya Pradesh (Figure 1) (coordinates: 2301600″N
7702500″E). The Lake has a 1.29 km2 (0.50 sq. mi) contact area, a maximal depth of
10.7 m, and normal depths of about 6.2 m (20 ft) (35 ft). In addition, the Lake’s
coverage area is 9.6 km2 (3.7 sq. mi). It makes up the wetlands of Bhoj along with
Bhojtal, or Lake Superior. The Chhota Talaab is plagued by contamination brought on
by emptying nalllahs laden with sewage, a shortage of freshwater sources, and indus-
trial laundry. The whole Lake was nutrient-rich, so the water was unfit for human
consumption. Among all of these, tourists can find a great place to sit and enjoy the
beauty of the city’s surroundings at the Lake.

2.1.1 Study area

Lower Lake, which is a part of Bhoj Wetland (together known as Upper and Lower
Lakes), was created by constructing an earthen dam (Pul Pukhta) in the seventeenth
century. The Lake water was never used as potable water, even though it was not
required because the other lake, i.e., upper lake water, was sufficient to meet the
demand for potable water. The Lower Lake water was generally used for other pur-
poses like irrigation, gardening, horticulture, washing clothes, bathing, and recrea-
tional activities.

2.2 Sampling technique

The current study was conducted from January 2020 to December 2021 to assess
the water quality of Lower Lake from four stations. The sampling sites have been
selected at various locations along Lower Lake Bhopal. For toxicological studies, water
samples were collected during different seasons (quarterly), viz. January to March,
April to June, July to September, and October to December. The descriptions of the
sampling stations are described in Table 1.

Figure 1.
Lower Lake Bhopal (source: Google earth).
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During the period of investigation quarterly samples were collected from four
identified sampling stations. Water samples were collected in sterile glass bottles, jerry
cans from each station following the standard methods [28].

2.3 Detailed description of the stations

Detailed description of the stations of both (Table 1) and (Figure 2) are given below:

2.3.1 Ginnori (St-1)

This station is close to Kamla Park at the Lake’s northernmost end (Killole Park). The
area of the Lake is among the most contaminated regions and has consistently shown
exceptionally high levels of PO4, NO3, Ca, Mg, and other minerals. The water has an
extremely high concentration of inorganic components since this area is a hub for

Sampling station Latitude Longitude MASL

Ginnori (St-1) 23°01009.81″N 77°23037″E 437 m

Bhoipura (St-2) 23°07009.99″N 77°35040.23″E 411 m

Khatlapura (St-3) 23°11055.82″N 77°39001.63″E 405 m

Center (St-4) 23°17001.74″N 77°41031.56″E 399 m

Table 1.
Sampling stations along with global positioning system.

Figure 2.
Sampling stations of Lower Lake (Google source).

74

Inland Waters – Ecology, Limnology, and Environmental Protection



washermen’s work. As a result, Microcystis aeruginosa outbreaks at high densities and
were consistently seen over the seasons in all water columns. The epilimnion region is
also confined to a few millimeters, which restricts the development of subsurface
macrophytes and speeds up breakdown processes. Elevated biochemical oxygen
demand (BOD) and chemical oxygen demand (COD) levels were also detected in the
vicinity, which is consistent with washermen’s activity.

2.3.2 Bhoipura (St-2)

This station lies close to Bhoipura. The wastewater that enters this site through the
nearby inlets, which carries household pollutants from the numerous residential areas,
has an effect on the water. This location is a highly impacted site for idol immersion
practices as well as being vulnerable to human activities (swimming, bathing, etc.).

2.3.3 Khatlapura (St-3)

This station is among the main locations for idol immersion events and is close to
Khatlapura Mandir. In addition to all this, local devotees who visit the temples for
devotion also toss the puja items—flowers, incense sticks, coconuts, etc.—into the
Lake. These are extremely degradable materials that are to blame for the water’s rising
biological oxygen requirement.

2.3.4 Center (St-4)

The sample station is located between MLB Hostel and MLB Campus (Figure 2).
Sampling site 4, which is located in the Lower Lake’s bottom zones, is among the
Lake’s highest contaminated regions. The purity of the water in this location, though,
began to improve.

2.4 Determination of heavy metals

To evaluate the presence of heavy metals in water samples, saturated HCl was used
to extract them, and the specimens were stored in a refrigerator until analysis. The
metals assessed included Fe, Zn, Cr, Cu, and Ni. The analysis of heavy metals was
carried out using an Atomic Absorption Spectrophotometer (Parkin Elmer Analyst

Parameter Concentration (μg/l) in
present investigation

Permissible limit (inland
surface water in mg/l)

Remarks

Fe 2.036 3.0 Within permissible
limits but alarming

Zn 1.236 5.0 Within permissible limit

Cr 0.501 2.0 Within permissible limit

Cu 0.009 3.0 Below permissible limit

Ni 0.064 3.0 Within permissible limit

**These standards shall be applicable for industries, operations, or processes other than those industries, operations or
process for which standards have been specified in Schedule of the Environment Protection Rules, 1986.

Table 2.
General standards** for discharge of environmental pollutants [29].
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AA100) and a UV Visible Spectrophotometer (HACH DREL 4000), following the
procedure outlined in the Hach Manual (2010) (Table 2).

3. Results

3.1 Iron

3.1.1 Surface water

Variation in iron in surface water during various months of 2020–2021 at different
stations of Lower Lake is depicted in Figure 3.

During the period of investigation, iron at the surface was observed within the
range of 0.144–2.036 μg/liter. The minimum value of iron was recorded at station 1,
and the maximum value of iron was recorded at station 2. During this period, the
maximum value of iron was observed in June 2020. Higher values of iron were
recorded at station 2 and station 3 compared to other stations.

3.1.2 Bottom water

Variation in iron in bottom water during various months of 2020–2021 at different
stations of Lower Lake is depicted in Figure 4.

During the period of investigation, iron at bottom water was observed
within the range of 0.586 to 1.988 μg/liter. The minimum value of iron was
recorded at station 2, and the maximum value of iron was recorded at station 3.
During this period, the maximum value of iron was observed in November 2020.
Higher values of iron were recorded at station 3 and station 1 compared to other
stations.

Figure 3.
Heavy metals in surface water of lower Lake: iron (μg/liter).
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3.2 Zinc

3.2.1 Surface water

Variation in zinc in surface water during various months of 2020–2021 at different
stations of Lower Lake is depicted in Figure 5.

Figure 4.
Heavy metals in bottom water of lower Lake: iron (μg/liter) during 2020–2021.

Figure 5.
Heavy metals in surface water of lower Lake: zinc (μg/liter) during 2020–2021.
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During the period of investigation, zinc in surface water was observed within the
range of nil to 1.236 μg/liter. The minimum value of zinc was recorded at many
stations, and the maximum value of zinc was recorded at station 1. During this period,
the maximum value of zinc was observed in June 2021. Higher values of zinc were
recorded at station 1 and station 3 compared to other stations.

3.2.2 Bottom water

Variation in zinc in bottom water during various months of 2020–2021 at different
stations of Lower Lake is depicted in Figure 6.

During the period of investigation, zinc at bottom water was observed within the
range of 0.021–0.604 μg/liter. The minimum value of zinc was recorded at station 2,
and the maximum value of zinc was also recorded at station 2. During this period, the
maximum value of zinc was observed in September 2021, followed by January 2021.
Higher values of zinc were recorded at station 2 and station 3 compared to other
stations.

3.3 Chromium

3.3.1 Surface water

Variation in chromium in surface water during various months of 2020–2021 at
different stations of Lower Lake is depicted in Figure 7.

During the period of investigation, chromium at surface water was observed
within the range of nil to 0.5 μg/liter. The minimum value of chromium was recorded
at station 1 and the maximum value of chromium was recorded at the station 3.
During this period, the maximum value of chromium was observed in November
2021. Higher values of chromium were recorded at station 3 and station 2 compared to
other stations.

Figure 6.
Heavy metals in bottom water of lower Lake: zinc (μg/liter) during 2020–2021.

78

Inland Waters – Ecology, Limnology, and Environmental Protection



3.3.2 Bottom water

Variation in chromium in bottom water during various months of 2020–2021 at
different stations of Lower Lake is depicted in Figure 8.

During the period of investigation, chromium at bottom was observed within the
range of 0.013–0.423 μg/liter. The minimum value of chromium was recorded at

Figure 7.
Heavy metals in surface water of lower Lake: chromium (μg/liter) during 2020–2021.

Figure 8.
Heavy metals in bottom water of lower Lake: chromium (μg/liter) during 2020–2021.
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station 1 and the maximum value was recorded at station 3. During this period, the
maximum value of chromiumwas observed in February 2021, followed by March 2020.
Higher values of chromium were recorded at station 3 compared to other stations.

3.4 Copper

3.4.1 Surface water

Variation in copper in surface water during various months of 2020–2021 at dif-
ferent stations of Lower Lake is depicted in Figure 9.

During the period of investigation, copper at the surface was observed within the
range of 0.001–0.009 μg/liter. The minimum value of copper was recorded at many
stations, and the maximum value of copper was recorded at many stations as well.

3.4.2 Bottom water

Variation in copper in bottom water during various months of 2020–2021 at
different stations of Lower Lake is depicted in Figure 10.

During the period of investigation, copper at bottom water was observed within
the range of 0.002–0.009 μg/liter. The minimum value of copper was recorded in
many places, and the maximum value of copper was recorded at many stations.
During this period, the maximum value of copper was observed in June 2020.

3.5 Nickel

3.5.1 Surface water

Variation in nickel in surface water during various months of 2020–2021 at differ-
ent stations of Lower Lake is depicted in Figure 11.

Figure 9.
Heavy metals in surface water of lower Lake: copper (μg/liter) during 2020–2021.
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During the period of investigation, nickel in surface water was observed within the
range of 0.011–0.039 μg/liter. The minimum value of nickel was recorded in many
places, and the maximum value of nickel was recorded at station 2. During this period,
the maximum value of nickel was observed in October 2020, followed by October
2021. Higher values of nickel were recorded at station 2 and station 3 compared to
other stations.

Figure 11.
Heavy metals in surface water of lower Lake: nickel (μg/liter) during 2020–2021.

Figure 10.
Heavy metals in bottom water of lower Lake: copper (μg/liter) during 2020–2021.
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3.5.2 Bottom water

Variation in nickel in bottom water during various months of 2020–2021 at differ-
ent stations of Lower Lake is depicted in Figure 12.

During the period of investigation, nickel at bottom water was observed within the
range of 0.009–0.064 μg/liter. The minimum value of nickel was recorded at station 1,
and the maximum value of nickel was recorded at station 3. During this period, the
maximum value of nickel was observed in November 2020. Higher values of nickel
were recorded at stations 3 and 2 compared to other stations.

3.6 Iron

3.6.1 Surface water

Variation in iron in surface water during various months of 2020–2021 at different
stations of Lower Lake is depicted in Table 3.

3.6.2 Bottom water

Variation in iron in bottom water during various months of 2020–2021 at different
stations of Lower Lake is depicted in Table 4.

3.7 Zinc

3.7.1 Surface water

Variation in zinc in surface water during various months of 2020–2021 at different
stations of Lower Lake is depicted in Table 5.

Figure 12.
Heavy metals in bottom water of lower Lake: nickel (μg/liter) during 2020–2021.
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3.7.2 Bottom water

Variation in zinc in bottom water during various months of 2020–2021 at different
stations of Lower Lake is depicted in Table 6.

3.8 Chromium

3.8.1 Surface water

Variation in chromium in surface water during various months of 2020–2021 at
different stations of Lower Lake is depicted in Table 7.

3.8.2 Bottom water

Variation in chromium in bottom water during various months of 2020–2021 at
different stations of Lower Lake is depicted in Table 8.

3.9 Copper

3.9.1 Surface water

Variation in copper in surface water during various months of 2020–2021 at dif-
ferent stations of Lower Lake is depicted in Table 9.

3.9.2 Bottom water

Variation in copper in bottom water during various months of 2020–2021 at
different stations of Lower Lake is depicted in Table 10.

3.10 Nickel

3.10.1 Surface water

Variation in nickel in surface water during various months of 2020–2021 at differ-
ent stations of Lower Lake is depicted in Table 11.

3.10.2 Bottom water

Variation in nickel in bottom water during various months of 2020–2021 at differ-
ent stations of Lower Lake is depicted in Table 12.

4. Results and discussion

In India, the most anthropogenic sources of metals are industrial, petroleum con-
tamination, and sewage disposal Vishwakarma et al. [30]. During the present
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investigation, comparatively in monsoon and post-monsoon months, metal ions can
be incorporated into food chains and concentrated in aquatic organisms to a level that
affects their physiological state. Of the effective pollutants are the heavy metals,
which have a drastic environmental impact on all organisms. Trace metals such as Pb,
Fe, Zn, Hg, Cr, Cd, Co, and Ni can play a biochemical role in the life processes of all
aquatic plants and animals; therefore, they are essential in the aquatic environment in
trace amounts of Mason [31].

During the present investigation, it was observed that the metals in the Lake water
attained their maximum values during monsoon and post-monsoon seasons. Station 2,
followed by stations 3 and 1, ranked first in the accumulation of metals, while station
4 ranked last. This may be attributed to the discharge of sewage effluents from the
adjacent habitation clusters where a well-developed and operational Sewage and
Effluent Treatment Plant has yet to be fully established.

The maximummean values of the measured metals were recorded at stations 2 and
3. This may be attributed to the huge amounts of raw sewage and industrial wastewa-
ter (automobile repairing and service center) discharged into the Lake from the
adjacent catchment area. Higher values of heavy metals due to the discharge of raw
sewage and industrial effluents were also reported by Abdel-Moat and El-Samar [32].
The high levels of Zn and Fe in the lake water can be attributed to industrial and
agricultural discharge, which was also reported by Mason [31].

The health hazards associated with exposure to heavy metals depend on
their oxidation state, ranging from the low toxicity of the metal form to the high toxicity.
While comparing the values of the above physicochemical and heavy metal parameters, it
can be concluded that the deterioration in the water quality of Lake is mainly due to the
inflow of sewage and urban wastes from it is densely habitation.

5. Conclusions

In general, most of the parameters during the period of investigation, the range
values of different heavy metals in surface and bottom waters, were compared with
the EPA standards [29] referred by the Central Pollution Control Board (CPCB), India
(Table 2). At the same time, comparing the values, it was found that most of the
heavy metals were below the permissible limits, except Fe, which was alarming.
During the monsoon season, there was a noticeable increase in heavy metal concen-
trations in both surface and bottom waters. This can be attributed to the runoff from
adjacent areas, which carry pollutants and sediments into the Lake. The post-monsoon
period showed a relatively lower level of heavy metal contamination, indicating a
decrease in external inputs during this time. However, the pre-monsoon season
witnessed a resurgence in heavy metal levels, potentially due to increased anthropo-
genic activities and sediment disturbances. Although presently there is no alarming
level of heavy metal pollution in this water body, and fish that are being consumed is
safe as per the present analysis however, in the future, if the inflow of untreated
domestic sewage and dumping of solid wastes continues, the quality of Lake water
may further deteriorate to alarming level. The state of water bodies that are utilized
for the main reasons must be preserved, while those utilized for secondary uses must
be enhanced. For the rehabilitation, protection, and maintenance of this water body at
the governmental and private levels, appropriate preservation and administration
plans and tactics must be developed and implemented because this Lake is the back-
bone of the city of Bhopal.
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Nomenclature

Cu copper
Cr chromium
Fe iron
Ni nickel
Cd cadmium
Hg mercury
Zn zinc
Pb lead
Ppm parts per million
St-1 Station 1
St-2 Station 2
St-3 Station 3
St-4 Station 4
S surface
B bottom
AAS Atomic absorption spectroscopy
BOD Biochemical oxygen demand
COD Chemical oxygen demand
mg/l milligrams per liter
μg microgram
μg/liter microgram per liter
CPCB Central Pollution Control Board

A. Appendices

See Figure A1.
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Chapter 5

Determination of the 
Physicochemical and 
Bacteriological Parameters of the 
Waters of Lake Sonfonia Commune 
of Ratoma (Republic of Guinea) 
2021
Mohamed Lamine Komara and Kandé Bangoura

Abstract

Lake Sonfonia located in the commune of Ratoma in the Republic of Guinea is 
under the influence of various anthropogenic activities. Field visits and interviews 
with the local population made it possible to identify the sources of pollution and 
the different stations for taking water samples. The results of the analysis of physico-
chemical and bacteriological parameters showed that the chemical oxygen demand 
(COD) is >20 mg/l WHO limit value for surface waters indicating the presence of 
a high material load organic and a drop in the dissolved oxygen level < 10 mg/l, the 
WHO limit value. The concentration of fecal coliforms and fecal streptococci exceed 
the WHO maximum admissible concentration, respectively (200–1000 CFU/100 ml) 
and (62 CFU/100 ml), and the presence of Escherichia coli in water indicates con-
tamination by feces. Given its advanced level of pollution, it is no longer used by 
the Guinea Water Company (GWC) as a source of drinking water. Stata 15 software 
was applied for statistical analysis of the data. The correlation test between the 
physicochemical parameters gave highly significant correlations. It was found that 
the spatiotemporal variations of bacteriological parameters actually depend on the 
incubation conditions.

Keywords: Lake Sonfonia, physicochemical parameters, bacteriological parameters, 
anthropogenic activities, fecal bacteria

1.  Introduction

Guinea, like other developing countries, is not immune to the problems of 
 non-sanitation of wastewater. Indeed, most buildings are not connected to sanita-
tion networks and directly discharge domestic wastewater into septic tanks or into 
courtyards, rivers, and lakes [1].
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Currently and for many years, the situation of Lake Sonfonia is alarming, it has 
become an illegal dump, and all liquid waste and household wastewater are constantly 
dumped there [2].

Given its advanced level of pollution, it is no longer used as a source of drinking 
water by the Société des Eaux de Guinée (SEG). As a contribution to monitoring 
and protection efforts against pollution, this study was chosen: Determination of the 
physicochemical and bacteriological parameters of the waters of Lake Sonfonia Commune 
of Ratoma (Republic of Guinea) 2021 [2].

To carry out this study, we carried out field visits, interviews with resource people, 
and taking photos. This approach made it possible to identify the different sampling 
points while taking into account the representativeness of the pollution sources and 
operational feasibility [2].

This interview above all made it possible to know the potential sources of pollution 
and the various uses made of them by the local population of the waters of the lake, 
namely: watering market gardening crops, fishing, washing rolling machines, swim-
ming, etc., exposing them to a health risk.

The main objective: Contribute to the evaluation of the water quality of Lake 
Sonfonia by determining the physicochemical and bacteriological characteristics for 
sustainable use.

Specific objectives:

1. Appreciate the presence of invasive aquatic plants covering the surface at certain 
times of the year to determine the natural aging process of Lake Sonfonia or 
Eutrophication.

2. Determine the concentration of physicochemical and bacteriological 
 parameters of water samples from Lake Sonfonia in the dry season and in the 
rainy season.

3. Determine the level of significance of the variation in concentration of the 
parameters studied in dry weather and wet weather.

4. Determine the degree of correlation between the physicochemical parameters of 
water samples from the Lake Sonfonia.

5. Identify the sources of pollution and the different uses made of them by the 
populations living near the waters of Lake Sonfonia.

Study methodology: Longitudinal study data are collected in the dry season and in 
the rainy season to better observe spatiotemporal changes.

Carrying out this study will include the following steps:

• Survey: visits to the study site, interviews with resource people and populations, 
local locations will be organized as well as photo taking;

• Collection of water samples: water samples will be collected at different sta-
tions in Lake Sonfonia to cover a variety of areas and depths; physicochemical 
analyses of water samples to determine the parameters such as pH, temperature, 
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conductivity, TSD concentration, turbidity, MES, COD, dissolved oxygen, 
nitrates, nitrites, phosphates;

• Bacteriological analyses of water samples to determine fecal pollution indicator 
bacteria such as fecal coliforms, fecal streptococci, and E. coli and pathogenic 
bacteria such as salmonella;

• Statistical processing of data: significance test and correlation test; and

• Interpretation of the results/compared to international standards, to determine 
the state of the water quality of Lake Sonfonia by proposing appropriate mea-
sures to limit this pollution.

What is the research question?

What is the water quality of Lake Sonfonia in Guinea and what are the factors that 
influence this quality?

What are the research hypotheses?

“Does the low level of local sanitation systems influence surface water pollution”

Verification of the research hypothesis.

2.  Materials and methods

2.1  Presentation of the study area

Sonfonia Lake is located between the Sonfonia and Foulah-Madina districts, in 
the commune of Ratoma in Conakry. The population of the municipality of Ratoma is 
estimated at 697,744 people. Lake Sonfonia has an area of 62 km2, a length of approxi-
mately 2.5 km, and a width varying between 100 to 200 m. The depth varies between 
6 and 7 m in the rainy season and between 3 and 4 m in the dry season. The lake is 
fed by natural groundwater sources and is home to the SEG drinking water treatment 
point [2].

See Figure 1.

2.2  Sampling

Sampling covered six stations taking into account the representativeness of pol-
lution sources and operational feasibility. Each station was geolocated as shown in 
Table 1.

At each station, two sampling campaigns were carried out during the low-flow period 
corresponding to the dry season (March 2021) and two others during the high-water period 
corresponding to the rainy season (August 2021) [2].

The collection, transport, and storage of the samples complied with the protocol 
are defined by AFNOR and Rodier 2009 [3].
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3.  Determination of physicochemical parameters

3.1  Material

The device shown in Figures 2–7 was applied to determine the physicochemical 
parameters [4].

3.2  Analysis methods

The analyses were carried out in situ and in the laboratory using the techniques of 
Rodier 2009 [3]. The values obtained were compared to WHO standards.

Measurements carried out in situ: They concerned the following parameters: 
temperature, pH, electrical conductivity, total dissolved solids, and dissolved oxygen.

Laboratory analyses: A Lovibond Model TB210 IR Turbidimeter was used to mea-
sure turbidity by the optical method. A turbidity sensor shines light into the water 

Figure 1. 
The map of Lake Sonfonia on Google maps [1].

Stations North latitude West longitude

SEG station NO: 09040′ 28.6″ E WO: 13034′ 55.5” N

YAT station NO: 09040′ 26.4″ E WO: 13034′ 58.1” N

FLM station NO: 09040′ 26.5″ E WO: 13034′ 54.0”N

SOC station NO: 09040′ 43.1″ E WO: 13034′ 25.6”N

BLZ station NO: 09040′ 40.9″ E WO: 13034′ 47.9”N

USF station NO: 09040′ 46.1″ E WO: 13034′ 46.2”N

Table 1. 
Stations and geographic coordinates.
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and measures the amount of light that passes through the water versus the amount of 
light that is reflected by particles in the water. Results are expressed in nephelometric 
turbidity units (NTU).

The DR/850 HACH Spectrophotometer was used to determine the concentration 
of suspended matter by measuring absorbance (Beer-Lambert law).

The colorimetric assay to determine COD, nitrates, nitrites, total iron, sulfates, 
and phosphates was carried out using the DR/850 HACH brand Spectrophotometer.

Figure 2. 
pH 70 + DHS for measuring temperature and pH.

Figure 3. 
COND 70+ for measuring electrical conductivity and total dissolved solids.

Figure 4. 
OXY 70+ for measuring dissolved oxygen.
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The principle of colorimetry consists of mineralization in a digester and the mea-
surement of the intensity of the coloring which is proportional to the concentration of 
the element to be measured in the colorimeter. Mineralization takes place in an acidic 
environment at a temperature of 150°C for 2 hours [5].

The analyses of the water samples were carried out in the laboratory of the envi-
ronmental study and research center (CERE), of the Gamal Abdel Nasser University 
of Conakry.

Figure 5. 
TURD LOVIBOND for measuring turbidity.

Figure 6. 
HANNA thermoreactor for heating water samples.

Figure 7. 
DR/850 colorimeter HACH for colorimetric assay.
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4.  Determination of bacteriological parameters

4.1  Material

See Figure 8.

4.2  Analysis methods

The number of germs sought was carried out using the membrane filter technique 
and the culture of the germs was carried out on culture media on cardboard (NKS) 
(see Figure 9). Culture media following were used for incubation of germs: azide on 
green background for the isolation of fecal streptococci (SF) (Figures 10 and 11); 
chromocult on a white background for the isolation of total coliforms (CT), fecal 
coliforms(CF), and Escherichia coli (E. coli) (Figures 12 and 13); and finally bismuth 
sulfite for the isolation of salmonella.

Figure 8. 
Bottles containing the water samples to be analyzed.

Figure 9. 
Equipment and consumables for the determination of bacteriological parameters. Top from left to right: The 
Pasteur pipette, bottle of physiological water, filtration device with an electric vacuum cleaner, a pair of scissors, 
forceps, and a Bunsen nozzle. Bottom from left to right: the filter membrane, the Petri dish containing culture 
media in cardboard [2].
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Before use, the NKS are moistened with 3.5 ml of distilled water using a Pasteur 
pipette.

The water sample taken comes from an environment that appears to be contami-
nated, which requires successive dilutions.

The 250 ml water sample to be analyzed was diluted successively to 1/10th, 
1/100th, and 1/1000th. During this technique, 100 ml of the water sample was 
filtered.

Figure 10. 
A Petri dish containing azide culture medium on a green background for the isolation of fecal streptococci [2].

Figure 11. 
Six Petri dishes containing azide culture medium on a green background for the isolation of fecal streptococci [2].

Figure 12. 
A Petri dish containing the chromocult culture medium on a white background for the isolation of fecal coliforms 
and Escherichia coli [2].
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The number of bacteria is obtained by the following relationship = Number of 
bacteria counted x Dilution factor (10) /Inoculum volume (0.1) for a 1/10 dilution.

All bacteria present in the sample are retained on the surface of the membrane, 
which is then placed on the sterile SCN using forceps. The SCNs incubated in the Petri 
dishes with the lid are placed in the incubator. The reading is taken in 24 or 48 hours 
at a temperature varying between 22 and 44°C [2].

Fecal streptococci were enumerated by counting typical red to brown-red smooth-
edged colonies, and fecal coliforms form pink-red colonies. Escherichia coli grew as 
dark blue to purple colonies. Confirmation of Escherichia coli was made by adding a 
drop of Erlich Kovacs reagent. The principle of this reaction is based on the ability 
of Escherichia coli to cleave tryptophan into an organic compound, indole, using the 
enzyme tryptophanase. This compound reacts with the dimethylaminobenzaldehyde 
reagent to form a dark red color, indicating the presence of indole, and thus confirms 
the Indole/Tryptophanase-positive character of the Escherichia coli colony [2].

Salmonella will form lightly colored colonies with a brown to black center sur-
rounded by a black halo (fish eye).

All these operations take place under the hood in the presence of bunsen nozzle 
flames.

The number of colonies counted is expressed in colony-forming units per 100 ml of 
water (UCF/100 ml). The analyses of the water samples were carried out at the Guinéo-
German Medical Laboratory BP: 4529 Conakry, E-mail: Info@lga-guinee.com [2].

5.  Results and discussion

5.1  Results of physicochemical parameters

See Ref. [4].

6.  Temperature

Tables 2 and 3 show that the water temperature varies depending on the stations 
and the sampling period. The temperatures observed are above 25°C, the WHO limit 
value for surface waters.

Figure 13. 
Six Petri dishes containing chromo cult culture medium on a white background corresponding to the water 
samples taken in the different stations for the isolation of fecal coliforms and Escherichia coli and a Petri dish 
in the center [2].
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The analysis of water samples also shows that during the dry season temperatures 
vary between 33.80°C (FLM) and 33.90°C (USF) with a thermal difference of 2.1°C, 
while during the rainy season, temperatures vary between 27°C (SEG and BLZ) and 
28.50°C (YAT) with a thermal difference of 1.5°C [4].

This rise in the water temperature of Lake Sonfonia is a limiting factor; in fact, 
the higher the water temperature rises, the more the quantity of dissolved oxygen 
decreases, leading to the disappearance of species [6].

6.1  pH

It appears in Tables 2 and 3 that the minimum value of pH 7.00 was observed 
at the station (USF) during the dry season and the maximum value of pH 7.50 at 
the station (USF) during the rainy season. The average pH values obtain with the 
WHO recommendation for surface waters (6.5<pH<8.5) where life will develop 
optimally [4].

Settings
Stations

T°C pH THIS (μs 
/cm)

TDS 
(mg/l)

MY 
(mg/l)

Turbidity 
(NTU)

SEG station 32.90 7.01 1350 623 7 10

YAT station 31.90 7.02 1680 994 9 32

FLM Station 31.80 7.05 1464 702 15 20

SOC station 32.80 7.02 1570 784 31 18

BLZ station 33.00 7.01 1650 887 6 14

USF station 33.90 7.00 1486 802 28 31

Average 32.71 7.01 1533.33 798.66 16.00 20.83

WHO limit value 
for surface water

25 6.5 < pH < 8.5 200–1000 <600 <10 < 5

Table 2. 
Physical parameters measured in March 2021 at the different stations of the lake.

Settings
Stations

T°C pH THIS (μs 
/cm)

TDS 
(mg/l)

MY 
(mg/l)

Turbidity 
(NTU)

SEG station 27 7.50 1306 653 11 18.5

YAT 28.5 7.30 1607 803 39 38.3

FLM 27.4 7.20 1550 775 35 40

SOC 28 7.40 1465 732 38 46

BLZ 27 7.20 1468 734 20 34

USF 27.6 7.50 1529 764 32 47.5

Average 27.58 7.35 1487.50 743.50 29.16 37.38

WHO limit value 
for surface waters

25 6.5 < pH < 8.5 200–1000 <600 <10 < 5

Table 3. 
Physical parameters measured in August 2021 at the different stations of the lake.
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The pH of water depends on its origin. A drop in pH can lead to the dissolution 
of trace metals, which are often harmful and sometimes fatal at low doses for aquatic 
organisms. High pH increases the concentration of ammonia toxic to fish [7].

6.2  Electrical conductivity (EC) and total dissolved solids (TDS)

The conductivity of water is a measure of its ability to conduct electric current. 
It allows you to quickly assess the mineralization of water. Electrical conductivity 
is proportional to the overall content of chemical species with decreasing pH. The 
conductivity increases gradually from upstream to downstream of the lakes. Fresh 
water has a low electrical conductivity of less than 100 (μs/cm) [7].

TDS is a measure of the total amount of dissolved solids in water, including salts, 
mineral ions, and organic compounds. The salts in lakes and rivers come from rocks 
that degrade over time and other compounds resulting from human activity.

Electrical conductivity values vary between 1350 μs/cm (on the SEG site) and 
1680 μs/cm (on the YAT site) during the dry season and between 1306 μs/cm (on the 
SEG site) and 1607 μs/cm (on the YAT website) during the rainy season. The average 
values found during both seasons are higher than the WHO standard (200 to 1000 μs/
cm). This strong mineralization of the waters of Lake Sonfonia could be explained by 
a probable influx of saline water and discharges of untreated wastewater discharged 
directly into the lake.

Total dissolved solids (TDS) provide information on the salt content of water. 
We see that the highest values are obtained on the sites (YAT) 994 mg/L and (BLZ) 
887 mg/L. The high level of salts in the waters of Lake Sonfonia indicates the presence 
of contaminants such as heavy metals, chemicals, or other substances potentially 
harmful to human health or the environment.

This state of affairs is positively correlated with the high conductivities measured 
in the different stations [4].

6.3  The concentration of suspended solids (MES) and turbidity

Suspended matter: refers to insoluble solid matter, visible to the naked eye, present 
in suspension in water.

They include clays, sands, silts, planktons, or other water microorganisms. The 
quantity of suspended matter varies according to the season and the water flow 
regime; resulting from erosion and leaching of soils in rainy weather, particularly 
when withdrawals are intense and in the event of flooding.

Biodegradable suspended matter contributes significantly to the oxygen demand 
and causes a decrease in the concentration of dissolved oxygen in the aquatic 
environment. These materials affect the transparency of the water and reduce the 
penetration of light, therefore photosynthesis, they can also hinder the breathing of 
fish [8].

Turbidity is the reduction in the transparency of a liquid due to the presence of 
colloidal matter and suspended matter. It is due to the presence of finely divided 
suspended matter: clay, silica grains, silt, organic matter, etc. [9]

Concentration of suspended solids fluctuate between 7 mg/L (SEG) and 31 mg/L 
(SOC) during the dry season (March) and between 11 mg/L (SEG) and 39 mg/L 
(SOC) during the rainy season (August). The average values found are greater than 
10 mg/l WHO limit value.
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Turbidity varies between 10 NTU (SEG) and 32 NTU (YAT) during the dry season 
and between 18.5 NTU (SEG) and 47.5 NTU (USF) during the rainy season. The aver-
age values obtained are greater than 5 NTU limit values accepted by WHO.

The peak values observed during the rainy season at the stations (USF, YAT, 
and SOC) are probably the consequence of the presence of discharges around the 
lake. In these, landfills are formed by the natural fermentation of leachate [4].  
this turbid water would explain the low level of dissolved oxygen observed 
(Tables 2 and 3).

6.4  Dissolved oxygen

The analysis in Tables 4 and 5 also shows that, during the hot period in March, a 
maximum of 6.5 mg/l was recorded at the YAT station and a minimum of 5.6 mg/l at 
the USF station, with an average of 6 mg/l. The cold period in August saw a maximum 
of 7.5 mg/l at the YAT station and a minimum of 6.9 mg/l at the stations (FLM, SOC, 
and USF), with an average of 7.08 mg/l [4]. However, in humid periods, the concen-
trations of dissolved oxygen observed are relatively higher than in hot periods, mainly 
due to the cooling of the water during the cold season, which maintains oxygen in the 
water mass [4]. Too high or too low dissolved oxygen levels can harm aquatic life and 
water quality.

These average values obtained are less than 10 mg/L, the limit value accepted by 
the WHO. This low level of dissolved oxygen affects biological diversity, in particular 
the death of fish by asphyxiation. It should be noted that temperature and dissolved 
oxygen are negatively correlated, which means that as the temperature increases, 
there is less oxygen available.

Settings
Stations

Phosphates 
mg/l

Nitrates 
mg/l

Nitrites 
mg/l

Sulfates 
mg/l

Total 
iron 
mg/l

O2 
dissolved 

mg/l

COD 
mg/l

SEG 
station

24 47.2 0.03 16 0.8 6 31

YAT 
station

23.4 48.3 0.05 20 0.7 6.5 36

FLM 
station

27.2 52 0.07 13 0.5 5.8 54

SOC 
station

35 51.6 0.05 6 0.6 5.7 95

BLZ 
station

54 49 0.03 11 0.5 6.4 35

USF 
station

15 22.5 0.08 18 0.7 5.6 62

Average 29.76 45.1 0.05 14 0.63 6 52.16

WHO 
limit value 
for surface 
water

≤ 0.5 ≤ 50 ≤ 0.1 — — > 10 ≤ 20

Table 4. 
Chemical parameters measured in March 2021 at the different stations of the lake.
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6.5  Chemical oxygen demand (COD)

COD is the consumption of oxygen by strong chemical oxidants to oxidize organic 
and mineral substances in water. It is one of the most used methods to assess the 
overall load of organic pollutants in water [10].

High COD values are recorded during the hot period with extreme values: the SEG 
station (31 mg/L) and the SOC station (95 mg/l). During humid periods, extreme 
values are observed: the SEG station (23 mg/L) and the SOC station (75 mg/L). The 
average values obtained are >20 mg/l WHO standard for surface water, which shows 
a shortage of dissolved oxygen in the lake, compromising the future of the lake. The 
high COD value observed indicates the presence of a  significant load of organic mat-
ter in the lake, particularly in the SOC and USF stations, and is linked to deposits of 
branches and wastewater from surrounding localities [4].

6.6  Nitrates, nitrites, phosphorus, and eutrophication

Eutrophication causes the proliferation of microscopic algae and aquatic plants on 
the water surface, which gives a green color to the water. These algae release oxygen to 
the water surface, but have a short lifespan. Once dead and on the bottom, these algae 
still need a lot of oxygen for their decomposition. This is massively withdrawn from 
the water [11].

Nitrates (NO3-): Nitrates are anions representing the most oxygenated and stable 
form of nitrogen. Their presence in water is due to leaching from agricultural land 
following the spreading of fertilizers, livestock effluents (slurry), domestic, and 
industrial discharges. Nitrates come from the mineralization of organic nitrogen and 
the oxidation of the ammonium ion, present in the soil which is oxidized to nitrite 
and then to nitrate by nitrification bacteria. In water, nitrates react with amines to 
form potentially carcinogenic nitrosamines [12].

Nitrites (NO2-): Compounds result from the reduction of nitrates in water or soil 
by microorganisms.

Settings
Stations

Phosphates 
mg/l

Nitrates 
mg/l

Nitrites 
mg/l

Sulfates 
mg/l

Total 
iron 
mg/l

O2 
dissolved 

mg/l

COD 
mg/l

SEG 15.5 20.3 0.02 7 0.6 7 23

YAT 24 33 0.06 11 0.6 7.5 28

FLM 24 21.8 0.06 7 0.6 6.9 30

SOC 26 18.6 0.05 7 0.4 6.9 75

BLZ 25 17.5 0.02 7 0.5 7.3 25

USF 16.6 29.2 0.06 9 0.6 6.9 43

Average 21.85 23.4 0.04 8 0.54 7.08 37.33

WHO 
limit value 
for surface 
water

≤ 0.5 ≤ 50 ≤ 0.1 — — > 10 ≤ 20

Table 5. 
Chemical parameters measured in August 2021 at the different stations of the lake.
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In the blood, nitrites cause the formation of methemoglobin, and in large quanti-
ties reduces the oxygenation of cells, by inability to transport oxygen from the lungs 
to the tissues [13].

Phosphorus (P): Phosphorus in the natural environment is found in the form of 
phosphates (calcium, iron, and aluminum) in volcanic and sedimentary rocks. Its 
passage into the water occurs through the erosion of soil and rocks. Plants take up the 
phosphates and thus solubilized for photosynthesis. It is transferred along the food 
chain through consumption of plants by animals. Phosphorus is solubilized again 
thanks to the decomposition of dead matter by microorganisms [14].

The analysis in Tables 4 and 5 show that the values of total phosphorus, nitrates, 
and nitrites vary according to the season and the station. For total phosphorus, the 
average values are higher than the WHO standard which is 0.5 mg/l. During the dry 
season, the average values are 29.76 and 21.85 in the rainy season; the average nitrate 
values are all lower than the WHO standard which is 50 mg/l for surface water. 
During the dry season, the average value is 45.1 and 23.4 mg/L in the rainy season. For 
nitrites also, the averages are slightly lower than the limit accepted by the WHO which 
is 0.1 mg/l. In the dry season, the average value is 0.05 and 0.04 mg/L in the rainy 
season [4].

A phosphate concentration greater than 0.5 mg/L of water is sufficient, in the 
presence of nitrate and ammonium, to trigger excessive growth of vegetation, that is, 
eutrophication [15].

6.7  Sulfates and total iron

Iron is generally found in surface waters as iron(III)-containing salts when the pH 
is >7. Sulfates can be found in almost all natural waters. They come from the oxidation 
of sulfite ores, the presence of shales, or industrial waste Tables 4 and 5 show that the 
average values observed in the dry season are 0.63 and 0.54 mg/l in the rainy season. 
Sulfates have an average value of 14 mg/l in the dry season and 8 mg/l in the rainy 
season [4].

For total iron and sulfates in surface waters, including lakes, WHO does not 
provide a specific limit value.

However, high levels of iron in water can cause water discoloration, a metallic 
taste, and iron precipitation problems affecting water quality. The presence of sulfates 
is an indicator of the presence of potential contaminants in water, such as heavy met-
als or organic compounds.

It is important to monitor total iron and sulfate levels in surface waters to ensure 
they remain at levels acceptable for human and environmental health.

7.  Statistical studies

Stata 15 software was applied for statistical analysis of the data. For this, the 
Shapiro-Wilk test for data normality showed that the values observed after the in situ 
and laboratory analyses are normally distributed. Thus, for the comparison of the dif-
ferent means of the parameters studied between the dry season and the rainy season, 
the Student t test was applied.

For the following parameters, such as temperature (P-value = 0.000), 
pH (P-value = 0.002), turbidity (P-value = 0.0149), dissolved oxygen 
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(P-value = 0.0002), the P-values are less than 5%, and we admit that the varia-
tions observed between the two seasons are statistically significant at 5%. On 
the other hand, for the EC (P-value = 0.5035), TDS (P-value = 0.3613), MES 
(P-value = 0.0669), and COD (P-value = 0.2722), the P-values are greater than 5%. 
We only admit that the variations in the values observed between the dry season and 
the rainy season are not statistically significant at 5% [4].

The correlation test between physicochemical parameters.
The level of correlation between the physicochemical parameters is given by the 

correlation matrixes following (Figures 14 and 15) [4].
Correlation matrixes between physicochemical parameters.
The correlation test between the parameters studied showed, among other things, 

highly significant correlations between electrical conductivity and total dissolved 
solids (r = 0.9454 and P-value = 0.0044).

The correlation test between the parameters studied gave, among other things, 
highly significant positive correlations between electrical conductivity and total 
dissolved solids (r = 0.9454 and P-value = 0.0044) in March 2021; chemical oxygen 
demand and suspended solids concentration (r = 0.9293 and P-value = 0.0073) 
March 2021; turbidity and concentration of suspended solids (r = 0.8524 and 
P-value = 0.0311) August 2021; but also strong negative correlations between 
pH and temperature (r = − 0.8331 and P-value = 0.0395) March 2021; tempera-
ture and dissolved oxygen (r = − 0.4190 and P-value = 0.4083) March 2021; 
and between chemical oxygen demand and dissolved oxygen (r = − 0.7077 and 
P-value = 0.1156) [4].

Figure 14. 
Correlation matrix of physicochemical parameters at the different stations of the lake in March 2021.
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8.  Results of bacteriological parameters

The analysis of Tables 6 and 7 shows that the levels of bacteria indicative of fecal 
contamination differ from one station to another and depending on the sampling 
period [2].

During the dry season with low water flow, high loads of fecal bacteria were 
observed especially at the YAT station: 3000 CFU/100 ml in SF; 4000 CFU/100 ml/l 
in CF, 50,000 CFU/100 ml in CT, and 1200 CFU/100 ml in E. coli at the SOC 
station [2].

On the other hand, in the rainy season, the maximum values observed are respec-
tively, 3200 CFU/100 ml in SFat the station (BLZ); 3000 CFU/100 ml in CF (YAT); 
9600 CFU/100 ml in CT at the SEG station; and 802 CFU/100 ml in E. coli at the 
(SOC) station [2].

According to other authors, there is not necessarily a clear trend for bacterial load 
between the dry season and the rainy season, as it depends on many factors such as 
precipitation, presence of point sources of pollution such as wastewater discharges, 
the level of human and animal activity in the area, agricultural and industrial 
 practices [2].

The presence of E. coli in the different stations effectively confirms contamination 
by fecal matter but also the possible presence of other pathogenic germs [2]. YAT and 
SOC stations close to residential areas receiving sewage and domestic wastewater 
discharges recorded peaks in bacterial load values [2].

Comparison of the levels of fecal contamination bacteria in this study with a 
previous one carried out in 2018 on the waters of the same lake indicates an increase 

Figure 15. 
Correlation matrix of physicochemical parameters at the different stations of the lake in August 2021.
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in the content of fecal coliforms and fecal streptococci which exceed the maximum 
concentration accepted by the WHO and the MDDEFP (62 CFU/100 ml in fecal 
streptococci and 200 to 1000 CFU/100 ml in fecal coliforms) for surface water. This 
could be linked to the increase in anthropogenic and demographic activities over the 
last 4 years [2].

The R = CF/SF ratio is a first-order informative element to determine whether 
fecal pollution was of animal or human origin.

In the dry period, in March, the R ratios from the different stations give 67%, 
R > 1, 16.5% R < 1, and 16.5%R = 1.

During the wet period, in August, the R ratios of the different stations give 67%, 
R > 1 and 33% R < 1 [2].

Overall, this study gives the ratio R = CF/SF > 1, allowing us to assume that the 
fecal pollution of the waters of Lake Sonfonia in 2021 is 67% human in nature, due to 
domestic wastewater (toilet water, kitchen wastewater, washing machine wastewa-
ter, etc.); but also, the transformation of certain parts of the lake bank into a place of 

Settings Fecal 
streptococci

Total coliforms Fecal 
coliforms

Escherichia coli Salmonella

Incubation 
conditions

22 °C
24H

37°C
48H

22°C 37°C
24H

48H 44°C 24H 22°C
24H

37°C
48H

37°C
48H

SEG station 80 1200 2,001,000 > 1500 15 120 0

YAT station 100 3000 5,005,000 4000 34 180 0

FLM station 50 2000 4,509,500 800 2000 150 200 0

SOC station 300 1000 9000 150 3000 3000 322 1200 0

BLZ station 40 3000 900 53 80 0

USF station 30 750 120 2000 1000 18 45 0

Table 6. 
Concentrations of fecal streptococci, total coliforms, fecal coliforms, Escherichia coli, and salmonella found in 
CFU/100 ml at the different stations of the lake in March 2021.

Settings Fecal 
streptococci

Total coliforms Fecal 
coliforms

Escherichia coli Salmonella

Incubation 22°C 37°C 22°C 37°C 44°C 22°C 37°C 37°C

conditions 24H 48H 24H 48H 24H 24H 48H 48H

SEG station 8 800 100 9600 1800 42 0

YAT station 26 2600 71 6600 3000 9 86 0

FLM station 12 1200 92 8700 1600 22 54 90 0

SOC station 18 1800 69 6400 2000 416 802 0

BLZ station 32 3200 31 2600 700 10 22 0

USF station 6 600 83 7800 78 4 32 0

Table 7. 
Concentrations of fecal streptococci, total conforms, fecal conforms, Escherichia coli, and salmonella found in 
CFU/100 ml at the different stations of the lake in August 2021.
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waste and garbage deposits and defecation for the local population. Also, with 33% 
R < 1, the values indicate contamination of animal origin, due to the presence of ani-
mal breeding such as cattle near the lake or even other animals such as margouillats, 
migratory birds, cat, dog, which are frequently encountered there. Their excreta will 
contaminate the body of water through runoff, rain, and leaching from agricultural 
land laden with manure [2].

The search for pathogenic bacteria such as salmonella in water usually requires 
a concentration step. As salmonella may be present in low numbers and may have 
been altered in the aqueous environment, their detection in water requires pre-
enrichment [2].

Analysis of the results indicates a notable absence of salmonella from the waters 
of Lake Sonfonia. The lack of reagent for pre-enrichment could partly explain the 
absence of salmonella in the different stations [2].

8.1  Statistical studies

Stata 15 software was used for statistical analysis of the bacteriological data. As the 
sample size was small, the Shapiro-Wilk normality test indicated that the variables 
studied were not normally distributed. It was preferable to use a nonparametric test. 
For this, we used the Mann-Whitney U test to compare the value of the means of each 
of the variables observed during the two seasons as shown in Table 8 [2].

The test results reveal that there are, in their respective incubation conditions, 
statistically significant differences between the values of the two seasons (March and 
August) for the following parameters: SF (22 °C in 24 hours), CT (22°C in 24 hours), 
and CF (44°C in 24 hours). On the other hand and under the indicated incubation 
conditions, it appears from our study that there are no statistically significant dif-
ferences between the values of these two seasons (March and August) for the SF 
parameters (37°C in 48 hours), CT (37°C in 48 h), and E. coli (22°C in 24 h and 37°C 
in 48 h) [2].

This study shows that variations in the concentration of fecal bacteria between the 
dry season and the rainy season actually depend on the incubation conditions. SF and 
CT taken under different incubation conditions in dry weather and humid weather 
give statistically significant differences at 5% (22°C in 24 hours) and statically insig-
nificant differences at 5% (37°C in 48 hours) [2].

Settings Incubation conditions P-value Decision making

SF T = 22 ° C in 24 hours 0.0065 P-value < 0.05; therefore, the differences observed during 
the two seasons are statistically significant at 5%CT T = 22° C in 24 hours 0.0039

CF T = 44° C in 24 hours 0.0133

SF T = 37° C in 48 hours 0.8095 P-value > 0.05; therefore, the observed differences are 
considered statistically insignificant at 5%.CT T = 37° C in 48 hours 0.4233

E-coli
T = 22 ° C in 24 hours 0.3367

T = 37° C in 48 hours 0.1495

Table 8. 
Significance test results between the bacteriological parameters of the waters of Lake Sonfonia in March and 
August 2021.
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The statistical analysis of the data was carried out at the National Institute of 
Statistics of Guinea.

9.  Verification of the research hypothesis

The following approach was adopted:

1. Analysis of contaminants:

• The presence of E. coli indicates contamination of the water by feces; the 
phosphate content exceeding the WHO limit value, the excess of this nutrient 
justifies the eutrophication observed, due to the poor management of agricul-
tural inputs, in the bank and in the lakeside neighborhoods.

2. Analysis of some indicators:

• High COD;

• High turbidity;

• Reduction of dissolved oxygen levels.

The level of these parameters indicates the pollution of water by organic matter.

• The absence of laboratory equipment did not allow the research of toxic 
chemicals, such as POPs.

3. Surveys on sanitation practices:

Interviewing local residents to understand existing sanitation practices showed the 
non-existence of specialized structures not only for household solid waste manage-
ment, but also this interview revealed that most local residents were completely 
unaware of the impact of poor management of liquid and solid waste on surface 
waters. The banks of the lake have become a garbage dump, and the images of the 
lake above illustrate this sad situation.

4. Identification of potential sources of pollution:

Like most developing countries, Guinea does not have a sanitation or sewer network 
allowing the treatment and disposal of household wastewater. Water from toilets 
and latrines is sometimes discharged directly into nature. In the rainy season, the 
flow of rainwater causes runoff of domestic wastewater, industrial, agricultural, 
hospital waste, and manure, coming from livestock trucks and slaughterhouses.
The bank of the lake has become a place of defecation for some local residents and 

the feces are carried into the lake in the rainy season.
This assertion becomes plausible because the low level of the sanitation system can 

lead to increased discharge of pollutants into the water through untreated wastewater.
In light of the above, the study actually shows that poor urban waste management 

practice negatively influences the quality of surface water.
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10.  The answer to the research question on the water quality of Lake de 
Sonfonia

By comparing the values of the main pollution indicators in this study to WHO 
standards. It was observed that the content of E. coli is high;

• Electrical conductivity is high;

• The COD is high;

• Turbidity is high;

• The dissolved oxygen concentration is low;

• The presence in places of layers of greenish algae covering Lake Sonfonia, an old 
or eutrophic lake, confirms the eutrophication process.

These indicators were measured using biochemical tests.
Consequently, the waters of Lake Sonfonia, according to our studies, are of poor 

quality and unsuitable as a source of drinking water production. They are also not 
suitable as irrigation water, cleaning water, or for other human activities.

Efforts must be made to improve waste management or regulate polluting 
activities.

11.  General conclusion

The results of research carried out in this study aimed at evaluating the water 
quality of Lake Sonfonia 2021 showed that this water is of doubtful quality for the 
life of the species present as well as for the health of users. The presence of E. coli, 
indicates contamination by feces. The levels of fecal coliforms and fecal streptococci 
exceed the maximum concentration accepted by the WHO for surface waters. It was 
noted that the average temperature exceeds the limit value admitted by the World 
Health Organization which is 25°C.

High COD and turbidity indicate pollution by organic and chemical materials. 
This situation promotes a drop in dissolved oxygen levels which are detrimental to 
aquatic life. The pH and nutrients in solution are generally within acceptable limits.

Stata 15 software was used for statistical analyses of the data. The results obtained 
showed that variations in the concentration of fecal bacteria between the dry season 
and the rainy season actually depend on the incubation conditions. The difference is 
statistically significant at 5% between the two seasons for CF and SF under the tem-
perature of 22°C in 24 hours. On the other hand, the SF and CT under a temperature 
of 37°C in 48 hours gives a statistically insignificant difference at 5%.

The correlation test between the physicochemical parameters gave highly cor-
related correlations significant between electrical conductivity and total dissolved 
solids (r = 0.9454 and P-value = 0.0044); there chemical oxygen demand and sus-
pended solid concentration (r = 0.9293 and P-value = 0.0073) in the dry season and 
between the chemical demand for oxygen and dissolved oxygen (r = − 0.7077 and 
P-value = 0.1156). The same is true between the temperature and the concentration of 
solid matter in suspension (r = − 0.8364 and P-value = 0.0380) in rainy season among 
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others. The main source of pollution is due to anthropogenic activities, that is, the 
discharge of household waste and wastewater domestic animals in the lake without 
any prior treatment. This creates long-term environmental and health problems. 
This pollution of surface water has significant impacts on human and environmental 
health. Chemicals (heavy metals) and waste can reduce biodiversity and disrupt 
the food chain. Polluted water may contain pathogens such as bacteria, viruses, 
etc. which are responsible for waterborne diseases such as cholera, dysentery and 
typhoid. Agricultural, industrial, livestock and fishing activities are the most incrimi-
nated. Strategies to limit lake pollution must be put in place by decision-makers at 
all levels in order to avoid eco-health problems. Domestic, agricultural, industrial, 
and fishing activities artisanal industries are the most incriminated ones. Strategies 
to limit lake pollution must be put in place by decision makers at all levels in order to 
avoid eco-health problems.

Some images of Lake Sonfonia are shown (Figures 16–20) [1, 3].

Figure 16. 
Overview of Lake Sonfonia.

Figure 17. 
Gutters discharging wastewater and toilet water into the lake.
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Figure 18. 
The author on a field visit: Illegal dumping near Lake Sonfonia.

Figure 19. 
Green algae on the surface of the lake water: Eutrophication.

Figure 20. 
Line fishing.
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Chapter 6

Hydropower Reservoirs as
Arbiters of Climate Change
Thomas Shahady

Abstract

Hydropower is an important source of renewable energy worldwide. In 2022,
hydropower was estimated to produce 15% of the world’s electricity with pump-
storage an integral part of this production. Generating hydropower mitigates the use
of fossil fuels thus reducing Green House Gas emissions from some of the most
polluting industries such as Coal Fired Powerplants. However, reservoirs used for this
type of energy production may be highly polluting themselves. Production of methane
and CO2 may be extensive from storage reservoirs. Current changes in precipitation
patterns will bring in more organic material and nutrients to these reservoirs causing
increases in GHG production as this material is broken down. And in the case of
pump-storage reservoirs, artificial generation hydrology may be exacerbating this
problem. In this chapter, I analyze current literature on the impact of reservoirs on
GHG emissions. Further, I analyze my research on reservoir water quality looking at
how this problem is worsening through time and how this may not be a sustainable
energy when considering CO2 and methane production from these reservoirs. Ideas
related to the unique operation of hydropower reservoirs, changes in water quality,
precipitation norms and weather patterns are discussed.

Keywords: hydropower, water quality, climate change, methane, reservoirs

1. Introduction

The importance of energy driving world economic productivity and growth is
universally accepted [1, 2]. Thus, how future energy needs are met coupled with the
importance of sustainability is developing into a critical question. Continued reliance
on fossil fuels, while efficient, generates levels of pollution the global climate may not
further assimilate without change. Hence, with increasing climate change concerns
and a growing need to meet energy demand sustainably, solutions using renewables
are needed moving forward.

Currently, renewable energy sources account for about 20% of global energy
production with hydropower accounting for 80% of that total or 15% of all renewables
[3]. Hydropower is the generation of electricity by flowing water over a turbine. This
may occur when a powerplant is constructed near a river diverting flow directly
through that power plant (Figure 1). The drawback with this type of energy produc-
tion is the one-way flow of water and reliance on river dynamics and precipitation
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patterns. During periods of drought and dry season the production of electricity
may be limited.

By constructing a reservoir above the power plant, water is summarily stored for a
more consistent production of energy. To provide even greater storage and efficiency
of use, pump storage reservoir projects are built providing an upper reservoir to
generate electricity and a lower reservoir for storage (Figure 2). In this system, the
upper reservoir water is released over turbines to generate electricity during peak
demand with water pumped back from the lower reservoir during low demand or off
peak. This type of production is very attractive because of uneven precipitation
distribution [1]. Reservoir storage has shown to be a very resilient power source even
during drought [4].

Currently over 1 million dams are operating globally [5] with future hydropower
development concentrated in developing and emerging economies [3]. In 2022, hydro
power plant (HPP) production of electricity accounted for 28.7% of US renewables
with pumped storage hydropower (PSH) representing 96% of all storage capacity [6].
Worldwide, hydroelectricity accounted for 15.6% of the world demand in 2019, rank-
ing third behind coal and natural gas [7]. A 17% growth in hydropower by 2030 is
expected [2]. As world energy demand increases and the need for renewables
heightens to meet that demand it is believed hydropower will become the predomi-
nate renewable source of energy.

The construction of new hydropower facilities has been relatively dormant since
the 1990s with most of the projects built in the 1970s [8]. It is expected however that
hydropower project construction will rapidly increase into the future to meet demand

Figure 1.
Hydropower plant located along Rio Aranjuez in Costa Rica. This power plant diverts water from the river
above to drive turbines for electricity production. Power generation is completely dependent on adequate flow
from the river.
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with an expectation of lessening fossil fuel reliance. Large projects while incurring
considerable capital costs still have a good breakeven point due to low operation and
maintenance costs [9]. And pump storage reservoirs offer some of the best options for
energy production and storage. Small hydropower is becoming an ideal energy source
due to a cheaper price and ability to site in multiple locations [10].

So, while hydropower offers tremendous future growth potential and generates
electricity without burning fossil fuels, the water source for generation must become a
point of focus. The building of reservoirs can displace communities, consume a con-
siderable amount of land, disrupt river flow and impact biodiversity and managed
improperly can be significant emitters of Green House Gasses (GHGs). Thus, this
energy source presents a dichotomy using a sustainable energy source of water to
produce electricity while presenting environmental problems with how where the
water is stored and managed. How storage water is used and managed makes these
projects arbiters of climate change in the communities where they operate.

2. Reservoir ecology

Reservoirs have unique characteristics that impact their functionality. Water
stored in these reservoirs have physical, chemical and biological characteristics
impacting overall water chemistry and quality. By understanding and managing the
ecology of reservoirs, greater sustainability can be achieved in the overall process of
energy production.

Figure 2.
Smith Mountain Lake reservoir dam shown from the pump storage reservoir Leesville Lake located in Central
Virginia. This pump storage operation pumps water from Leesville Lake during off peak to generate power during
peak from Smith Mountain Lake.

129

Hydropower Reservoirs as Arbiters of Climate Change
DOI: http://dx.doi.org/10.5772/intechopen.1005111



2.1 Stratification and spatial structure

Stratification occurs as the reservoir surface water warms creating a less dense
mass of water that floats to the surface. Cooler and denser water sinks lower creating
layers. These stratified layers have differing water qualities and characteristics. The
epilimnion is a term used to describe the upper layer and hypolimnion the lower layer.
The term metalimnion is used to describe the layer of changing conditions between
the other two layers. Temperature is the most common measure used to define these
layers but oxygen concentration is a very good delineator as the metalimnion becomes
hypoxic and the hypolimnion becomes anoxic when eutrophic reservoirs stratify
(Figure 3).

Reservoirs are also structured spatially from dam to headwaters. This gradient
begins where river inputs generate patterns similar to a river. In this section, high
concentrations of nutrients, bacteria and sediment enter from river transport. As
water travels further into the reservoir, these riverine conditions begin to lessen and
more lake qualities (defined as lacustrine) influence water quality. This middle por-
tion of the reservoir is considered a transition zone as the riverine and lacustrine
portions of the reservoir mix. This area may have the highest overall productivity in
the reservoir as sediments associated with river flow settle from the water column yet

Figure 3.
Stratification due to temperature (degrees C) and resultant oxygen (mg/L) concentrations in Leesville Lake - a
pump storage reservoir in Central Virginia USA. Note the rapid loss of oxygen through the metalimnion (2–6
meters) developing into anoxic conditions at depths greater than 6 meters in the hypolimnion during the 3 summer
months (July-august). This pattern typically occurs from may – October each year with turnover soon after causing
low oxygen conditions throughout the reservoir.
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nutrient concentrations remain plentiful. The final sections of a reservoir are consid-
ered lacustrine and resemble lake qualities. This area often is lower in productivity due
to settling of particulates and lower in nutrient concentrations. If stratification is
continuous, upper layers become very isolated from lower portions of the reservoir
further isolating nutrients and other pollutants. The best water quality for the reser-
voir is located near the dam.

In any reservoir, water quality is best evaluated along both gradients. Headwater
often mix due to storm inputs eliminating stratification with resultant poor water
quality due to heavy river impacts. The remaining portions of the reservoir develop
extensive areas of oxygen loss in the hypolimnion from the transition zone through
the dam. The epilimnion becomes productive with algae growth (phytoplankton
that are floating forms of algae) with increases in pH and supersaturation of oxygen
due to photosynthesis. These reservoirs become two water masses between the
productive and highly oxygenated epilimnion and the isolated hypoxic or even anoxic
hypolimnion.

Pump storage reservoirs can be an exception to this pattern. These reservoirs
receive water input from the upper reservoir that mixes often in an unpredictable way
with river inputs from various sources (Figure 4). Upper dam release is often good
water quality but may have very low oxygen content if release is from the upper
reservoir hypolimnion. Secondary sources from river inputs can bring in high
concentrations of nutrients, sediment and bacteria during stormwater flow. The mix
of these water sources create both a unique hydrology and water quality in these
reservoirs.

Figure 4.
Unique inflow characteristics in the headwater region of a pump-storage reservoir. Here, turbid river water inflow
mixes with dam release from the upper reservoir. Water becomes fully mixed several kilometers below this area
adopting water quality resembling these river inputs.
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One additional pattern occurs in pump storage reservoirs. Water is periodically
pumped back into the upper reservoir. This generates two distinct patterns. Primarily
it provides water for the next round of energy production in the upper reservoir.
Unfortunately, when considering ecology of the upper reservoir it will degrade water
quality. Such decisions to pump water from lower to upper are almost exclusively
energy demand driven. Secondarily, it creates reverse flow that can move water
throughout the lower reservoir headwater region in the opposite direction. This causes
turbid river water to predominate lower reservoir water quality. It also disturbs the
river bottom causing even greater turbidity to flow. This water may also move back
and forth as a slug – a patch of water along a spatial gradient moving back and forth
due to pump-storage operations. These scenarios create unique hydrology and water
quality in both reservoirs.

2.2 Eutrophication

Eutrophication is the excessive loading of nutrients into a body of water. When
this occurs, algae growth is stimulated and a multitude of problems occur that are well
documented in the literature occur [11]. Reservoirs are prone to eutrophication. There
are multiple reasons for this. High catchment to surface area ratios generates high
loading rates from rivers of both organic material and nutrients [12, 13]. Reservoirs
unlike lakes may behave similar to rivers during certain times of the year with water
input moving rapidly through. This reality renders the watershed extremely impor-
tant toward resultant water quality. Activities such as farming, urban development,
deforestation or other land disturbing activities directly influence the river and hence
the reservoir water quality [14, 15].

Secondly, storm events play a critical role. Storms are responsible for the bulk (up
to 90%) of nutrient loading to river systems and into these reservoirs [16–18]. And
more importantly, the watershed attributes (land use) and not necessarily the
strength of the storm cause the greatest impacts [19]. Additionally, reservoir orienta-
tion into prevailing winds creates fetch that impacts mixing and how nutrients are
ultimately incorporated into lake productivity. Reservoirs tend to have a greater fetch
(length exposed to an air mass) because they are elongate being built into stream
channels. As fetch increases, mixing becomes more pronounced and storm impact
intensifies.

Ultimately, the excessive inputs of nutrients stimulate algal growth to the point of
generating harmful algal blooms (HABs) and loss of oxygen in the hypolimnion [20].
As these blooms grow, they are very resistant to grazing or other losses generating
very problematic conditions [21]. As this biomass builds up, it generates organic
matter sinking into the lower levels of the reservoir. The amount of organic material is
proportional to oxygen loss in the lower layers during stratification.

2.3 Loss of oxygen

A consequence of both stratification and eutrophication, hypoxia (low oxygen)
and anoxia (no oxygen) develop throughout the lower stratified layers [22]. Oxygen
cannot be replenished due to isolation from the upper oxygenated layers and lack of
light allowing photosynthesis. This phenomenon occurs during the summer and fall
periods of stratification. And during fall turnover as air temperature cools, the
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hypolimnion and epilimnion mix due to equilibration of temperature with resultant
low oxygen concentrations throughout the entire reservoir.

There are multiple ramifications from oxygen loss such as habitat reduction and
environmentally adverse chemical reactions. Most importantly, a reducing environ-
ment is created. This decouples complexes formed with sediment such as iron and
phosphorus releasing available phosphorus. Phosphorus is understood to be a limiting
nutrient for algae growth and implicated as the greatest contributor to eutrophication
of reservoirs [22]. Release of available phosphorus can stimulate algal growth further
complicating the problem of oxygen loss. Other compounds also develop in this
environment such as sulfide and manganese that can be toxic to aquatic life.

Predicting oxygen loss as it is related to other variables is more difficult. Nürnberg
[23, 24] suggest it is best predicted by phosphorus concentration and shape of the lake
or reservoir. For hydropower reservoirs, this is more difficult due to the nature of
reservoir operation considering both the release though the dam and inputs from rivers.
Ultimately, oxygen loss is the greatest problem limiting their sustainable operation.

2.4 Methane and carbon dioxide production

Both carbon dioxide (CO2) and methane (CH4) are produced by reservoirs. Car-
bon dioxide is a water-soluble gas that quickly dissolves in water. It is a byproduct
from the breakdown of organic material in the hypolimnion or from gas exchange
with the atmosphere. It is mediated through photosynthesis where CO2 is consumed
through the growth of algae. It can also build-up in the hypolimnion as it is produced
through the breakdown of organics [22]. Methane is generally insoluble in water and
is formed in the hypolimnion as a byproduct of organic material breakdown. Some of
the methane is oxidized to CO2 but the majority of production occurs as bubbles in the
sediment water interface.

Whether reservoirs act as sinks for CO2 or are net emitters to the atmosphere is
variable [23, 24]. Phytoplankton uptake consumes CO2 but decomposition of algal
biomass in the hypolimnion generates it. During summer peaks and stratification, the
warm epilimnion acts as a CO2 sink and all exchange is almost exclusively diffusion.
During turnover however, release of CO2 can be significant [25]. Warmer water and
mixing facilitates this CO2 release. The synergistic effects of warming, nutrient driven
eutrophication and development of algal blooms in turn increases CO2 production.
The difference between algal uptake and CO2 accumulation released during turnover
will account for the net emission or consumption of CO2 in the reservoir.

Methane production operates differently. As generally insoluble, a majority of it is
produced along the sediment – water interface as bubbles. This can happen very
rapidly as high nutrient loading supports primary production, favorable (hypoxic)
conditions develop and the organic substrate necessary is available [26]. Trophic
status or increased eutrophication also influences the rates of production as eutrophic
reservoirs produce greater amounts of methane [27]. Hence, chlorophyll a (the mea-
sure of algal biomass) may be the master variable regulating methane production in
reservoirs [28, 29]. This methane, produced as CH4 bubbles rises directly from the
sediments and into the atmosphere [30]. Heat waves, algal blooms, fall overturn and
strong stratification all impact the effluxes of CH4 into the atmosphere. In some
instances, dissolved methane may accumulate in the hypolimnion [31] but this is a
small fraction of all methane production.
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3. Greenhouse gas emissions

Conventional hydropower production seeks to optimize energy and producer-
economic benefits while operating within ecological and reservoir management con-
straints [32]. While reservoirs and even more so pump-storage reservoirs provide an
abundant supply of energy in the form of stored water, it is the storage and movement
of that water that is most concerning. If the reservoirs that store the water emit
enough GHGs to negate the benefit of this type of energy, then the industry is
ultimately not sustainable and loses its renewable appeal.

The concern with the building of reservoirs and storage of water for energy pro-
duction is allowing the buildup and ultimate release of GHGs into the atmosphere.
The essential question lies in the understanding of how much of these gasses are
released into the atmosphere during use or simply as a by-product of the storage and
whether it is a significant contribution to overall global carbon budget and climate
change. To gain some insight on how these processes impact the atmosphere it is best
to understand processes in reservoirs and subsequent release.

3.1 Diffusion

Diffusion occurs when gas is exchanged between the reservoir surface and atmo-
sphere due to concentration differences. Carbon dioxide is very soluble in water and
thus diffusion accounts for 99% of CO2 emissions from reservoirs [33]. Yet, as the
epilimnion functions as a CO2 sink it can offset the overall impact to the atmosphere.
As methane is rather insoluble in water, very little diffusion occurs directly to the
atmosphere. Some diffusion occurs between sediments where methane is produced
and overlying water in the hypolimnion through oxidation. Diffusion of CO2 and CH4

accounts for a very small fraction of all GHGs emitted from reservoirs into the
atmosphere with the exception of fall turnover [34].

Off-gassing of GHGs during fall overturn presents the greatest diffusive flux to the
atmosphere [35]. Methane and CO2 buildup that has occurred in the hypolimnion
during stratification is released via diffusion. Up to 46% of stored methane can be
released during overturn which is likely 80% of the diffusive release. Overturn repre-
sents a very large GHG diffusive release event in eutrophic lakes.

3.2 Ebullition (bubbling)

As methane gas is generated in the sediment bubbles form. These bubbles may
remain in place due to hydrostatic pressure or be oxidized into CO2. However, as
conditions change these methane bubbles may release moving up through the water
column and into the atmosphere via ebullition (the physical bubbling of methane
from lake and reservoir sediments). Methane flux, and in particular ebullition is
recognized as a highly significant source of global GHG [36]. And it is important to
recognize that ebullition dominates most of the CH4 emissions [28, 37]. The genera-
tion of methane in the sediment is temperature and trophic state dependent [38] as
more methane is produced in eutrophic and warmer reservoirs.

Multiple reservoir conditions can cause methane to release from the sediments and
bubble to the surface. Strong patterns in stratification (a well-developed hypolim-
nion) generates high levels of ebullitive emission [39]. Eutrophic nutrient rich reser-
voirs tend emit more CH4 than less productive ones. Shallow reservoirs and those with
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a long fetch generating wind disturbance and multiple mixing events will emit greater
levels of methane [19].

Further, the greatest ebullition rates occur when we drawdown reservoirs [27, 40].
Water movement creates turbulence releasing methane bubbles. Estimates suggest a
1.4–77% increase in ebullitive methane release in just a 24-hour period during draw
down [40]. Reservoirs with higher epilimnion chlorophyll a experienced larger
increases in CH4 emission in response to drawdown [27].

Pump storage reservoir are very prone to this type of emission. These reservoirs
are often shallow making them prone to excessive methane release rather than deep
and stable water systems [41]. Lowering of water level decreases hydrostatic pressure
releasing bubbles from confinement in the soils. Harrison et al. [27] observed pulses of
CH4 emission via ebullition, via diffusion, and total emission (ebullition plus diffu-
sion) associated with water level drawdown with a 3.6-fold increase in emissions
during drawdown. Reservoir drawdown and in particular a shallow system with
repeated water movement and drawdown represents a very high potential source of
methane release (Figure 5).

3.3 During energy production

As power is generated, water runs over the turbine and is released through the tail
waters. Most often, hydropower source water is drawn from the hypolimnion of the
production reservoir and that water layer is either hypoxic or anoxic. This water may
be methane-rich. The hydrostatic pressure change during use and turbulence forces

Figure 5.
Changes in water level for storage reservoir Leesville Lake (blue line) (storage reservoir) and upper reservoir Smith
Mountain tail water (orange line) over an 8-day period. Data illustrates the fluctuation in water levels (187–185
meters) of the reservoirs in a typical week. The pump storage reservoir is in a constant state of flux as it may
fluctuate 1–1.5 meters in a 24-hour period and over 2 meters in a week. The tail water from the upper reservoir
also exbibits substantial change.
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large portions of the CH4 gas to be released [42, 43]. These emissions can be signifi-
cant during the summer months when the reservoir is stratified.

Observations suggest methane concentrations at the turbine intake reached their
maximum value during greatest stratification and dry weather [39]. This is likely a
combination of build-up in the hypolimnion and additional methane that dissolves
when bubbling occurs [41]. While ebullition is the most significant source of methane,
water traveling over the turbines adds to methane emission by releasing the dissolved
fraction [44]. Movement of water causing ebullition and turbulence at the turbines
cause an extensive release of methane.

4. Impacts from climate change

As climate change intensifies, it is expected that precipitation patterns will become
more variable with more extreme rainfall events and a warming of the planet surface
[45]. These two probabilities will have a profound impact on water resources through
time. Increasing frequencies of extreme weather will likely bring in more material to
lakes and reservoirs increasing eutrophication. Warming temperatures will cause that
material to metabolize more intensively. This has the potential to create the conditions
where we will see GHG emission from reservoirs intensify.

4.1 Warming temperatures

Warming temperatures and declining water clarity will directly contribute to an
increased loss of oxygen in reservoirs [46]. Increasing oxygen loss from rising tem-
peratures will occur as a warmer epilimnion strengthens density differences between
layers. Strengthening and lengthening stratification allows the breakdown of more
organic material under anoxic conditions and more GHGs particularly methane to be
produced [47].

While eutrophication will contribute to this problem, the increasing temperatures
will drive greater productivity, potential algal blooms, loss of oxygen and GHG
release. Hence, it may be expected that warming temperatures may have significant
impact on exacerbating the effects eutrophication and GHG release from reservoirs.
Increased GHG emissions can be expected from rising temperatures alone [48]. Thus,
the combination of greater production of GHGs and release will certainly have
impacts on the global carbon budget.

Further, climate change may force systems from diffusion dominated to ebullition
dominated system [37]. Increased methane production generating more methane
bubbles will boost CH4 ebullition. This will be very pronounced in shallow reservoirs
and shallow portions of large reservoirs [47]. Further, temperature increases at depth
may generate more diffusive methane releases from sediments and enhance methane
build-up in the hypolimnion [49]. This has multiple consequences increasing methane
release during lake turnover and creating much greater methane release during energy
production as water flows over the turbines. Increased warming will be a catalyst to
intensify already potent processes for GHG production and release.

4.2 Stormwater and flooding

Inputs from stormwater have profound impacts on reservoirs [50]. It is expected
as climate change intensifies so will the intensity and frequency of extreme weather
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and hence flooding events [51]. Flooding can both increase the oxygen concentration
on rainy days and accelerate the consumption of oxygen after the storm [52]. Organic
material from storms entrained into the reservoir during rain events will consume
oxygen during stable stratification [53]. As flooding increases, so will oxygen loss that
will exacerbate production of GHGs.

Coupled with increased oxygen loss, flooding will exacerbate eutrophication with
increases in nutrients and organic matter flowing into reservoirs from storms [54, 55].
High winds and precipitation associated with more frequent and intense storms will
influence water-column mixing and the behavior, amount, and composition of runoff
swept into lakes [19]. Additionally, reservoirs will experience greater flushing
disrupting stratification and releasing GHGs.

These small, hydrological changes have the potential to restructure entire phyto-
plankton communities in both the short- and long-term [56]. Large and even extreme
weather events will further disrupt current reservoir dynamics and even generate new
patterns [57]. Because reservoirs are so interdependent on watersheds, we may see
simple changes in precipitation patterns change a somewhat healthy reservoir into an
unhealthy one as climate change persists. Evidence suggest climate driven changes to
reservoirs will create ideal conditions for increased production and ultimately emis-
sion of GHGs beyond what is occurring now [56].

Looking at patterns in reservoir data to support or refute impacts due to tempera-
ture and precipitation, a principal component analysis was conducted on a current
data set from a pump-storage reservoir in central Virginia USA (Table 1). From this
analysis, patterns suggest that reservoir variables at the river and headwater stations
are most strongly correlated to precipitation with the remaining reservoir stations
correlated to temperature. Most importantly, reservoir oxygen percentages correlated
to external temperatures and only in the portions of the reservoir with lake attributes
and extensive summer stratification and oxygen loss in the hypolimnion. This suggest

River Tail Water Headwater Transition Dam

% Variability 32.70% 26.40% 27.90% 33.60% 29.30%

Precip. (cm) 16.077 8.699 21.139 2.917 3.367

Temp C 0.641 29.305 0.397 25.958 32.535

DO% 0.572 15.545 0.494 24.369 15.720

Turbidity 29.263 1.884 29.464 20.439 15.560

TP 29.069 3.842 4.714 0.473 6.336

Secchi 22.656 28.121 39.033 12.071 23.876

Chl a 1.722 12.603 4.759 13.773 2.607

Table 1.
Results from principal component analysis (PCA) showing similarities among variables using % contribution of
each variable in first factor. Principal component analysis is a multivariate technique analyzing data tables to
look for patterns of similarity among the observations [58]. The first factor accounts for the greatest similarity
among all of the variables tested. Each station represents a station on the pump storage reservoir (Leesville Lake in
Central Virginia, USA) with river input at the headwaters (river), release from the upper dam (tail water),
portion of reservoir where both inputs converge (headwater), further down the reservoir in the transition area
(transition) and then near the dam (dam). Observations with the largest correlations are highlighted. Data
analyzed from samples taken on a monthly basis at the end of the month from April-October 2015–2023 for a
total of 63 total samples. Temperature is the monthly mean air temperature and precipitation is the total for the
month. All other variables are measured in the reservoir.
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oxygen loss in these reservoirs may be strongly dependent on temperature in the
region and may intensify as we see the effects of climate change.

Conversely, precipitation did correlate with reservoir parameters in the riverine
and headwater portions of the reservoir. Importantly, nutrient inputs as total phos-
phorus (TP) correlated with changes in precipitation. This suggests the importance of
river input and eutrophication entering these reservoirs. Water clarity (turbidity and
Secchi) was correlated to both temperature and precipitation. This suggests that both
temperature and precipitation have influence in these reservoirs and these are the
parameters of concern as climate change progresses. Data here have implications with
eventual methane flux as it is positively correlated with temperature and lake nutrient
status [59].

5. Trending (sustainability of hydropower)

With concerns over the production of GHGs and potential of worsening with
climate change, the sustainability of hydropower must be carefully analyzed and
improved if this will be the energy source of the future. Jager and Smith [32] define
sustainability as the operation of reservoirs to meet societal needs for water and power
while protecting long-term health of the river ecosystem. At its most basic sense,
hydropower changes the natural flow regime of the river optimizing water storage for
release during peak demands for electricity – storage or movement at night and
release during the day. And then in a most critical sense, these systems are massive
GHG emitting systems that must be controlled. The production of energy through
hydropower must be viewed in the context of the entire operation and managed
accordingly.

5.1 Managing hydropower holistically

It is critical that when considering the sustainability of hydropower projects all
aspects and factors be part of the considerations [60]. Compared to other renewable
forms of energy, hydropower provides an almost continuous supply of energy, rela-
tively low cost and with lower emissions compared to conventional forms of energy
production [61]. Reservoirs created for these projects provide water sources for rec-
reation, drinking water supply and even fish and wildlife enhancements with multiple
societal benefits [62]. And even with concerns in communities during construction,
eventually these reservoirs can improve the quality of the landscape and become
accepted [63]. Thus, the attractiveness of the power source and environmental
enhancements all exist for a favorable evaluation.

Conversely, the building of hydroelectric dams has widespread impacts on
populations, ecology and climate. Dams cause fragmentation of many river systems
that are now free-flowing impacting the ecology and hydrology of the region [3].
These construction projects are high in capital cost, involve considerable amounts of
machinery and disturbance of the areas with loss of arable land, residential neighbor-
hoods and scenic river valleys [32]. The emission of CO2 and CH4 are considerable
both from the reservoirs and during operations. The three greatest barriers to future
progress are (1) the valuation of ecological benefits, (2) understanding the ecological
effects of flow releases sufficiently well to quantify them and (3) lack of incentive for
power producers to operate sustainably [32].
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While our understanding of environmental concerns with hydropower continues
to increase, all of this information has not resulted in significant management actions
[56]. In fact, a comprehensive and integrative holistic tool for hydropower reservoir
management is not available [64]. Thus, two distinctive management needs are
apparent as we move forward in a transition to more renewable forms of energy.
Proper management of existing hydropower projects and in particular large dam and
pump-storage operations to become more sustainable. And potential decentralization
of the power projects as breaking these operations into smaller projects lowers the
environmental costs.

5.2 Solutions

Small Hydroelectric Power (SHP) may be a solution. There is generally no agreed
upon definition of SHP but in general these are small plants that use run of the river
flow with minimal impoundment (Figure 1). These projects are gaining popularity for
a suite of potential benefits. Most of the ecological problems associated with large
reservoir operations such as oxygen depletion, increased temperature, decreased flow
and GHG emission can be avoided [60, 65]. These projects can be sited in less than
traditional hydropower areas and throughout the world to meet expanding demand
[66]. They rely on direct river flow but if spaced thought a region (decentralization)
some of this problem can be diminished.

Such projects put into sequential order and adequately spaced to maximize ecology
ecosystem services (fish, macros and water quality) may be the most preferential
hydroelectric projects [67, 68]. Small low head dams have the potential to improve
water quality [69] and benefit local governance through adaptation to local econo-
mies, local jobs and enhancement of local infrastructure [66]. Localities can assume
responsibility for local energy production.

These projects are not without concern. Factors such as mode of operation, the
degree of river flow alteration, impacts on habitat connectivity, and the cumulative
ecological effects of multiple SHP installations on a single river warrant close consid-
eration and management [70]. Yet even with these concerns, this type of power
production is the preferred going into the future as it minimizes large reservoir
operation and management. These projects are often too large for local management
and operate throughout a region making impacts quite considerable.

Existing large systems need to be reviewed for operational strategy andmoved into a
more sustainable approach. Several operational strategies such as Run of River (ROR)
allowing water to flow continuously or spill flows (non-generating flows not released
through turbines) need consideration. Adopting a more natural ROR flow regime meets
environmental needs maintaining aquatic ecosystems and human needs embedded in
domestic and agricultural usage [71]. It can be adjusted from a consumer peak demand
model to meet energy production goals. Cost/benefit analyses are desperately needed to
weigh environmental atmospheric costs, health costs and improvement in aquatic
resources and fisheries habitats in exchange for energy production.

Sluicing or spill flows ameliorate water quality downstream by re-oxygenating the
water avoiding excessive sedimentation behind dams and allowing sediment to flow
into downstream areas [72]. This improves watershed natural function. And because
of the strong relationship between reservoirs and watersheds, new reservoirs need
sited away from land use and anthropomorphic conditions that cause declines in
reservoir water quality [28]. Current and new large reservoir projects need careful
planning to not only meet energy needs but to minimize environmental impacts.
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5.3 Future trends

The damming of rivers has seen less and less popularity and large hydropower
projects are not accepted as a clean and renewable energy source [65]. With concerns
over meeting growing electricity demand and a desire to grow hydropower to meet
this demand, more sustainable approaches need developed and accepted.

Apart from its doubtless advantages, even nominally successful hydropower projects
are often associated with negative environmental consequences in the form of biodi-
versity loss, disruptions to fish migration, potentially large-scale land inundation, the
disruption of human resettlement, and many others [73]. Sustainability studies are need
to consider hydropower holistically rather than by its individual parts. If it is to be the
energy source of the future, the negative aspects must be addressed and understood.

6. Conclusion

Hydropower when used well can provide a very viable renewable energy source to
meet the growing demand as we move into the future. Alternatively, if the industry
continues to ignore management of reservoirs associated with these projects adhering
to schedules of power generation only, viability as a sustainable source of energy will
diminish. It is clear that reservoirs are integrators of watersheds and as such must be
maintained and managed with this in mind. The assimilation of organic material and
processing into GHGs makes management imperative. And as climate change that is
expected to exacerbate the GHG emission problem intensifies, management can no
longer be ignored as part of these hydropower projects.

As we push for construction of new hydroelectric projects to meet demand, large
projects with a myriad of environmental concerns may become less feasible. Small
hydropower may be a good alternative. These projects may be sited in areas not
amenable for large projects and spread throughout a region to diminish the environ-
mental impact. These projects may fit better under local control helping local econo-
mies and providing better management as a small project. These small projects are not
without concern but may be a very good alternative.

An integration of small hydropower, large hydropower and sustainable reservoir
management would seem to be the best solution. Integration of environmental con-
cerns needs to be at the forefront of these projects instead of an afterthought or
retrofit once the project is in operation. The need for more power is increasing and
growth using fossil fuels does not provide the path to a sustainable future. We can use
hydropower to produce energy and demonstrate environmental stewardship. In this
way, hydropower will lead the way toward a sustainable energy future.
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Chapter 7

The European REFORM Project 
for Hydromorphological Quality in 
River Basin Management
Erik Mosselman, Massimo Rinaldi and Diego García de Jalón

Abstract

The Water Framework Directive commits European Union member states to 
achieve good ecological and chemical status of all water bodies. As hydromorphology 
is a key factor for ecological status, a consortium of 26 partners from 15 countries 
studied the role of hydromorphological pressures and measures in the REFORM 
project. Its main objective was to answer the question: How to make river restoration 
successful? The project developed guidance for this by structuring the information 
along the different stages of restoration projects and river basin management plans, 
posing a logical sequence of questions: How does my river work? What’s wrong? How 
to improve? Things can be wrong for ecological status as a result of morphological 
alterations. These alterations form pressures that can be countered or mitigated by 
measures that improve sedimentological and morphological features. We present 
two specific results of REFORM that focus on river morphology. First, we provide an 
overview of methods to assess morphological quality and diagnose alteration. Second, 
we present systematic cause–effect relationships for restoration measures.

Keywords: hydromorphology, river morphology, ecological status, river restoration, 
water framework directive, river basin management

1.  Introduction

The Water Framework Directive commits European Union member states to 
achieve good ecological and chemical status of all water bodies. Its adoption and 
publication in 2000, however, caused widespread concern among river engineers 
and fluvial geomorphologists about the way the directive addresses hydromorphol-
ogy in rivers. The directive defines hydromorphological quality in terms of vis-
ibility of static anthropogenic features, without considering hydromorphological 
functioning relevant for ecology, and without considering the physical processes of 
water flow, sediment transport, erosion, and sedimentation. Neither did the direc-
tive address temporal variability [1, 2], nor spatial variability in the light of habitat 
diversity and connectivity [3, 4]. The European Union was receptive to the criti-
cisms and accordingly called for a project to resolve this within its 7th Framework 
Programme. It granted the project to a consortium of 26 partners from 15 countries 
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under the name “REFORM”, an acronym standing for “Restoring rivers FOR effec-
tive catchment Management”. The partners executed the project from November 
2011 to October 2015.

REFORM’s main objective was to answer the question: How to make river restora-
tion successful? This requires that river restoration practitioners understand the com-
plex systems of hydromorphology and ecology. Processes operate at different scales, 
different disciplines play a role, and different species depend on hydromorphology 
in different ways. It is not easy to find a way in this complexity when developing an 
integrated design. The project developed guidance by structuring the information 
along the different stages of restoration projects and river basin management plans, 
following the cycle of the iterative PDCA management method: Plan – Do – Check 
– Act. This fits in a logical sequence of questions guiding river basin management 
planning: How does my river work? What’s wrong? How to improve? (Figure 1). The 
guidance was made accessible through an online wiki: wiki.reformrivers.eu.

Things can be wrong for ecological status as a result of morphological alterations. 
Examples are alteration of instream habitat, alteration of riparian vegetation, chan-
nelization, cross-section alteration, embankments (levees and dikes), impoundment 
(dams), loss of vertical connectivity, mining of sand and gravel, sedimentation, and 
sediment input. In Water Framework Directive terminology these alterations are called 
“pressures”. They can be countered or mitigated by measures that improve sedimento-
logical and morphological features such as sediment flow quantity, longitudinal con-
nectivity, lateral connectivity, riverbed depth variation, width variation, in-channel 
bed structure, substrate, riparian zone, and floodplains. REFORM compiled informa-
tion on both pressures and measures. Furthermore, it sought to enhance awareness of 
the importance of sediment and morphology by summarizing insights and results into 
one-liners with down-to-earth messages, so-called tiles of wisdom (Figure 2). The 
online wiki presents and explains all these pressures, measures, and tiles of wisdom.

Figure 1. 
Cycles of overall river basin management plans and individual river restoration projects.
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In this chapter, we present two specific results of REFORM that focus on river 
morphology. First, we present methods to assess hydromorphological quality and 
diagnose alteration. Second, we present systematic cause–effect relationships for 
diagnosis and for restoration measures.

2.  Hydromorphological quality and alteration

Evaluation of hydromorphological quality and alteration requires a careful 
assessment that considers physical processes and resulting fluvial forms and 
physical habitats at appropriate spatial and temporal scales. This type of stream 
assessment has significantly expanded, with numerous methods in different EU 
member states that vary widely in terms of their aims, scales, and approaches [5, 6]. 
REFORM grouped these methods into four broad categories, based on the focus 
and objectives of each method: (1) physical habitat assessment; (2) riparian habitat 
assessment; (3) morphological assessment; and (4) assessment of hydrological 
regime alteration [6]. Their suitability for diagnosing alteration, however, was 
found to be limited because the methods insufficiently considered the physical pro-
cesses of natural fluvial systems that maintain or recreate fluvial forms and thereby 
physical habitats. This contrasted with recent scientific developments that base the 
interpretation of current conditions on attempts to understand river functioning 
and evolution, see for instance [7–11].

REFORM therefore developed methods for a process-based hydromorphologi-
cal assessment that considers how the character and dynamics of river reaches are 
affected by small-scale and large-scale natural and human-induced changes, in the 
past and in the present. Gurnell et al. [12] developed a multi-scale framework like 
previous hierarchical frameworks [7, 10, 13] but tuned to the European context. The 
framework is open-ended, allowing European member states to incorporate their own 
datasets, methods, and modeling tools. It distinguishes spatial units at region, catch-
ment, landscape unit, segment, reach, geomorphic unit, hydraulic unit, and river ele-
ment scales. Rinaldi et al. [14] refined the framework with four stages of assessment 
(Table 1), in accordance with the structure of existing frameworks [7, 15].

Each stage contains a series of procedural steps for consistent assessment of river 
conditions. The key spatial scale is the reach, defined as river sections along which 
present valley setting, channel slope, imposed flow, and sediment load are sufficiently 
uniform [7]. Channel morphology is a fundamental feature for delineating reaches. 
A first simple level of classification regards the number of river channel threads and 

Figure 2. 
Tiles of wisdom.
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the channel planform pattern in the context of the valley setting (confinement). 
This basic river typology (BRT: [16]) defines seven river types using readily available 
information, mainly remotely sensed imagery. The initial delineation of the river 
reaches is followed by collecting additional information on reach properties and 
indicators. Then the river type may be defined during a field survey, according to an 
extended river typology (ERT) that comprises 22 river types [16].

The temporal context (Stage II) is linked to the concept of evolutionary trajectory 
[17, 18], expressing that river systems are dynamic and follow a complex trajectory 
of changes in response to driving variables at various spatial and temporal scales. 
The specific characteristics of a river result from its historical evolution, including 
climatic variations, human interventions, and unique sequences of large flood events. 
Assessment of current conditions and possible future scenarios and adjustments thus 
requires proper interpretation of temporal adjustments in morphology.

The framework allows selecting representative reaches or sites for monitoring 
river conditions and for upscaling or downscaling of information. It helps in classify-
ing and understanding current conditions, in assessing the potential for morphologi-
cal changes, and in supporting prioritization of actions and selection of sustainable 
management strategies.

The hydromorphological framework contains a set of more specific assessment 
procedures [14]. One of them is the extended European version of the Morphological 

Stage Definition Description Main outputs

I Catchment-wide 
delineation 
and spatial 
characterization of 
the fluvial system

delineates, characterizes, 
and analyzes the 
catchment and the river 
system in their current 
conditions

(i) spatial units; (ii) character of spatial 
units, including hydrology, sediment 
sources and delivery, and assemblages 
of geomorphic units; (iii) main physical 
pressures and impacts at catchment scale; 
(iv) spatial patterns of morphological 
parameters and their control on channel 
morphology

II Assessment of 
temporal changes 
and current 
conditions

reconstructs the history 
and evolutionary 
trajectories of 
morphological changes 
that have resulted in the 
current river conditions

(i) natural and human factors in historical 
times; (ii) evolutionary trajectories of 
channel changes; (iv) catchment-scale 
maps of pressures and critical reaches; (v) 
hydrological, morphological, and riparian 
vegetation state; (vi) geomorphic units; 
(vii) identified problems and most critical 
reaches; (viii) reports on monitored 
parameters or indicators along with their 
temporal changes

III Assessment of 
scenario-based 
future trends

identifies possible 
future scenarios of 
hydromorphological 
modification

(i) catchment-scale maps of sensitivity 
and morphological potential; (ii) past 
channel evolution, current conditions, and 
possible future trends

IV Management identifies possible 
hydromorphological 
restoration or management 
actions

(i) one or more scenarios of management 
actions or restoration interventions; 
(ii) potential effects of proposed 
interventions on physical processes and 
hydromorphological conditions

Table 1. 
Stages and main outputs of the REFORM overall framework, abbreviated from [14].
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Quality Index (MQI), originally developed in Italy [10] and revised and tested within 
REFORM [19]. The MQI can be called ‘process-based’ because:

1. It takes processes into account that go beyond mere channel forms, as it includes 
indicators linked to the functioning of basic processes such as sediment continu-
ity, wood flux continuity, bank erosion, and lateral channel mobility;

2. It explicitly accounts for the temporal component through indicators for adjust-
ments of channel form through time;

3. Reference conditions are defined in terms of dynamic processes and functions 
that are expected for each physical context. This differs significantly from most 
current hydromorphological methods which define reference conditions in terms 
of channel configuration or channel characteristics.

The spatial scale of MQI application, in accordance with the multi-scale hierarchi-
cal framework, is the reach (i.e., a sufficiently uniform section of river, commonly a 
few kilometers in length). This is generally seen as the most appropriate and mean-
ingful scale for assessing hydromorphology [7, 12]. The MQI includes twenty-eight 
indicators [10, 15, 19], falling within the following three classes:

1. Geomorphological functionality: indicators to evaluate whether artificial ele-
ments or channel adjustments prevent or alter the processes and related forms 
that are responsible for the correct functioning of the river;

2. Artificiality: indicators to assess the presence and frequency of occurrence of 
artificial elements, pressures, interventions, and management activities, irre-
spective of their effects on channel forms and processes;

3. Channel adjustment: indicators to assess morphological changes over about the 
last 100 years that can indicate systematic instability related to human factors.

Operators with sufficient background and training in fluvial geomorphology 
collect data by integrating remote sensing, GIS analysis, and field survey. The evalu-
ation is based on a scoring system. The total score is equal to the sum of the scores 
for all components and aspects. The Morphological Quality Index is then defined as 

= − max1 /totMQI S S , where totS  is the calculated total score, and maxS  is the maximum 
score that could be reached. The index thus increases with quality of the reach and 
decreases with the level of alteration, varying from 0 (minimum quality) to 1 (maxi-
mum quality), allowing investigation of the full range of morphological conditions.

The MQI assessment can be integrated with specific indices of hydrological 
alteration, such as IARI [20] and IAHRIS [21]. These indices align with the indicators 
of hydrological alteration (IHA) proposed by [22]. Furthermore, a Morphological 
Quality Index for monitoring (MQIm) was specifically designed to account for small 
changes and short time scales. This index is therefore suitable for monitoring and 
environmental impact assessment of interventions [19].

Rinaldi et al. [10] tested the original version and then applied it to many river 
reaches in Italy. Within REFORM, Belletti et al., [23] extended the method and 
tested it on several European streams of types that were underrepresented or entirely 
unrepresented in the Italian context. The indicators and scores were the same as 
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in the original MQI to ensure data comparability, but with some modification or 
integration of aspects not covered fully previously. Further extensive application of 
the MQI at catchment scale was recently carried out on the Guadalquivir River in 
Southern Spain [24].

3.  Cause-effect diagrams for diagnosis and restoration measures

Proper selection and design of restoration measures to improve fluvial ecosystem 
services require identifying which pressures affect the river and which are the limit-
ing factors causing degradation. The intensity of the limiting hydromorphological 
processes can be assessed by quantitative measurement of the variables affected by 
these processes. REFORM proposes conceptual diagrams that relate different types 
of hydromorphological pressures to fluvial system functioning, accounting for 
hydromorphological processes and variables that result from both degradation and 
restoration. The aim is to identify the main hydromorphological effects of different 
pressure types across spatial and temporal scales, especially those that have a signifi-
cant impact on aquatic biology.

Often, human pressures affecting rivers do not come alone. Multiple pressures 
affect rivers simultaneously, stressing many components of the hydrological cycle 
which have different time-scale responses within fluvial ecosystems. However, for 
practical reasons the effects of hydromorphological pressures and their most direct 
impacts on ecosystems were analyzed separately. The results were synthetized in 
diagrams that show the direct effects on processes and state variables, but also which 
process changes these effects induce with respect to hydromorphological variables. 
Corresponding quantitative variables are to be measured in order to monitor river 
changes and evaluate pressure effects.

The pressures have been grouped into hydrological regime alterations, river 
fragmentation, morphological alterations, and other elements and processes affected. 
The hydrological regime may be altered by water abstractions or by flow regulation 
through temporary storage in reservoirs. Rivers are fragmented by discontinuity in 
the river’s longitudinal, lateral, or vertical dimensions. Such spatial discontinuities 
disrupt hydrological connectivity [25] and interrupt transfers of water, mineral 
sediment, organic matter, and organisms, thus affecting the biotic and physical 
components of the river [26]. Morphological alterations include impoundment, 
reservoirs with large dams, channelization, alteration of riparian vegetation and 
instream habitats, embankments, bank reinforcement, extraction of sand and gravel, 
and floodplain soil sealing and compaction. Other elements and processes include 
physicochemical pressures such as thermal changes, eutrophication, and overloads of 
organic material.

Hydromorphological pressures alter structure and composition of fluvial systems 
through changes in the natural hydromorphological processes, which can be charac-
terized by changes in hydromorphological variables. Hydromorphological processes 
transform physical components of the fluvial system. These transformations change 
the morphology and the structure of the river, but they also create different envi-
ronments that promote changes in the biological communities. Understanding the 
relationships between physical components and subsequent biological responses is 
therefore essential for process-based analysis of impacts. Hydrodynamic processes 
are characterized by variables and parameters. Their effects can be evaluated through 
selected state variables (Table 2). Usually, a modified variable triggers processes 
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which in turn transform the values of that or other variables. REFORM grouped the 
hydromorphological variables into flow, flood, flow variability, drought, sediment 
flow, hydraulic, groundwater connection, longitudinal connectivity, channel dimen-
sions, thalweg, planform, bed substrate, bank, hydraulic energy, riparian, floodplain, 
and physicochemical variables. Physicochemical variables were included because 
some impacts of hydromorphological pressures (e.g., large dams) cannot be under-
stood without them.

Anthropogenic impacts of hydromorphological pressures reduce biodiversity by 
interfering with fluvial succession trajectories, habitat diversification, migratory 
pathways, and other processes [27]. For each pressure REFORM developed a theo-
retical diagram of the effects on the system of fluvial hydromorphological interac-
tions [28]. This system is described by the processes involved, the altered variables, 
and the possible impacts on the biological elements responsible for changes of 
ecological status.

As an example from the complete set of diagrams [28], Figure 3 shows the 
diagram for water abstraction. The red arrows indicate direct effects of pressures 
on hydromorphological variables, without processes. Water can be abstracted from 
a river channel by direct surface abstraction or indirect groundwater abstraction. 

Processes Variables

• Water flow dynamics

• Sediment dynamics

a. entrainment

b. transport

c. deposition

d. armoring

• Riverbank dynamics

a. erosion and failure

b. stabilization

c. accretion

• Vegetation dynamics

a. encroachment

b. uprooting

c. recruitment

• Large-wood dynamics

a. entrainment

b. transport

c. deposition

• Aquifer dynamics

a. recharge

b. discharge

• Other processes: primary production, heat 
exchanges, REDOX

1. Hydrological regime variables:

• Flow regime (magnitude, variability, floods, and 
droughts)

• Sediment regime

• Connection to groundwater

2. Longitudinal river continuity variables

3. Morphological condition variables:

• Channel dimensions

• Planform

• Thalweg

• Riverbed structure and grain sizes

• Riverbank

• Water

• Structure of the riparian zone

• Structure of the floodplain

4. Physicochemical variables:

• Nutrient concentration

• Water temperature

• Dissolved oxygen

Table 2. 
Hydromorphological processes considered and their associated variables for evaluating their effects.
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Over-abstraction of groundwater can lower the groundwater levels within aqui-
fers or severely reduce the flow in rivers. Surface seepage from aquifers supports 
groundwater-fed ecosystems such as wetlands and springs. If phreatic levels decline, 
riparian vegetation rapidly shows signs of water stress and in extreme cases wide-
spread death. Water abstraction alters water flow processes by reducing average 
flows, reducing flow velocities, increasing duration and frequency of droughts, and 
lowering phreatic levels. It enhances sedimentation, leading to more fines on the 
substrate and less water depth and channel width. It reduces the riparian corridor 
because it forces vegetation to retract at its outer edge, whereas it inhibits inva-
sion of gravel bars due to drought conditions. Finally, water abstraction also alters 
physicochemical processes by making water temperature more dependent on the 
air temperature and by increasing eutrophication due to higher concentrations of 
nutrients in the water.

Changes in the normal functioning of natural and free-flowing rivers occur by 
natural disturbances, such as floods, droughts, or geological events (Figure 4). These 
disturbances alter the hydromorphological processes that produce changes in habitats 
and consequently in the biota. However, the resilience capacity of the ecosystem will 
produce a reversal tendency. Thus, the system follows an oscillatory trajectory that 
represents the natural variability of the ecosystem and forms an important aspect of 
its natural biodiversity. The ecosystem services provided by this natural river func-
tioning may be used as a reference.

The non-natural disturbances due to anthropic pressures, however, degrade the 
status of the fluvial ecosystem and affect its ecosystem services. Some anthropic 
pressures are hydromorphological as they alter the hydromorphological processes 
that regulate river functioning. Hydromorphological pressures can change the 
habitats of biological communities into environments they are not adapted to. 

Figure 3. 
Conceptual framework representing water abstraction effects on hydromorphological processes and variables that 
are responsible for their ecological impacts. HYMO stands for hydromorphological and PQ for physicochemical.



155

The European REFORM Project for Hydromorphological Quality in River Basin Management
DOI: http://dx.doi.org/10.5772/intechopen.1005401

This reduces biodiversity or promotes invasive and alien species. Some ecosystem 
services may also be directly affected by hydromorphological pressures (Figure 4). 
Restoration or mitigation measures are designed to improve habitats, through 
structural measures or through the recovery of lost hydromorphological processes. 
Sometimes restoration measures target the recovery of certain ecosystem services. 
River management thus faces the challenge of understanding how a naturally vary-
ing river works, simultaneously subjected to different pressures and programmes of 
measures.

Main types of restoration measures can be classified according to the hydromor-
phological elements of the Water Framework Directive [29]:

Water flow quantity improvement:

• Reduce surface water abstraction, with or without return. Improve water reten-
tion in upstream catchment. Reduce groundwater extraction. Improve or create 
water storage. Increase minimum flows. Divert or transfer water. Recycle used 
water. Reduce water consumption.

Sediment flow quantity improvement:

• Add sediment. Reduce sediment input. Prevent sediment accumulation in reser-
voirs. Reduce erosion. Improve sediment transport continuity. Manage dams for 
sediment flow. Trap sediments.

Flow dynamics (water and sediment) improvement:

• Ensure minimum flows. Establish environmental flows. Reduce hydropeaking. 
Increase frequency and duration of flooding in riparian zones or floodplains. Reduce 
anthropogenic flow peaks (urban runoff). Favor morphogenic flows. Shorten the 
length of impounded reaches. Connect flood reduction with ecological restoration. 
Manage aquatic vegetation.

Figure 4. 
Mechanisms by which natural disturbances, hydromorphological pressures, and restoration measures may 
affect fluvial ecosystem services. Direct effects are simple to predict, whereas much more science still needs to be 
developed for precise predictions of overall interactions affecting hydromorphological processes, habitat changes, 
and biological response.
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Longitudinal connectivity or continuity improvement:

• Remove barrier (e.g., weir, dam). Install fish pass or bypass for upstream migra-
tion. Facilitate downstream migration. Modify culverts, siphons, and piped 
streams (e.g., daylighting). Manage sluice and weir operation for fish migration. 
Apply fish-friendly turbines and pumping stations.

Riverbed depth and width variation improvement:

• Re-meander or widen water courses. Make water courses less deep. Allow or 
increase lateral channel migration. Make water courses narrower. Create low-
flow channels in oversized channels.

In-channel structure and substrate improvement:

• Initiate natural channel dynamics to promote natural regeneration. Remove sedi-
ments (e.g., eutrophic, polluted, fine). Modify aquatic vegetation maintenance. 
Introduce large wood. Add sediments (gravel, sand). Remove bank protection. 
Re-create gravel bars and riffles. Remove or modify in-channel hydraulic struc-
tures. Reduce the impact of dredging.

Riparian zone improvement:

• Adjust land use (e.g., buffer strips) to develop riparian vegetation or to reduce 
nutrient input, sediment input, or bank erosion. Revegetate riparian zones. 
Remove non-native substratum. Develop riparian forest.

Floodplains/off-channel/lateral connectivity habitats improvement:

• Make riverbanks or floodplains lower to enlarge inundation. Set back embank-
ments, levees, or dikes. Improve or reconnect backwaters (oxbow lakes) and wet-
lands. Remove hard engineering structures that impede lateral connectivity. Restore 
or create wetlands. Retain floodwater (e.g., through local sluice management).

Figure 5 presents the main fluvial ecosystem services that are affected by hydro-
morphological pressures. Ecosystem services are the benefits that human populations 
obtain from ecosystems. They can be altered when pressures and water management 
affect fluvial systems [30]. Three main types have been considered: provisioning, 
regulating, and cultural ecosystem services. Provisioning services refer to products 
obtained from ecosystems. Regulating services refer to the benefits obtained from 
regulating ecosystem processes. Cultural services refer to the nonmaterial benefits 
that people obtain from ecosystems through spiritual enrichment, cognitive develop-
ment, reflection, recreation, and esthetic experiences.

Figure 6 shows the effects of water abstraction and corresponding restoration 
measures on ecosystem services. It shows that water abstraction reduces provision-
ing services. Reduction of sediment transport affects the provision of mineral raw 
materials, declined fish habitats affect the provision of aquatic food, and reduced 
flows affect cooling systems and energy renewal. On the other hand, water abstrac-
tion enhances the provisioning service of terrestrial food production as it is mainly 
done for irrigation and as the remaining low flow rates in the river allow cultivation 
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of the riverbanks. The figure shows that regulating services are reduced too: water 
regulation, self-purification, biological recovery, preservation of biodiversity, and 
biological control. Finally, among the cultural services, flow reduction affects mainly 
recreation and ecotourism.

Figure 6 shows three possible restoration measures for mitigating the effects of 
water abstraction:

1. Water flow quantity improvement, by recycling used water and reducing water 
consumption;

2. Flow dynamics improvement, by ensuring environmental flows;

Figure 5. 
List of main fluvial ecosystem services that are affected by hydromorphological pressures, classified according to 
provisioning, regulating, and cultural services.

Figure 6. 
Scheme of interactions among water abstraction and restoration measures and their effects on ecosystem services. 
Red arrows indicate inhibit services and blue ones improve them.



Inland Waters – Ecology, Limnology, and Environmental Protection

158

Author details

Erik Mosselman1*, Massimo Rinaldi2 and Diego García de Jalón3

1 Deltares and Delft University of Technology, Delft, The Netherlands

2 University of Florence, Florence, Italy

3 Technical University of Madrid, Madrid, Spain

*Address all correspondence to: erik.mosselman@deltares.nl

3. Channel depth and width improvement (although the structural measure of 
concentrating reduced water flows in narrow water courses and low-flow chan-
nels is not sustainable from a geomorphological point of view).

None of these measures mitigates the degraded services of mineral raw materials, 
cooling, energy renewal, and water regulation. Restoration of these services would 
have to be the focus of further research and innovation.

4.  Conclusion

This chapter has presented methods to assess hydromorphological quality and 
diagnose alteration in rivers, as well as systematic cause–effect relationships for 
diagnosis and for river restoration measures. They constitute guidance and tools 
for addressing hydromorphology in the implementation of the Water Framework 
Directive.
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Behavioral Barrier Based on Bubble 
Curtains for a River Water Intake
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Abstract

The protection of fish habitat near water diversion or hydrotechnical facilities is 
of particular interest for researchers working in various fields. The chapter is focused 
on an experimental study of a fish behavioral barrier consisting of a bubble curtain 
operating along a river water intake scale model. It approaches elements of fish hydro-
dynamics, river water intakes, as well as physical and non-physical barriers for fish 
diversion from hydrotechnical facilities. The design, development, and testing of the 
fish behavioral barrier as well as the results of the experimental analysis are discussed. 
The proposed experimental setup was based on a barrier placed in the proximity of 
a river water intake scale model fitted and tested in a closed-circuit hydraulic stand. 
The intake chamber is provided with perforated orifices which communicate through 
an inlet with a lower tank for discharging the water into another tank located beneath. 
A certain water velocity within the hydraulic stand was set to assess the tandem 
operation of the bubble curtain and water intake. A sharp velocity gradient was found 
in most cases, indicating local velocity changes and creating the premises for impact-
ing the fish behavior. Conclusions and future research development are also envisaged 
in the chapter.

Keywords: behavioral barrier, fish guidance systems, river water intake, 
bubble curtain, induced velocity

1. Introduction

As human activity development has a significant impact on biodiversity, there is an 
increasing need of environmental protection solutions and new legislative measures. 
According to World Wide Fund for Nature [1], due to the accelerated decline of fish 
populations and aquatic fauna, new and important measures have to be undertaken in 
order to reduce the anthropogenic effects caused by hydrological changes [2] as well 
as the environmental degradation. In this regard, national and international legisla-
tion in the field of aquatic habitat protection has been continuously updated, taking 
into account more and more of its requirements and providing rules for the design 
and elaboration of sustainable integrated watercourse management regulations. 
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These rules [3] provide the inclusion of alternatives for the fish protection in the pas-
sage, diversion, and catchment constructions. The fish protection involves not only 
their transit or removal from the construction but also the prevention of their injury 
or death as a result of the facility components’ operation. The hydrotechnical con-
structions interrupt the rivers longitudinal and lateral connectivity, making it almost 
impossible for fish to migrate or to have access to primary resources that ensure their 
welfare.

Therefore, in order to improve or restore the rivers connectivity, proper fishways 
must be designed and deployed, as components of complex hydraulic infrastructures, 
as reported by Bunt et al. [4]. In addition, to ensure proper living conditions for 
fish, the water of the streams should have certain dissolved oxygen (DO) concentra-
tions. The oxygen is present in surface water bodies due to the free surface aeration, 
achieved as a result of the turbulence. The DO is permanently influenced by a series 
of processes like diffusion, photosynthesis, and decomposition. The aquatic fauna as 
well as the decaying organic matter consume oxygen. Also, its concentration varies 
with water temperature, salinity, pressure, and season. Consequently, all these factors 
lead to a DO variation from 1 to 20 mg/L. Thus, due to its importance to the fish 
welfare, it should be monitored in freshwaters such as lakes and rivers.

According to European and national legislation [3, 5], the design of an ecological 
water intake must take into account the following fish habitat characteristics: the 
migratory species’ presence on medium and long distances on the river sector of 
interest, the fish migration duration, the migration period, the species’ swimming 
abilities, and their behavior to various external stimuli. Over time, both physical 
(structural/constructive) and nonphysical (behavioral guidance systems based on the 
natural fish attraction and repelling behavior) barriers have been developed and used. 
Some traditional physical systems (such as exclusion screens and grates, with or with-
out screens) may be ineffective for certain smaller species, for juvenile specimens, 
or for species with special swimming performance. Hence, the need to design and 
develop appropriate systems for fish guidance in the proximity of river water intakes 
by also considering the local species characteristics is outlined. The fish guidance 
systems have the role either to discourage the migration of some species or to direct 
the fish away from certain hydropower facilities or river water intakes. Therefore, the 
design criteria of the protection systems have to consider their size, biomechanics, 
and age, as well as the understanding of the needs, psychology, and behavior of each 
species [6].

In order to improve the efficiency of fishways, fish ladders, or fish guidance sys-
tems, several research has been undertaken. Among the literature studies that address 
this topic is the study conducted by Bunt et al. [4], which analyzes and compares 
the results of 19 studies on different types of fish passages. The analysis included 26 
species of anadromous and potamodromous fishes, and the results showed that the 
passages efficiency depends mainly on the fish biological characteristics and less on 
the type of fish ladder, slope, and so forth. Moreover, in order to increase the fishway 
efficiency, the need for rigorous studies related to each fish species and for different 
types of fish passages was emphasized.

Also, to improve the means of fish attraction or diversion to river infrastructure, 
Kerr and Kemp [7] performed laboratory studies on whether the hydraulic noise 
generated by water turbulence can mask certain stimuli such as a velocity gradient 
detecting. The fish response analysis showed mixed results; still, in some cases, it 
was concluded that the detection is lower when the turbulence is high. Some stud-
ies analyzed the importance and influence of water body hydrodynamics on fish 
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behavior and their swimming efficiency. By numerical modeling and on-site data 
collection (bathymetry, acoustic tag fish location, measured data from an acoustic 
Doppler current profiler, ADCP), Silva et al. [8] studied the fish movement and the 
hydrodynamics effect in the proximity of a hydropower plant turbines. Hockley 
et al. [9] analyzed the modification of fish behavior with the water flow conditions 
(water velocity, turbulence), in correlation with their size and sex. For the analyzed 
species (guppies - Poecilia reticulata), swimming behavior and different preferences 
were identified in a heterogeneous flow from a free surface channel, by using boul-
ders to change the flow conditions. Thus, it was detected that larger size fish prefer 
areas with high velocity and low turbulence, and those of smaller size spend more 
time in areas characterized by low velocity and high turbulence degree (behind the 
boulders). According to Mogdans [10], fish can detect velocity and pressure gradi-
ents by using specialized organs that can help in their orientation inside the water, in 
order to feed or escape from predators. The neurological response that these organs 
give to fish is used in guiding them away from various dangers or in attracting fish 
on particular routes.

The chapter aims to present an insight regarding several aspects that define a fish 
guidance system development and operation. Therefore, the chapter is structured in 
6 sections, each of them approaching one of the key elements that contribute to the 
fish behavioral barriers characterization. The first section provides a broader context 
of the subject addressed by the research and underlines the purpose of the study. The 
second section approaches some aspects related to the study of water intakes with 
behavioral barriers. Thus, the physical and nonphysical fish guidance systems, fish 
hydrodynamics, as well as the main requirements related to the design of ecologi-
cal river water intakes are discussed. For the experimental study of the behavioral 
barriers, a bubble curtain operating along with a river water intake scale model was 
designed, developed, and integrated in an experimental setup. The bubble curtains 
combine two stimuli (velocity and sound) to deter or guide fish. Hence, sound waves 
associated to the bubbles propagation and splitting as well as local velocity modifica-
tion are generated by the curtain in the surrounding water. In addition, the bubbles 
create a visual barrier for the aquatic fauna. Besides these aspects approached in the 
third section, the next one presents the developed experimental setup and the meth-
odology applied for the measurement of the velocities induced in the water by the 
bubbles at different airflow rates. The investigation of the velocities is necessary for 
evaluating the bubble curtain potential in guiding or deterring fish. In order to assess 
the water aeration associated to the bubble curtain generation, the experimental setup 
was provided with the necessary equipment for the dissolved oxygen measurement. 
The following section summarizes the results and their analysis, as well as the main 
findings of the study. Since river water intakes can be placed also in remote areas, with 
no connection to the power grid, the fifth section approaches the analysis of power 
autonomy solutions for the behavioral barrier based on bubble curtains.

2.  General aspects regarding the study of water intakes with behavioral 
barriers

In order to protect the fish population, various solutions of fish guidance systems 
have been developed. Thus, several types of physical and nonphysical barriers have 
been proposed and studied, as reported by Turnpenny [11]. The physical barriers rep-
resent direct methods for fish exclusion, while nonphysical barriers stand as indirect 
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solutions, designed to deter fish outside the proximity of water intakes area. The 
physical barriers consist of specially designed screens or sieves, which can be either 
fixed or mobile. Bubble curtains, pressure waves, strobe light, sound, electricity, 
chemical stimuli, magnetic, and velocity fields are nonphysical means of influencing 
the natural behavior of fish.

Given the fact that the chapter deals with the development and testing of a bubble 
curtain, the information provided below mainly refers to various research on behav-
ioral barriers.

2.1 Assessment and analysis of behavioral barriers

Behavioral fish guidance barriers represent alternative solutions in comparison to 
conventional mechanical ones. The main advantages of behavioral systems consist 
in the fact that these are easy to use, safe, and also need just a low-cost maintenance. 
They can be applied in locations where grills are difficult to install, being at the 
same time eco-friendly, not impacting the aquatic fauna by injuring or killing fish. 
However, behavioral barriers have an important disadvantage considering that they 
do not create an absolute exclusion barrier and that the exclusion efficiency varies 
with the species, fish and stage development, environmental conditions (flow and 
variability), water quality, or lighting. They are also not generally accepted as fish 
exclusion methods by agencies/fisheries and so on.

In the following paragraphs, the analysis of behavioral barriers is presented [12].

• Electrical barriers consist of a series of metal anodes and cathodes placed in the 
water body. Thus, an electric field is created in the barrier proximity, causing fish 
to avoid the area [13]. The main limitations of electric barriers are represented 
by deactivation in the event of power outages and low efficiency for small fish, 
which are not affected by electric fields.

• It is to be mentioned that when using strobe lights barriers, different light levels 
influence fish behavior. Thus, fish orientation and other survival behavior in the 
aquatic environment can be affected. The efficiency of these deterrent systems 
is influenced by the life history of the target species, the lights brightness and 
design, the turbidity, and the ambient light level [14, 15].

• Acoustic fish guidance barriers are suitable when in situ conditions do not allow 
the use of visual stimuli, being based on sound and pressure waves, which can be 
detected by the inner ear and fish lateral line system [16]. Fish have been broadly 
classified [17] as either “hearing generalists” or “hearing specialists”. While the 
generalist fish detect sounds with a frequency below 1kHz, specialists can detect 
frequencies up to several kHz. The carp lateral lines [18] are similar to most of 
the Romania native species, for example, trout. The anatomical characteristics 
of the carp (Weberian ossicles) allow the swim bladder to act as an acoustic 
pressure transducer in addition to the inner ear, thereby increasing sensitivity to 
environmental sound levels. The best sound detection of the carp corresponds to 
a frequency in the range of 100–500 Hz and 60–90 dB sound pressure level. One 
of the main disadvantages of acoustic barriers is that low-frequency sound waves 
propagate better in deep water and on softer substrates. Thus, they have limited 
efficiency in the case of shallow water bodies. Usually, acoustic systems are 
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used to repel fish from hydropower facilities area. For example, high-frequency 
sounds in the range of 122–128 kHz demonstrated an efficiency of 87% in repel-
ling a species of herring (Alosa pseudoharengus) from the proximity of a water 
intake placed in Lake Ontario [19].

• Velocity barriers are based on a local velocity increase above the target species’ 
swimming speed. This is usually achieved by water flow limitation through 
a channel, gutter, or culvert, thereby increasing the velocity. When the fish 
movement in running waters is achieved with difficulty (e.g., upstream, against a 
current), the local velocity increase can represent a barrier [20]. An experimen-
tal barrier used on a Great Lakes tributary that functioned as a spawning ground 
for invasive sea barbells showed 33% efficiency [21].

• Chemical barriers are based on the use of toxic substances in order to cre-
ate a hypoxia/hypercapnia effect. They necessitate carrying out laboratory 
experiments in order to establish the tolerance thresholds for each species [22]. 
Dissolved gas barriers are quasi-efficient as long as a certain concentration is 
obtained (e.g., approximately 1.5 mg/L DO [12, 23]). Either purified nitrogen 
or carbon dioxide was injected into the water to determine the feasibility of 
a gas bubble curtain [24]. Another example of chemical barriers consists in 
pheromones use, as they are known for their potential on impacting same species 
individuals [25]. Thus, pheromones that are directly introduced in the water 
column can deter or attract fish from a certain area. Additional research on the 
pheromones efficiency and use against invasive species is needed before they can 
be considered a permanent nonphysical barrier. In any case, alarm pheromones 
have a more significant potential as a barrier during temporary shutdown of per-
manent barrier systems. Many widely applicable pesticides and biocides as well 
as other toxins specific to various species that can be used as deterrents against 
aquatic organisms are also available [26]. The systems based on fish toxins can 
generally qualify as nonphysical barriers if their application is limited to a rela-
tively reduced area, necessary for fish passage. In order to be considered a barrier 
to fish movement, chemical substances should generally be nonpersistent.

• Magnetic barriers are based on fish electroreceptive organs (present in the case 
of some fish—like sturgeons, Scaphirhynchus platorynchus, [27]) that can iden-
tify the water electromagnetic fields. Thus, fish can be deterred by the use of 
magnetic fields in specific cases like diminishing their accidental entrapment in 
commercial fishing activities.

• Bubble curtain barriers generate distinct acoustical and hydrodynamical fields 
inside the water bodies. By their appropriate use, they can be applied in order to 
guide juvenile fish. The bubble curtain is generated by air diffusers placed along 
the water bottom, perpendicular to the channel/river. A continuous “screen” 
of bubbles in the water column provides an unnatural visual obstacle that fish 
should avoid. Bubble curtains are limited due to the fact that they do not emit 
own light and cannot be easily observed from a distance. Light penetration, 
especially due to turbidity, is a major obstacle to their efficiency. Compared to 
other alternative guidance technologies, the bubble curtain barriers represent a 
more economically efficient solution that does not impact the river morphology.
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A summary of the barrier types and characteristics is provided in Table 1.
Bubble barriers for fish guidance have been approached in several laboratory and 

field studies. Most of them focus on a wide range of species: Asian carp [28], Atlantic 
salmon, European flounder, mackerel, and herring [29]. The use of a bubble curtain 
along with a sound source was studied in [28, 30]. The bubble curtain was generated 
by injecting airflows with 0.1–1 L/s·m rates through a perforated polyvinyl chloride 
(PVC) pipe. This combined bubble and sound system is developed by Fish Guidance 
Systems Ltd. in UK. The experimental results shown in [28] indicate a decrease in 
Asian carp migration by 95%, while in [30], a smolt-guiding efficiency (young catfish 
(Silurus glanis)) of 20–40% per day is reported, respectively larger than 70% during 
nighttime. These studies did not consider the bubble curtain as the main guidance 
solution and therefore did not analyze in detail the generated physical fields. In [31], 

Barrier type Implementation 
conditions

Description Advantages Disadvantages

Electric Site with suitable 
power supply; 
suitable water 
conductivity

Electric current 
produced by 
electrodes located 
on the channel 
perimeter

It has proven 
highly effective 
against upstream 
migrating fish

Expensive 
equipment and 
maintenance; risk 
to human and 
animal health; it 
is not specific to a 
species

Visual-strobe 
lights

Low water 
turbidity

Strobe light with 
set water flashing 
frequency

Relatively small 
influence on 
water flow; 
adaptable to 
flow; in some 
species, very 
effective in 
combination 
with bubble 
curtains

It depends very 
much on the 
natural light 
level; cloudy 
water reduces its 
efficiency, and 
this is not proven 
in all species

Acoustics Site with 
suitable acoustic 
characteristics

Underwater 
speaker with 
specified signal

Flexible to 
different flow 
conditions; 
species specific 
potential; wide 
range of sounds

Variable 
efficiency; the 
frequencies 
must be selected 
according to 
species; expensive 
equipment that 
can clog

Bubble curtains Low water 
turbidity, 
relatively shallow 
water

Compressed air 
emitted as bubbles 
through diffusers

Flexible in 
different flow 
conditions; 
multiple 
physical stimuli; 
relatively simple 
construction; 
reduced cost. 
The efficiency 
increases in 
combination 
with other types 
of barriers

The bubbles can 
be “washed” at 
high flow rates; it 
cannot work in all 
conditions
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the efficiency of a bubble curtain and of an electric barrier, respectively, was studied 
separately. A reduced attraction of the eurasion ruffe (Gymnocephalus cernuus) was 
observed instead of its repellence when a bubble diffuser with orifices between 0.4 
and 1 mm, spaced equidistantly at 6.25 or 12.5 mm, was used. Following the assess-
ment of a bubble curtain in Great Lakes USA, according to [32], it is reported that it 
is efficient only when used with other guidance systems such as sound or light. One 
other study that was conducted at a hydroelectric plant site in Michigan, USA [33], 
demonstrated that choosing a mixed method (by combining bubble curtains with 
strobe lights) can increase the fish exclusion rate and thus the behavioral barrier 
efficiency. Therefore, other associations between exclusion or guidance systems based 
on fish behavior are expected to improve their overall efficiency.

Like other types of behavioral barriers, bubble curtains are most effective when 
used as a component of an integrated deterrent system. For this purpose, local condi-
tions such as turbidity or river depth must be taken into account. One major disadvan-
tage of bubble curtains regards their ineffectiveness to maintain equal air pressure at 
different water depths. As mentioned before, studies indicate higher deterrence rates 
when bubble barriers are associated with an additional source of illumination such as 
strobe lights [29] or sound barriers [30]. According to [34], an experimental barrier 
consisting of a bubble curtain and acoustic deterrents is reported to be 95% effective 
in limiting Asian carp movement.

Turnpenny et al. [35] and Jones et al. [36] also demonstrated that combined 
behavioral barriers are more efficient than independent ones. Thus, the use of the 

Barrier type Implementation 
conditions

Description Advantages Disadvantages

Water velocity Target species (a 
weak swimmer); 
narrow channel, 
adequate water 
flow

Based on local 
change in water 
flow velocity

Selectively 
excludes 
disturbing 
species

Major channel 
change; few sites 
meet the criteria

Chemical-
Hypoxia and 
hypercapnia

Relatively shallow 
water, space 
needed for bulk 
gas storage

Based on 
chemicals that 
decrease or 
increase the water 
oxygen content

It is possible to 
exclude all fish

Large capital 
investments and 
research period

Chemical-Chlorine Very limited 
implementation 
area

Based on the 
chlorine entry in 
water

May selectively 
exclude all fish

Dangerous to 
almost all aquatic 
wildlife; negative 
public perception

Pheromones Small areas and/
or short-term 
applications

Based on the entry 
of pheromones in 
water

May selectively 
exclude certain 
fish

Time and effort 
to purchase 
pheromones in 
bulk quantity

Electromagnetism Narrow areas, 
narrow spots

Based on 
the use of 
electromagnetism

Cost-
effective, low 
environmental 
impact

Might not work 
on all teleost fish

Table 1. 
Types of behavioral barriers and their characteristics [12].
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stroboscopic light or sound systems along with bubble curtains can enhance the 
effect on fish as well as the barrier efficiency. Frizell and Arndt [37] reported that fish 
behavior is influenced by ambient light.

Since the bubble curtain can operate as a behavioral barrier to some fish move-
ment, its associated velocity field should be determined and analyzed in order to 
assess its potential effectiveness for some particular fish species or for particular fish 
size. To create a velocity barrier, the flow field should be modified as to obtain water 
velocities superior to the envisaged species swimming capacity [24].

In the design and construction of fish guidance systems, whether attracting or 
deterring fish, consideration has to be given both to the water body characteristics 
(flow, depth, seasonal changes, etc.) and to the fish species that populate that water and 
their swimming characteristics (both anaerobic and aerobic swimming capabilities).

As shown in the following paragraphs, many studies analyze the fish swim-
ming ability and their changing behavior when they encounter barriers (physical or 
nonphysical). Velocity barriers can be used to attract or deter fish from hydrotechni-
cal facilities in order to avoid their catchment. When the local velocities created by 
the barriers’ presence on rivers are very high, they can negatively influence the fish 
movement, affecting the species continuity along the river. Regardless of the species, 
according to the study conducted by Castro-Santos and Haro [38], the performance 
of a fish passage “is the product of locomotor behavior generally, including guidance, 
attraction, and ascent or descent through the fishway” and is not only given by the 
swimming capacity. Also, the motivation of the fish is important, and the necessity to 
integrate the “knowledge on the interaction between physical environment, physiol-
ogy and behavior” is highlighted.

In Sanz-Ronda et al. [39], the efficiency of a velocity barrier consisting of a Flat-V 
Gauging Weir, characterized by the velocity field variation along the barrier for the 
Iberian barbel (Luciobarbus bocagei), is analyzed. Given the need to ensure flow conti-
nuity and to control the access or removal of fish to and from various hydrotechnical 
constructions, Kapitze [40] studied barriers and fishway types and characteristics for 
road crossings. Both the hydraulic characteristics associated to different barriers types 
(total, partial, or temporal barriers) and the fish swimming ability and speed have been 
analyzed. Ensuring the fish population continuity has also been intensively studied. 
Sanchez-Gonzalez et al. [41] analyzed the fish passage through velocity barriers, in 
particular the northern straight-mouth nase (Pseudochondrostoma duriense), which 
populates the Portugal and Spain rivers. Experiments conducted in a free surface 
channel showed that swimming capacity is mainly influenced by the fish size, the 
larger individuals swimming better; at high velocity, the fish shape has a significant 
influence. Regarding flow velocity preference, Liang et al. [42] analyzed Schizothorax 
oconnori Lloyd behavior, a local endemic species in China, by performing experiments 
in four similar channels, with different velocities up to 0.75 m/s. The velocity preference 
varied by season and between day and night, indicating that the flow field should not be 
uniform and various depths and light levels should be provided in the water body.

Besides the usual water velocity measuring methods (like the use of Pitot-Prandtl 
tube), another reliable method suitable to single- or two-phase flows is Particle 
Image Velocimetry (PIV). Regarding two-phase flows, PIV can be used for various 
purposes, in both static and dynamic regime of the liquid phase, to determine the 
mixing and homogenization, the mass transfer, to characterize the bubble size, their 
ascending velocity and flow regime, and so on. Thus, in Kovats et al. [43], the method 
was applied in a bubble column to determine the continuous phase (water) veloci-
ties, in order to better characterize the flow and to understand and improve the mass 
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transfer mechanism. In Murgan et al. [44], PIV and LIF were applied to determine the 
continuous phase velocity field induced by the operation of a sparger in a rectangular 
column with water at rest. Laakkonen et al. [45] used PIV to determine bubble size 
distribution and gas holdup in the flowing water inside a stirred vessel.

As regarding the use of PIV technique in free surface flows, literature shows there 
are different particular cases where this measurement method can provide valuable 
results. Yao et al. [46] applied PIV to determine the turbulence created by a grid 
placed inside a free surface channel. Seol et al. [47] used towed underwater PIV to 
determine the water vertical and horizontal velocity fields behind a floating body, in 
order to characterize the turbulent wake and the influence that free surface has on 
it. To demonstrate that image velocimetry can be successfully used to characterize 
relatively large free surface flows (like rivers), Muste et al. [48] performed laboratory 
measurements on a 3.4 m wide and approximately 23.5 m long free surface channel 
combining PIV with controlled surface wave image velocimetry in order to adapt 
the management of sediments at a river water intake. In this scope, velocity fields, 
streamlines, and vorticity fields were determined. Lindmark [49] used Laser Doppler 
Velocimetry and PIV to determine the velocity and the flow field in a channel to study 
both attraction and guidance methods to direct fish upstream and to guide them away 
from a turbine inlet.

2.2 Water intakes and ecological design requirements

As the conditions impacting the fish swimming ability are variable and complex, the 
design criteria of water diversion or intake facilities must be expressed in general terms, 
while their characteristics must respond to the local conditions. Water intakes represent 
all the constructions and installations (works) that are used to divert and capture water 
for various aims such as thermoelectric, hydroelectric, and micro hydroelectric plants 
producing “green” electric power, pumping stations for irrigation systems, water supply 
for industrial or domestic end users, navigation facilities, fish farms, tourism, and so 
forth. In the following paragraph, only river intakes will be analyzed.

During their operation, river intake facilities must be protected by the accidental 
blocking by solid bodies carried along the water. Any solid body caught in the water 
intake can cause its obstruction or even the temporary removal of service. One 
constructive recommendation regards the placement of the intake near the river 
bend. The most suitable location is toward the exterior, downstream of the maximum 
curvature point of about (0.66–0.9)·R, where R represents the radius of the meander 
curvature. Thus, mainly the surface currents will be captured [50].

Hydrotechnical facilities for river water diverting or capturing have proven to have 
a high impact on fish habitat over time [51]. Therefore, it is important to optimally 
design systems in order to retain and/or guide fish to/from water intakes, taking into 
account the size and behavior of local species [33].

According to European and national legislation, the design of an ecological water 
intake must take into account the following characteristics of the fish habitat:

• The presence of migratory species over medium/long distances on the river 
sector of interest,

• Duration of fish migration,

• The migration period,
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• The swimming capacities of each analyzed species,

• Fish behavior to various external stimuli.

In order to improve the efficiency of the fish guidance system in real operating 
conditions, the authors elaborated a patent application [52] that proposes, in addition 
to the bubble curtain, the use of an optoelectronic device to generate strobe light. 
These two systems create a behavioral barrier that prevents the accidental entry of 
small fish or juveniles through the intake holes.

2.3 Aspects related to fish hydrodynamics

Considering that the chapter is dedicated to the analysis of a fish guiding solution, 
in this section, a few aspects regarding the fish hydrodynamics are provided.

The fish swimming speed varies according to several physiological, biological, 
and aquatic environmental factors such as species, musculature system, age, stage 
of physiological development, season, required swimming time, behavioral aspects, 
flow speed, or water stream depth.

Fish swimming speed is usually defined in fish length and can be classified as:

• Cruising speed (or sustained speed) is the fish swimming speed used for long 
periods of time (2–3 hours) without them getting tired. This speed is charac-
teristic to migration or to maintaining the position in water. It also depends on 
environmental conditions and biological constraints.

• Prolonged swimming speed is the maximum speed that can be maintained for 
medium periods of time (20–200 s), at the end of which the fish gets tired but 
recovers by resting [53]. However, since this speed does not lead to fish stress, 
it is used in the design of fish protection structures. One special category of 
prolonged speed is represented by the so-called prolonged critical speed that 
fish can maintain for a specified time period (usually 1 hour) but at the end of 
which fatigue occurs. According to [54], it was identified that the critical speed 
for a water temperature of 2–10°C is 1.35–1.55 m/s for trout and 1.3–1.4 m/s for 
grayling. Therefore, an increasing trend of speed along with temperature is 
observed.

• Burst speed is the highest speed fish can reach for short periods of time (<20 s), 
after which it returns to a much lower speed for rest or recovery. This speed can 
be maintained for a short period and is only used in panic situations, as the fish 
becomes tired and stressed due to the additional energy use. Fish often use this 
speed in order to burst through fast streams areas, for example, when entering or 
exiting a water intake. After 20 s of swimming, fish can no longer maintain the 
swimming direction. The maximum burst speed is usually the initial one. The 
trout burst speed is about 9 lengths/s (in the range of 2–3 m/s), for 10 to 19°C 
water temperature.

In the case of fish ladders, when fish have to move at high speeds through fast 
streams areas, it is important that they recover in order to repeat these short periods 
of intense effort. The ability of fish to swim at burst speed is limited to a few hours 
per day, as some species require relatively a long time to recover. As a result of such 
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efforts, some fish may die. The mortality rate of a trout that maintains this speed for 
6 minutes is 40% at about 4–8 hours later.

Migratory fish species are attracted by specific water flow rates. These currents are 
called attraction or guiding flows and are considered criteria in the design of fish pas-
sage constructions (fish ladders). Design guidelines recommend specific guiding flow 
velocities at the fish ladder entrance of 1–2 m/s for trout, 1–1.7 m/s for grayling, and 
1–1.5 m/s for barbel and barberry (Barbus petenyi), respectively. At the same time, 
it must be taken into account that fish need enough water depth when they “jump” 
within waterfalls, thresholds, or fords. For example, trout can jump up to 1 m. The 
ecological intake design and development for the experimental setup dedicated to the 
characterization of the bubble curtain envisaged in this chapter was carried out based 
on the trout behavior and characteristics. It is worth mentioning that the trout is the 
most well-known and common fish in the hill and river areas from Romania.

This chapter presents details on the experimental setup developed for the mea-
surement of the velocities induced in water by the bubble curtain, as well as for the 
assessment of the respective dissolved oxygen variation. The methodology followed 
in each of the two test campaigns is also provided.

3.  Experimental testing of a bubble curtain barrier for ecological water 
intakes

3.1 Experimental setup and methodology for induced velocities measurement

The aim of the experimental testing consists in characterizing the operation of a 
bubble curtain barrier by analyzing its associated induced velocities. The behavioral 
barrier was placed in the proximity of a scale model of river water intake. In this regard, 
an experimental setup has been designed and developed. The setup includes two 
main components: the water intake model and the bubble curtain behavioral barrier 
(Figure 1). The entire design has been developed in order to be fitted in a closed-circuit 
hydraulic stand.

As described in detail in [12], the first component is represented by an intake 
chamber with perforated orifices (Figures 2 and 3) communicating through an inlet 
with a lower tank dedicated to discharging the water from the main channel of the 
test stand; the lower tank is located beneath the intake chamber, with water storage 
purpose. It allows the gravitational flow of the water drawn through an upper hole 
connected to the intake chamber. This water is recirculated by a pump and returned to 
the main channel. The captured water flow rate is determined by using a flow meter 
[12]. Figure 1 shows the design of the experimental setup.

The water enters the intake model through 440 orifices with 4 mm diameter 
that are perforated on a 55 × 400 mm plexiglass plate as shown in Figure 2. Only 80 
orifices have been used during the testing in order to prevent the flooding of the tank 
placed below (Figure 4) and the suction operating conditions. This way, the gravita-
tional flow could be maintained.

To obtain the bubble curtain, a porous hose designed for aerating fishponds was 
placed at the bottom of the intake chamber. The bubble generator is supplied with 
compressed air through a dedicated circuit, provided with a precision valve for 
regulating the flow rate and a flow meter for measuring its value.

The water intake scale model and the behavioral barrier have been fitted in the closed-
circuit hydraulic stand. The two components were placed in the 375 × 300 × 1015 mm 
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transparent section of the stand. Tap water was used for performing the tests. The 
testing stand is provided with recirculation pumps and variable speed motors, which 
ensure the variation of the water flow rate and of the velocities between 0.05 and 
1 m/s (Figure 5) [12].

The stand is also provided with an automatic system dedicated to flow and velocity 
parameters control and acquisition. A Pitot-Prandtl tube has been used to measure 
the water velocity, as indicated in Figure 6.

In order to perform a better characterization of the flow, a dedicated device was 
used, thus ensuring the velocity measurement in certain positions inside the water as 
indicated in Figure 6. The vertical and horizontal coordinates of the velocity measur-
ing points are detailed in Figure 7.

Figure 2. 
Perforated plate of the water intake model [12].

Figure 3. 
The water intake chamber [55].

Figure 1. 
The design of the water intake and behavioral barrier experimental setup [12].
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The following paragraph describes the methodology applied for carrying out the 
experimental testing of the bubble curtain barrier for the ecological water intake 
scale model. A certain water velocity inside the experimental stand channel was 
set by varying the pump group rotational speed. To assess the tandem operation of 
the bubble curtain and water intake, the water levels have to be determined both 
upstream and downstream the intake chamber upstream, as well as in the drainage 
area and lower reservoir. A Qalcosonic W1 Axioma smart ultrasonic flow meter was 
used for measuring the water flow rate (Figure 8) and a Cole Parmer flow meter for 
determining the air flow rate, respectively. The Cole Parmer flow meter scale ranges 
from 0 to 20 LPM, with a ± 5% accuracy. The differential pressure transducer model 
that was used for the water velocity measurement is AppliSens APRE-2000, having an 
accuracy of ±0.1% for the respective calibrated range of −5 to 70 mbar [12]. In order 
to perform the envisaged measurements, two water depths were considered: 92 and 
119 mm, respectively. A deeper water allows more measurement point in the vertical 
direction. Thus, 36 points were selected for a water depth of 92 mm and 42 points 

Figure 4. 
The lower reservoir, with the role of collecting the water drained through the intake orifices [55].

Figure 5. 
The experimental facility of the closed-circuit hydraulic stand [12].
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for the 119 mm water depth. The positions of the measuring points for both cases are 
indicated in   Figure 7  .  

Figure 9   shows two sides of the experimental setup. These images have been 
selected for providing a better view of the gravitational flow from the water intake 
chamber to the lower reservoir.  

Table 2   shows the conditions in which the behavior barrier operation was inves-
tigated. The registered induced velocities were compared with no air injection case 
(0 LPM). The two values of the water velocity inside the transparent channel of the 

  Figure 6.
  Pitot-Prandtl tube placed in water parallel to the flow direction for measuring the water velocity with (a) and 
without (b) air bubbles injection and the differential pressure transducer (c).          

  Figure 7.
  Velocity measuring points for two different water depths in the channel [ 12 ].          
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experimental setup were either 0.33 or 0.535 m/s having in mind the most common 
water velocities of the Romanian mountain rivers.

3.2 Experimental setup and methodology for the dissolved oxygen assessment

To evaluate the mass transfer (oxygen transfer) induced by the behavioral barrier, 
measurements were made on the experimental model presented in chapter 3.1, to 
which an oximeter was added (Figure 10). This measuring device is provided with 
a membrane sensor. It is worth mentioning that its measuring accuracy does not 
depend on the recirculated water flow rate. Thus, in order to analyze the mass transfer 
associated to the bubble curtain, the dissolved oxygen (DO) concentration in the 
water was measured.

Although the main purpose of the behavioral barrier is to guide fish to the 
downstream area so that they are not captured by the water intake, the dispersed air 
injection into the water can lead to an increase in the DO content. Thus, the use of a 
bubble curtain can improve the living conditions of the fish.

The analysis of the mass transfer induced by the behavioral barrier aimed to deter-
mine if the bubble curtain aerates the water and to what extent, as it is known that the 
water aeration can be achieved by both submerged and surface transfer.

Thus, the DO concentration measurement was carried out with the WTW Oxi 315i 
oximeter in nonpermanent regime, by determining the dissolved oxygen value at dif-
ferent periods. The oximeter accuracy is ≤0.5% of the measured DO value and ≤0.1 K 
of the measured temperature value. This measuring device is a portable instrument 
that has embedded a microprocessor and a rapid pressure and temperature correc-
tion system, while the DO concentration measurement range is between 0.00 and 
90.00 mg/L. The oximeter calibration was performed in water vapor saturated air, 
using an OxiCal-SL vessel for calibration in air.

The oxygen sensor was placed downstream the ecological water intake (as shown 
in Figure 10). The mass transfer generated by the bubble curtain operation along 
with the water intake scale model was evaluated by measuring the DO concentration 
variation with time and water temperature. The mass transfer assessment was carried 
out in two experimental cases, namely, the water intake operation with and without 
air injection through the porous hose in order to generate the bubble curtain. Thus, 
to determine the effect of dispersed air introduction into the water, it was necessary 
to measure the initial DO concentration in the case of water intake single operation. 
After this initial phase, the measurements were repeated for the case of water intake 

Figure 8. 
Components of the water circuit, which ensure the circulation of the flow captured through the water intake 
model.
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and bubble curtain tandem operation. The measuring position of the oximeter was 
kept and the DO values were recorded for two airflow rates injected through the 
porous hose: 10.5 and 15 LPM, respectively.

4. Results and discussion

Given that a bubble curtain generates changes in the hydrodynamic field, the 
measurements focused on determining the velocities induced by the bubbles at dif-
ferent airflow rates injected through the porous hose. The field of induced velocities is 
characterized by the fact that in the far field, the maximum velocity is in the hori-
zontal plane (along the flow), while in the near field, the maximum velocity is in the 
vertical plane (perpendicular to the flow). Thus, a sharp velocity gradient is created.

Figure 9. 
Experimental setup used for testing the bubble curtain barrier for ecological water intakes from both sides (a) and 
(b) [12].
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The horizontal velocity variation is very low as bubbles rise vertically to the free 
surface. Since the scope of the behavioral barrier is to repel fish from the water intake 
area, the vertical movement of the air bubbles was envisaged. Thus, in order to 
evaluate the impact of the bubble curtain on the channel water flow, only the vertical 
velocity variation was studied. Even though the bubbles are injected in flowing water, 
they still rise vertically to the free surface, while the main water flow influence is 
insignificant.

To analyze the bubble curtain impact on the water velocity inside the channel, the 
velocity variation curves were plotted for each studied case (Figures 11–19, [12]), as 
shown in Table 1. The velocity induced in water by the bubble column was denoted by 
v, the initial velocity in the channel by vchannel, the air flow rate by Q , and the vertical 
and horizontal distance from the origin of the chosen coordinate system to the veloc-
ity measuring point by Dv and Dh, respectively [12]. During the experimental testing, 
the water flow rate of the intake scale model was of 2.04 m3/h for 92 mm water level 
and of 2.15 m3/h for a level of 119 mm.

vchannel [m/s] H [mm] Q [LPM] Figure

0.33 92 0 11

10.5 12

15 17

0.535 92 0 13

10.5 14

15 18

119 0 15

10.5 16

15 19

Table 2. 
Water depths, velocities, and airflow rates used for testing the scale model [12].

Figure 10. 
Measurement of the DO concentration in the water circulated through the experimental setup.
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Figures 11, 12, and 17 show that for 92 mm water depth, the difference between 
the curves showing the velocity variation on each vertical is smaller for 0.33 m/s water 
velocity than for 0.535 m/s. As we approach the free surface, an increasing difference 
between the curves can be noticed. Moreover, the velocity gradients for the 0, 10, 20, 
and 30 mm verticals are positively influenced by the air flow rate increase.

For the same water depth of 92 mm but a higher water velocity inside the main 
channel, namely, 0.535 m/s, Figures 13, 14, and 18 show that a higher turbulence 
degree is developed, mainly in the free surface area. When the velocity measuring 
points were near the free surface (17 mm, like the case of 40 and 50 mm measuring 
verticals), the velocities measured by the Pitot-Prandtl tube were lower. For a water 
depth of 119 mm, the closest measuring point to the free surface is the one located 
in vertical direction at a distance of 70 mm from the porous hose [12], as shown in 
Figure 7. In this case, the tube measures at 24 mm below the free surface, and thus, 
the turbulence influence is diminished.

Figure 11. 
Induced velocity variation for vchannel = 0.33 m/s, Q = 0 LPM, H = 92 mm.

Figure 12. 
Induced velocity variation for vchannel = 0.33 m/s, Q = 10.5 LPM, H = 92 mm.
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Figure 15 shows the water velocity curves variation for vchannel = 0.535 m/s, H = 
119 mm water depth, and no air injection. As a result of the disturbed water flow in 
the catchment area of the intake, a rapid increase in the velocity is noticed starting 
with the 10 to 30 mm verticals. On the other hand, Figures 16, 17, and 19 indicate 
significant velocity oscillations when the air is dispersed through the porous hose 
with 10.5 and 15 LPM flow rates. The most substantial oscillations were registered 
in the vertical measuring sections located in the bubble curtain proximity: 0, 10, 
and 20 mm, respectively. Starting with the vertical located at 30 mm, the variation 
becomes uniform. This is due to the increasing distance from the bubble curtain, 
which leads to a diminished influence on the flow.

Figure 13. 
Induced velocity variation for vchannel = 0.535 m/s, Q = 0 LPM, H = 92 mm.

Figure 14. 
Induced velocity variation for vchannel = 0.535 m/s, Q = 10.5 LPM, H = 92 mm.
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Figure 15. 
Induced velocity variation for vchannel = 0.535 m/s, Q = 0 LPM, H = 119 mm.

Figure 16. 
Induced velocity variation for vchannel = 0.535 m/s, Q = 10.5 LPM, H = 119 mm.

Figure 17. 
Induced velocity variation for vchannel = 0.33 m/s, Q = 15 LPM, H = 92 mm.
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The water intake operation also influences the water flow inside the main chan-
nel. In the proximity of the intake orifices (at a vertical distance of 20–30 mm from 
the origin of the chosen coordinate system, [12]), the velocity field is modified. 
The velocity field in longitudinal direction registers a decrease due to the velocity 
transverse component increase, as a result of the water lateral catchment trough the 
orifices. As reported in [12], Figures 11 and 15 show that when no air is injected, this 
influence is present in both the low water depth (92 mm) and low velocity (0.33 m/s) 
conditions, as well as in the high depth (119 mm) and high velocity (0.535 m/s) condi-
tions. From a relative depth of 0.33–0.35 (a distance of 30–40 mm away from the 
intake area) upwards, the velocities in longitudinal direction are no longer influenced 
by the intake presence. When air is injected in reduced water depth and low velocity 
conditions (92 mm and 0.33 m/s, respectively), it determines an increase in the lon-
gitudinal velocities field in the intake inlet vicinity area (15–30 mm) until a relative 
depth of 0.33. As the airflow rate increases, the minimum longitudinal velocities’ rise 
toward the free surface is noticed.

Considering all the above findings of the carried out experimental research, it was 
concluded that the behavioral barrier causes a local modification in the water velocity 
field. This effect could be noticed even for low air flow rates (10.5 LPM), indicating 
that the bubble curtain can be effective also when using reduced airflow rates for its 
generation. In addition, this effect was noticed for the both tested water velocities in 

Figure 18. 
Induced velocity variation for vchannel = 0.535 m/s, Q = 15 LPM, H = 92 mm.

Figure 19. 
Induced velocity variation for vchannel = 0.535 m/s, Q = 15 LPM, H = 119 mm.
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the main channel. In the case of 0.535 m/s, the bubbles are being carried away down-
stream. As indicated in [12], the position of the porous hose should be reconsidered. 
Thus, for increased velocities, it has to be placed with few centimeters offset upstream 
the river water intake model.

The carried-out tests indicated that the environmental barrier modifies the veloc-
ity field in the surrounding water, creating recirculation. This finding is motivating 
and highlights the conclusions reported in [48], which refer to the fact that the fish 
behavior can be influenced by a sharp velocity gradient.

In contrast to the studies reported in the literature, the present research has ana-
lyzed the velocity field under different conditions: two water depths, two velocities in 
the main testing channel, and two airflow rates for the bubble curtain generation. The 
results were compared to the case when no air was injected in the water. Furthermore, 
the experimental analysis was performed on a dedicated experimental setup. It 
consisted of a hybrid model that comprised both an ecological river water intake that 
does not influence river morphology and a behavioral barrier based on bubble cur-
tains. The components’ individual operation as well as their tandem operation have 
been investigated. A special interest presents the impact that the bubble curtain has 
on the surrounding water velocity. This interest is justified by the presence of velocity 
and pressure gradient detectors in the fish sensory system as reported by Mogdans in 
[10]. These detectors make fish react to hydrodynamic stimuli such as sounds from 
air bubble rise and breakup. In the case of the present study, with the injected airflow 
increase, there are registered variations in the velocity magnitude in longitudinal 
direction for the same depth and different cross-channel distances. These variations 
can be noticed by analyzing Figures 11–19. Popper and Schilt [56] reported that 
besides the velocity gradient detectors, fish are also sensitive to acoustic underwater 
sounds of up to 100–200 Hz [12]. As reported by Braun et al. in [57], some fish have 
an increased sensitivity up to 1000 Hz. Frizell, and Arndt [37] showed that this is in 
the noise range that bubbles make when splitting. All these findings show that both 
hydrodynamic and sound stimuli associated to the bubble curtain operation influence 
the fish response and may be used in repelling fish solutions and strategies.

Taking into account the findings above (especially those reported in [10, 37, 56, 
57]), we ascertain that the current research may bring new insights on the fish behav-
ior when encountering bubble curtains.

Another aim of the carried-out research consisted in assessing the dissolved 
oxygen induced in the water by the bubble curtain. Therefore, Table 3 shows the DO 
values registered in the following operating conditions: with and without air injec-
tion, for 92 mm water depth of 0.33 m/s water velocity inside the main channel and 
different water temperatures, t.

The carried-out experiments showed that the water intake operation when no air 
was introduced through the porous hose led to an increase in the DO concentration 
inside the circulated water through the experimental setup. This is explained by the 
fact that the water flows in a turbulent regime in a free surface channel. Thus, surface 
mass transfer occurs between the water free surface and the surrounding air.

Figure 20 shows the dissolved oxygen concentration values in three experimental 
conditions: for Q = 0 LPM, Q = 10.5 LPM, and Q = 15 LPM, respectively.

For a 50-minute operation of the water intake model and no air injected in the 
water, the experimental results indicated that an increase in the DO concentration of 
4% is obtained compared to the initial value (DO increases from 7.42 to 7.72 mg/L). 
This demonstrates that the simple recirculation of water through the free surface 
channel leads to a surface mass transfer.
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Q = 0 LPM, t = 15.9 °C Q = 10.5 LPM, t = 16°C Q = 15 LPM, t = 16.1 °C

No. Time 
[min.]

DO 
[mg/L]

Time [min.] DO 
[mg/L]

Time [min.] DO [mg/L]

1 0 7.42 0 7.79 0 8.19

2 2 7.45 5 7.88 2 8.22

3 4 7.47 6 7.89 3 8.24

4 5 7.47 7 7.94 4 8.26

5 10 7.48 8 7.98 5 8.28

6 12 7.52 11 8.00 6 8.29

7 15 7.53 12 8.02 7 8.3

8 17 7.54 13 8.03 8 8.31

9 20 7.56 14 8.05 9 8.34

10 25 7.57 15 8.06 10 8.36

11 28 7.58 16 8.07 11 8.38

12 31 7.63 17 8.06 12 8.39

13 33 7.64 18 8.08 13 8.48

14 36 7.64 19 8.12 14 8.5

15 39 7.68 20 8.14 15 8.52

16 42 7.7 — — 16 8.51

17 45 7.7 — — 17 8.54

18 48 7.72 — — 18 8.53

19 50 7.72 — — 19 8.55

— — — — — 20 8.59

Table 3. 
DO concentrations for vchannel = 0.33 m/s, H = 92 mm, and different airflow rates injected for bubble curtain 
generation.

Figure 20. 
DO variation trend for different airflow rates injected in the water by the porous hose.
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The injection of 10.5 LPM through the porous hose for 20 minutes led to a 
5% increase (from 7.72 to 8.14 mg/L) in the DO concentration compared to the value 
obtained at the end of the measurements with zero airflow feed through the porous hose.

When introducing in the water an air flow rate of 15 LPM for 20 minutes, the 
bubble curtain generation led to an 11% increase in the DO concentration compared 
to the value obtained at the end of the measurements with no air injection. Thus, the 
DO increased to 8.59 mg/L.

The performed experiments showed that both the water recirculation through the 
experimental setup and the air dispersion through the porous hose in order to gener-
ate the behavioral barrier leads to the DO concentration increase. This contributes to 
the improvement of the aquatic fauna living conditions, as it is well-known that fish 
need a certain amount of DO for an appropriate development.

5.  Analysis of power autonomy solutions for the behavioral barrier based 
on bubble curtains

The solutions that ensure the power autonomy of the bubble curtain behavioral 
barrier are based on the use of available renewable energy sources [58]. They are 
aimed especially at the conversion of solar and wind energy and their integra-
tion within an off-grid system, without any connection to the electric public grid. 
Considering that the water intake is intended to be used within mountain rivers, 
ensuring the energy autonomy of the behavioral barrier can be achieved by a 
microgrid deployment that consists of distributed generation sources (photovoltaic 
panels, wind turbines, and/or kinetic turbines) as well as a storage system. The 
microgrid must provide the necessary energy to operate a compressor that supplies 
compressed air to the bubble generation system and to the porous hose, respectively. 
Thus, for the case analyzed within the chapter, a 25-liter compressor was used, with a 
maximum pressure of 8 bar and 1.5 kW motor power, equipped with a pressure regu-
lator. When the energy demand is simultaneous to the energy production, the battery 
is no longer needed. In order to prevent the overcharge or the complete discharge of 
the battery, a charge controller is used between the photovoltaic (PV) system and 
the battery. The charge controller usually includes also a discharge protection diode, 
which prevents the battery from being discharged at night by the PV or other system.

If higher output levels are required or industrial appliances are used, systems must 
provide an output voltage of 230 V A.C. In order to generate this output voltage, the 
system is provided with an inverter that transforms the direct current produced by 
the PV system or the battery current to alternating current.

Considering the specific electrical parameters of a compressor, the power sup-
ply system solution consists in the production and use of electric power generated 
by the PV system as well as the wind-turbine, with off-grid operation. Thereby, the 
microgrid includes a charge controller, batteries to ensure autonomy with a charging 
management system, and an inverter for 230 V AC consumers. A typical configura-
tion of microgrid using a wind turbine, a PV system, and a hydro turbine is shown in 
Figure 21.

In order to supply the compressor used for the current proposal of behavioral 
barrier, the hydrokinetic turbine-based solution was not taken into account due to the 
fact that in general, the generated power is low, the water depth varies significantly, 
and it requires special attention when operating (periodic maintenance). A possible 
solution for the use of hydraulic turbines regards the placement of low-head bulb 
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turbines, which provide more power, but these require separate hydrotechnical con-
structions, which affect the morphology of the river and the natural flow conditions.

In order to reduce losses due to processing and conversion of electrical parameters, 
a potential solution is given by a compressor with direct current drive and low voltage 
12/24 V. Therefore, some of the microgrid components can be removed, such as the 
inverter and the AC voltage stabilizer. When sizing the system, the solar or wind 
potential of the envisaged location for the deployment of the water intake must be 
taken into account. It is also necessary to identify appropriate solutions in case certain 
renewable energy sources are not available (the presence of trees causes a significant 
shaded area, which impacts the production of solar energy and also disrupts the wind 
speed, leading to a low production of wind power).

In order to establish the power autonomy solution for the behavioral barrier based 
on bubble curtains, an important data is represented by the compressor’s consumed 
power ensuring its operation at different flow rates. Thus, the time related to the air 
compressor’s electrical energy supply was determined experimentally, at the fol-
lowing airflow rates injected through the porous hose: 8, 10.5, and 15 LPM. Also, in 
order to determine the power consumed by the compressor, a FLUKE 434 three-phase 
power analyzer was used (Figure 22).

The designed system supplies compressed air with flow rates between 8 and 15 L/
min/m to the porous hose. In the tested case, the length of the porous hose was of 
1 m. Therefore, in order to provide general applicable results and indications, all the 
calculations are related to the reference length of the porous hose. Consequently, for 
longer lengths, the obtained result in terms of power or energy is multiplied by the 
length required for the considered river water intake (Figure 23).

In order to perform the analysis of the required energy, the electrical parameters 
of the compressor were also measured during tests using the Fluke 434 type power 
analyzer (Figure 24). This measuring device helps predict, prevent, and solve prob-
lems in electricity production and distribution systems.

Figure 21. 
Typical configuration of a mixed microgrid [57, 59].
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Figure 23. 
The compressor operation diagram for 15 minutes highlighting the input power—Functioning at 15 LPM airflow.

Figure 24. 
Acquisition of electrical parameters during tests.

Figure 22. 
FLUKE 434 three-phase power analyzer.
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The characteristics of the compressor used for carrying out the tests, according to 
its data sheet, are as follows:

• Supply voltage: 230 V,

• Nominal power: 1.1 kW,

• Tank capacity: 24 liters,

• Nominal pressure: 8 bar.

The tests aimed to determine the following parameters:

• instant power,

• energy required for the bubble curtain operation for 1 hour,

• operating time of the compressor, respectively the time between two successive 
drives.

Figure 24 shows an image captured during the electrical parameters 
measurement.

In the following paragraphs, the results of the performed tests regarding the 
electricity consumption are presented.

Thus, to initially charge the compressor from 0 to 7.5 bar, it is necessary to power 
the compressor for 83 seconds. The necessary energy supply is of 30.5 Wh, with 
1420 W active absorbed power, 1550 VA apparent power, and a power factor of 0.92. 
For the proper operation of the bubble curtain (a uniform generation of bubbles over 
the entire surface of the porous hose), the compressor pressure was adjusted between 
the minimum threshold of 5 bar and the maximum of 7.5 bar. Thus, after the initial 
charge, during the bubble curtain generation, the compressor came into operation 
only to raise the pressure in the tank from 5 bar to 7.5 bar.

During the compressed air injection through the porous hose, respectively the 
generation of the bubble curtain using different airflow rates, the following values of 
the envisaged parameters were registered:

a. for the airflow rate of 8 LPM, the compressor was supplied for 28 seconds in 
order to raise the pressure from 5 to 7.5 bar, with 5-minute and 49-second breaks. 
The total energy consumption during 1 hour of operation was of 106.2 Wh; each 
30-second operation period required the consumption of 10.9 Wh.

b. for the airflow rate of 10.5 LPM, the compressor was supplied for 28 seconds in order 
to raise the pressure from 5 to 7.5 bar, with 4-minute and 15-second breaks. The 
total energy consumption during 1 hour of operation was of 138.8 Wh, while each 
28-second operation period required a consumption between 10.8 and 11.1 Wh.

c. for the airflow rate of 15 LMP, the compressor operated for 30 seconds to in 
order raise the pressure from 5 to 7.5 bar, with 3-minute breaks. The total energy 
consumption over an hour was of 200.6 Wh; each 30-second operating period 
required an energy of 11.8 Wh.



Inland Waters – Ecology, Limnology, and Environmental Protection

190

Consequently, in order to supply compressed air for a 24-hour period, the power 
required to operate the compressor and to generate the bubble curtain respectively 
is between 2.54 and 4.81 kWh. An additional 30.5 Wh are also necessary apart to the 
initial power consumption for loading the compressor. The instantaneous power that 
has to be ensured is approximately of 1500 W.

It is worth specifying that the values measured and presented above are only valid 
for one linear meter of porous hose in order to generate the bubble curtain.

Based on the established necessary power, a photovoltaic system can be used, 
consisting of a string of PV panels, an off-grid controller, and storage batteries (as 
shown in Figure 25). If, in case of a specific application, an increased airflow rate, or 
a longer bubble curtain length is expected, then a wind turbine can also be integrated 
within the microgrid. An example of a microgrid suitable to isolated locations based 
on 2 or 3 polycrystalline photovoltaic panels, with a nominal maximum power of 450 
Wp each, an off-grid controller of 3 kVA, which stores the surplus energy in two 12 V 
batteries connected in series, with a capacity of 67 Ah.

This system provides the pure sine wave needed by the compressor’s electric 
motor. The resulting microgrid will include a controller with battery charging 
function, inverter for AC consumers, and Maximum Power Point Tracking system 
(MPPT), which optimizes the operation of the photovoltaic panels.

If other consumers are identified such as lighting, data acquisition and transmis-
sion, and GSM/4G communications, the system can be adapted with panels and 
batteries, according to any requirement. The proposed configuration is suitable to 
low energy consumption and does not require significant acquisition, installation, 

Figure 25. 
Example of a 3 kVA photovoltaic system ensuring the power autonomy for the behavioral barrier based on bubble 
curtains.
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and maintenance costs. The power supply of the hybrid water intake also allows the 
addition of many useful facilities to its operation, such as reporting of extracted water 
flow, incidents or failures warning, video monitoring, and data transmission. Also, 
there can be achieved the measurement of electrical, hydraulic, as well as meteorolog-
ical parameters and even remote actuation of certain valves or cleaning installations 
when required, without the need to travel to the intervention site.

6. Conclusion

The chapter approached the study of fish behavioral barriers for hydrotechnical 
facilities. In order to better understand their characteristics and implementation 
possibilities, some general aspects regarding the study of water intakes with behav-
ioral barriers were presented. Thus, the study includes the assessment and analysis 
of behavioral barriers, elements regarding river water intakes and ecological require-
ments related to their design, as well as characteristics of fish hydrodynamics. A fish 
behavioral barrier based on bubble curtains for a river water intake was experimen-
tally investigated. The experimental setup and the methodology used for measuring 
the velocities induced by the bubble curtain operation and for assessing its associated 
contribution to water aeration were also detailed.

The impact of the bubble curtain on the surrounding water velocity was deter-
mined by measuring the water-induced velocities in different points located in the 
experimental channel cross section. The barrier was placed in the proximity of the 
water intake model, where the flow is influenced by the water admission area. This 
contributed to the modification of the streamlines, thus helping in diverting the 
directional flow and deterring the fish from the intake area. Therefore, it can be 
concluded that the single or combined operation of the bubble curtain may safely 
divert the fish to a particular route, diminishing their accidental intrusion into the 
river intake.

The experiments showed a sharp water velocity gradient for almost all of the 
analyzed cases. This finding demonstrates that the bubble curtain determines the 
local velocity modification, creating the premises of influencing fish behavior. 
Furthermore, by modifying the injected airflow rate or the type, number, or place-
ment of bubble generating sources, the curtain can adapt to different river flow con-
ditions. Regarding the on-site operation of the behavioral barrier, its flow regulation 
can be performed from the river bank. Also, by considering the characteristics of the 
envisaged fish species, the minimum dispersed airflow rate that ensures an increase in 
the local velocity has to be identified. Thus, the fish guidance solution may be adapted 
to different operating conditions.

When operating in remote areas, without access to the electric public grid, a 
microgrid deployment is considered suitable. Thereby, a PV-based microgrid pro-
vided with a storage system was proposed.

The studies presented in this chapter did not include fish in the behavioral barrier 
testing. This is due to the fact that the current research was carried out in the frame 
of a national project focused on other scientific means that demonstrate the solution 
feasibility, namely, the induced velocities determination. The research activity did 
not consider animal testing for professional ethics reasons and was conducted on a 
state-of-the-art dedicated hydraulic stand that can accurately measure velocity fields 
and other parameters. Thus, reliable results can be provided for the preliminary 
experimental validation of the behavioral barrier. The inclusion of a biotic model 
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is envisaged in the future research, in order to validate the proposed fish guidance 
solution.

An in-depth insight of the complex flow phenomena can be provided with the 
help of the Particle Image Velocimetry (PIV) measuring technique. PIV can be easily 
applied on the experimental setup developed in the current research and can be used 
to determine the velocity vectors direction in the proximity of the bubble curtain and 
in the water intake area as well.

After performing this laboratory testing, a combined water intake-behavioral 
barrier fish guidance solution can be deployed on-site to study the fish interaction 
with the bubble curtain in a real water body. Since the bubble plume better develops 
in higher water depth, a general recommendation for real operating conditions would 
refer to placing the diffuser as low as possible in the riverbed.
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Chapter 9

Time Trends in Fish Tissue
Methylmercury in Northern
Watersheds: Implications of
Phosphorus Loading and
Eutrophication on Subsistence
Fisheries
Dean G. Fitzgerald and Lynn S. McCarty

Abstract

Subsistence fisheries for Michipicoten First Nation (MFN) in habitats across an
area north of Lake Superior in Ontario, Canada were assessed. This assessment used
reports by Ontario, private entities (e.g., mines), and MFN to evaluate contaminant
concentrations in fishes from the 1980s to 2021; methylmercury was determined to be
the contaminant of primary concern in fish tissues. Methylmercury tissue concentra-
tions for varied fish species from four lakes and one river were used to establish
contaminant-fish length relationships. Observed methylmercury tissue concentrations
for these fishes allowed for the creation of updated consumption recommendations in
MFN’s subsistence fisheries. This study recommended updated consumption rates for
fish species including Northern Pike (Esox lucius), Walleye (Sander vitreus), Lake
Trout (Salvelinus namaycush), Burbot (Lota lota), Lake Whitefish (Coregonus
clupeaformis), White Sucker (Catostomus commersoni), Longnose Sucker (Catostomus
catostomus), and introduced Smallmouth Bass (Micropterus dolomieu). Elevated meth-
ylmercury concentrations followed increased eutrophication in these naturally oligo-
trophic watersheds from loading of plant nutrients, from both diffuse and defined
regional sources. Nutrient mitigation measures to control in situ methylmercury pro-
duction cannot be implemented as neither the nature or extent of past or current
nutrient loading from various sources has been identified or estimated in the region.

Keywords: fish, eutrophication, methylmercury, Northern Ontario, lakes, rivers,
subsistence fisheries

1. Introduction

There has been a worldwide increase in the levels of a variety of chemical sub-
stances in the natural environment, largely since the early 1900s [1–6]. These
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increases can be attributed to human activities, including agriculture, road building,
dams, natural floods, forest harvest, forest fires, mining, burning of coal and wood,
urbanization, exhaust from combustion engines, etc. Such activities have contributed
to the widespread dispersal of chemical substances across ecosystems. When ecosys-
tem components are disturbed, the scale and duration of the activity influence how
chemical substances are distributed [6]. Disturbances can also result in immediate or
delayed environmental effects on organisms ranging in magnitude from small to large
and varying across organisms and life stages [6].

Some substances associated with ecosystem disturbances can bioconcentrate in the
tissues of both plants and animals over time. Bioconcentration through direct expo-
sure, as well as bioaccumulation via dietary uptake, can result in net bioconcentration/
bioaccumulation within food webs, a process formally termed biomagnification. This
process transfers substance(s) from water and soil to plants and then to wildlife in
terrestrial ecosystems or from water and sediment to plants to fish to predators in
aquatic ecosystems [6]. Due to differences across ecosystems habitats and species, and
variability in the rate of transfer of substances, monitoring studies are required to
manage this risk for humans and wildlife [3, 7, 8].

Such bioaccumulation/biomagnification across species and ecosystems justifies
biomonitoring of traditionally harvested items such as berries, plants, fish, and wild-
life. A key component is estimating typical consumption patterns for various food-
stuffs that may contain substances considered hazardous at elevated concentrations.
The most effective process is to measure concentrations in monitoring data for the
food, along with samples from air, water, sediment, plants, fish, and wildlife [6].

The nature and degree of risks to human health vary with circumstances such as
age, sex, and diet [6]. Although consumers of fish are exposed to increased concen-
trations of chemicals, Indigenous consumers are a particular concern as they may
consume a higher proportion of wild-caught local fish, for cultural or subsistence
reasons [6, 9, 10]. Thus, it is important to study the consumption of country foods
separately from foods used in urban areas, to ensure consumption risks are under-
stood, prevented, or mitigated.

Canada in general, and Ontario in particular, has been a leader in monitoring
domestic freshwater fish contamination and recommending safe consumption rates
for habitats ranging from rivers to lakes to reservoirs [3, 5, 6, 11]. The first Guide to
Eating Ontario Sport Fish (GEOSF) was published in 1978 [12]. This public informa-
tion program, with recommended human fish consumption by waterbody and spe-
cies, continues to this day [13].

The main contaminants of concern (COCs) reported in GEOSF are mercury (bio-
available organic methylmercury in tissue, not inorganic mercury), dioxins,
polychlorinated biphenyls (PCBs), and several pesticides (e.g., mirex, DDT, toxa-
phene). The standard GEOSF approach measures the concentration of chemical sub-
stances in a skinless, boneless sample of dorsal fish muscle. This measurement of
chemical substances in muscle flesh represents a surrogate for other tissues within the
fish and provides a consistent strategy to quantify consumption [6].

The inclusion of the chemical substances of concern within GEOSF reflects find-
ings from studies linking dietary exposure to health impacts in humans and wildlife.
The linkage between exposure to methylmercury with a range of health impacts has
been documented within various settings across North America (reviewed in [6, 9]).
A suite of studies [3, 5, 6, 11] have quantified the linkage between methylmercury in
water or sediments of aquatic habitats and corresponding concentrations in different
components of the food web (e.g., plants, invertebrates, fish, wildlife). These studies
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have linked concentrations of methylmercury in sediment with other components
of the food web, and demonstrate how the concentration of methylmercury in fish
and wildlife tissue reflects existing environmental conditions, especially total
phosphorus (TP) [6].

1.1 Observation of eutrophication in northern Ontario forested watersheds

Studies in northern Ontario have quantified the relationship between disturbance
within primarily forested watersheds leading to greater eutrophication of lakes and
rivers. When these forested watersheds are disturbed, this can trigger episodic algal
blooms and elevated growth of macrophytes with increasing frequency [1, 6, 14–16]. It
is now understood such disturbance in forested watersheds leading to observation of
eutrophication is linked to increases in TP loading to surface waters, particularly from
high rates of atmospheric dust along with wood ash deposition [14–17]. Hence, distur-
bance of forested watersheds, starting with road building, forest harvest, or other
anthropogenic activities, leads to the secondary effect of an increase in dust and ash,
concomitant with elevated TP deposition to surface waters causing eutrophication.With
this understanding, the general pattern of increased TP loading into lakes and rivers
results in the unexpected effect of enhanced rates of biotransformation of inorganic
mercury to methylmercury [3, 18–20]. However, in the nutrient-poor (i.e., oligotro-
phic) watersheds common on the Canadian Shield of northern Ontario, even modest
increases in TP leads to eutrophication-enhanced increases in the rate of biotransforma-
tion of inorganic mercury already present in the watershed to methylmercury. This
poses a problem for recreational and subsistence fishers, as the methylmercury in fish
tissue has been observed to increase rapidly over time within forested watersheds.

Confirmation of the link between concentration of COCs, such as inorganic
mercury and TP in the environment, with eutrophication-enhanced biomethylation
and associated food web biomagnification of organic methylmercury into tissues
of fishes and wildlife, is both the justification for monitoring ecosystem components
and the means to manage risks related to consumption of contaminated fish and
wildlife [3, 6, 9, 19].

Such monitoring allows for the identification of risk thresholds for varying con-
sumption rates among species under differing scenarios across ecosystems [3, 6,
18, 21]. For example, how many portions of fish or wildlife can be safely consumed
during a period by a person in a country setting compared with periodic consumption
by an urban resident? Or, how many portions of fish or wildlife can be consumed by a
predator such as Bald Eagle (Haliateetus leucocephalus) that consumes fish and wildlife
or American Marten (Martes americana) that also consumes fish and wildlife from the
same habitat as humans.

As circumstances can change over decades, monitoring of time trends in fish tissue
methylmercury levels is vital for ongoing risk assessment. Monitoring fish populations
provides the basis to update the status of regional fish tissue methylmercury concentra-
tions and ensure that human and wildlife consumption guidance is sufficiently protective.

Unlike typical environmental monitoring programs, that focus on air, soil, water,
and sediment concentrations, organism-based dose metrics (i.e., body- or tissue-based
concentrations), such as those employed in the GEOSF program, largely bypass com-
plex bioavailability, phase partitioning, and organism toxicokinetics issues and allow
more direct residue-based risk assessment approaches of human food consumption
pattern [22]. Thus, not only are data less confounded by extraneous modifying fac-
tors, the information and measurements are more readily interpretable and thereby
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easily communicated to non-technical parties. This process also simplifies the calcula-
tion of risk to human consumers and adds objectivity to the risk decision-making
process [22, 23].

1.2 Management of nutrients that cause eutrophication in northern Ontario

In Ontario, the PWQO for TP addresses the aesthetic, algal bloom issue with 10,
20, 30 μg/l objectives for lakes and rivers, also noting that for all lakes naturally below
10 μg/l, the TP objective should be to remain below 10 μg/l.

Referring to these provisional objectives formulated in 1979, Ontario ([24],
pp. 13–14) notes: “Current scientific evidence is insufficient to develop a firm objective at
this time. Accordingly, the following phosphorus concentrations should be considered as
general guidelines which should be supplemented by site-specific studies ”. The current site-
specific Ontario PWQO for phosphorus is provided in the Lakeshore Capacity Assess-
ment Handbook with both the rationale and application methodology, Ontario ([25],
pp. 13–14) stating: “The revised PWQO for lakes on the Precambrian Shield allows a 50
per cent increase in phosphorus concentration from a modelled baseline of water quality in
the absence of human influence.”

Thus, it is clear that the regulatory PWQO for TP in water bodies on the Precambrian
Shield according to current Ontario regulations, is not the aesthetic-based objects of 10,
20, or 30 μg/l since the eutrophication problem is mercury methylation not aesthetic.
Rather, site-specific objectives for lakes and rivers must be developed using the methods
presented in Ontario [25]. Additionally, a key policy objective of the PWQO process
stated by Ontario ([24], p. 6) is: “Policy 2 states, “Water quality which presently does not
meet the Provincial Water Quality Objectives shall not be degraded further and all practical
measures shall be taken to upgrade the water quality to the Objectives.”

1.3 Problem identification

Studies in northwestern Ontario suggest when lakes are subjected to increased
nutrient stress, the eutrophication process appears to be amplifying existing mercury
cycling. This multi-trophic level process is evident across lake and river ecosystems, as
supported by studies that indicated increased macrophyte and algal production stimu-
lated by elevated nutrient levels. Such increases in plant production contributes to
enhanced microbial production of methylmercury over relatively short periods [3, 20,
21]. Hence, with increased TP leading to eutrophication, concentrations of elemental
mercury measured within ecosystems are not a key metric for mercury content in
freshwater lake and rivers. Rather, the key driver of the rate of methylation of mercury
is nutrient loading [18–20]. In this process, modest increases in annual plant nutrient
loadings, particularly TP, are adequate to drive increases of in situmethylation with
existing low inorganic mercury concentrations in water or sediment to produce suffi-
cient amounts of very bioaccumulative methylmercury. A key diagnostic parameter for
eutrophication stress in such situations is elevated mercury levels in sport fish.

Hence, an important first step for ecosystem assessment is to assess fish tissue
concentrations for chemicals such as methylmercury, to quantify local patterns of risk
to consumers of fish within traditional fisheries. The next important step is to reduce
local anthropogenic sources of increased nutrient loading into watersheds. This
approach is justified, as diets with a focus on country foods such as subsistence
fisheries can have high proportions of food types with elevated mercury residues
compared with consumers that do not regularly consume country foods.
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1.4 Study design

Due to the paucity of recent fish contaminant monitoring information available
within Michipicoten First Nation (MFN) territory, a study was recently completed
[26]. The report documented verified observations from fish monitoring studies in
MFN traditional territory. The habitats studied included primarily forested water-
sheds with seasonal cottages, roads, and/or campgrounds, a watershed with
established large-scale metal mine, and a large river with upstream dams, as:

• Traditional fisheries in Dog Lake, Missinaibi Lake, Wawa Lake, and Michipicoten
River; and

• Limited traditional fisheries in Nemegosenda Lake, downstream of Borden Gold
Mine (mine opened in 2018, within Borden Lake/River watershed).

Fish species sampled for monitoring from these five habitats include Walleye
(Sander vitreus), Northern Pike (Esox lucius), Lake Trout (Salvelinus namaycush),
Burbot (Lota lota), Lake Whitefish (Coregonus clupeaformis), White Sucker
(Catostomus commersoni), Longnose Sucker (Catostomus catostomus), and introduced
Smallmouth Bass (Micropterus dolomieu). This suite of fish species represents preda-
tors that primarily consume fish, like Walleye, Northern Pike, and Burbot, species
that consume fish and invertebrates, such as Lake Trout and Smallmouth Bass, and
species that primarily consume plants and detritus, such as Lake Whitefish, White
Sucker, and Longnose Sucker. Analysis of different fish species in lakes and rivers
should identify any habitat-specific and/or species-specific patterns in fish methyl-
mercury tissue concentrations.

1.5 Contaminants of concern

During 2019 and 2020, Staff from the Ontario Ministry of Environment, Conser-
vation, and Parks (MECP) confirmed with MFN that routine fish tissue monitoring
includes the following COCs: the metalloids arsenic and selenium, along with the
metals: aluminum, cadmium, chromium, cobalt, copper, iron, lead, magnesium,
manganese, molybdenum, nickel, tin, and zinc. Of this suite of COCs, mercury was
identified as the primary COC for human health stemming from fish tissue consump-
tion in recreational and subsistence fisheries. Thus, the focus of the analyses in this
chapter concerns methylmercury. In northern Ontario, both metallic mercury (Hg)
and organic methylmercury were historically low in oligotrophic waters across the
Lake Superior watershed until the early 1980s [3–5]. During this historic period before
the early 1980s, fish tissue concentrations across species and habitats were usually
≤0.06 μg/g WW. However, concentrations of methylmercury were observed to
increase during recent decades, representing an identified risk to regular consumers of
fish tissue at >0.06 μg/g WW [4, 5].

This study proposed to collect fish specimens from areas across MFN traditional
territories and carry out fish tissue methylmercury analyses. In addition, the study
proposed to search for other studies with verifiable fish tissue methylmercury ana-
lyses, completed since 2009, from other private and public sources. This cut-off date
was used due to recent advances in analytical measurement of contaminants such as
Hg in fish tissues. The private sources included the proponents at mines as well as
selected MECP monitoring datasets. The study objectives were as follows:
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1.to document past studies of fish in MFN territory, to better establish baseline
records for COCs, such as methylmercury in fish tissues;

2. to compare the concentrations of COCs from these fish species to available recent
data sets (last 10–15 years) from private and public sources;

3. to update the consumption guidelines for fishes in these habitats, and to share
these findings with MFN residents and other stakeholders.

These biomonitoring study objectives were intended to achieve enhanced environ-
mental management of fishes of importance to MFN within their traditional territory.

2. Methods and materials

2.1 Fish sample collections

The study was conducted from 2019 to 2022. It involved members of MFN as well
as representatives from government departments of Canada and Ontario, along with
representatives from private companies. From 2019 until late 2020, the MFN effort
was led by Aaron Bumstead, Director of Lands and Economic Development. For 2021
and 2022, the MFN effort was led by Steven Murphy, Manager of Lands and Envi-
ronmental Stewardship.

During this effort, traditional knowledge on fishing from MFN residents was
collected by Mr. Bumstead, Mr. Murphy, and Dr. Fitzgerald. Information on fish
harvest, fishing locations, and other details were also collated.

In addition, various MFN residents participated in fish collections for Northern
Pike with this effort led by MFN Elder Paul Jaques. During the summer of 2020, only a
small number of specimens were collected due to disruptions associated with the
COVID-19 pandemic. Specimens were processed in the field, placed on ice and in
bags, and then transported to secure freezers at MFN, awaiting analysis. In 2021,
fishing was more extensive across select habitats, with specimens again processed in
the field, placed on ice and in bags, and then transported to freezers at MFN. Habitats
considered in this study are listed in Table 1 and include Dog Lake, Michipicoten
River, Missinaibi Lake, Nemegosenda Lake, and Wawa Lake. The types of known

Habitat name Source of
samples

Description of types of disturbance

Dog Lake MFN, Ontario Traditional MFN fishery, campground, cottages, roads

Michipicoten River Ontario Traditional MFN fishery, cottages, upstream dams, roads

Missinaibi Lake Ontario Traditional MFN fishery, campground, cottages, roads

Nemegosenda Lake Ontario,
private

Cottages, roads, upstream dam, receives water via Borden River,
downstream of Borden Mine

Wawa Lake Ontario Traditional MFN fishery, cottages, Town of Wawa, roads

Source of samples as either MFN, Ontario, or private company.

Table 1.
Habitats where fish samples were assessed for this study.
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disturbance for each habitat is also listed in Table 1. Fish species considered in this
study across the habitats are listed in Table 2 and Figure 1.

2.2 Fish sample processing

In the autumn 2021, Dr. Mary-Claire Buell of Collective Environmental Consulting
(CEC) trained MFN residents for fish processing, and then supervised fish processing
of frozen specimens by community members in Wawa, ON. She also arranged deliv-
ery of the processed fish samples to an accredited laboratory (SGS Laboratories,
Lakefield, ON, Canada, KOL 2HO) for measurement of COCs in fish tissues. Fish

Habitat name Fish species assessed in monitoring studies

Northern
Pike

Walleye Lake
Trout

Smallmouth
Bass

Burbot Lake
Whitefish

Longnose
Sucker

Dog Lake X X X X X X X

Michipicoten
River

X X X X X

Missinaibi
Lake

X X X X

Nemegosenda
Lake

X X X X

Wawa Lake X X

Table 2.
Summary of habitats and resident fish species assessed in this study.

Figure 1.
Map of northern Ontario watershed boundaries (blue lines) with habitats under study identified. These habitats
include: 1. Michipicoten River, 2. Wawa Lake, 3. Dog Lake, 4. Missinaibi Lake, and 5. Nemegosenda Lake.
(Source of base map polygon: Ontario Watershed Boundaries).
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processing options were limited at this time due to the disruptions caused by the
COVID-19 pandemic.

All fish muscle tissue samples were processed by SGS Laboratories for a number of
COCs: total mercury, arsenic, lead, aluminum, cadmium, chromium, cobalt, copper,
iron, magnesium, manganese, molybdenum, nickel, selenium, tin, and zinc. The raw
data, along with initial data processing (i.e., conversion to wet weight), were provided
to MFN by CEC in February, 2022.

2.3 Statistical analyses

Concentrations of chemical substances in fish muscle tissues were provided to
MFN by CEC, or obtained directly from the Ontario monitoring database, or from
technical reports provided by private sources (e.g., mines). For these studies, the
analytical results were verified as valid before analysis. Following verification, these
results were transcribed to spreadsheets followed by statistical analysis including
mean, standard deviation, and range. As most sample sizes for the fishes under study
were small (<30 specimens), simple Model-1 linear regression was selected to quan-
tify the relationships of mercury in fish tissues and fish length. Such small sample sizes
for fish in the habitats under study were common across the Ontario and private data
sets, as a goal of routine monitoring is for this effort to not modify the population
under study and to avoid over-fishing over the monitoring period.

Availability of at least three sample years for Northern Pike within Dog Lake and
Missinaibi Lake with reasonable sample sizes (often ≥10) allows for the opportunity
to compare mercury tissue concentration relationship with fish length over time. The
Analysis of Covariance (ANCOVA) was used to quantify how mercury tissue concen-
tration changed over time with fish length as a covariate. The significance of the
ANCOVAwas interpreted at the probability value of α = 0.05. In contrast, the analyses
of regressions were considered significant if the R2 (explanation of fit of regression to
the data) was equal to or exceeded 0.5. This use of R2 to assess the significance of the
regression is due to the small sample sizes under study that do not justify detailed
statistical analyses [27, 28].

3. Results

3.1 Traditional knowledge

At meetings completed between 2018 and 2021, MFN residents identified general
fishing preferences for habitats around Wawa, Chapleau, and White River including
preferred fish target species, typical fishing methods, and seasonal considerations.
MFN residents also communicated that they fish for different species across habitats
coinciding with seasonal movement of fishes noting safe periods to complete these
activities. Fishing activities include ice fishing in winter with hook and line as well as
with gillnets under the ice, and hook and line and gillnets during spring, summer, and
autumn. Some fishing also uses fish traps in large lakes and rivers, to allow for
undesirable fishes to be released alive.

The residents readily identified Northern Pike and Walleye as the two primary
species harvested and captured across the entire calendar year. Other residents iden-
tified Lake Trout and Lake Whitefish as the species they usually target in autumn.
Other species fished and generally regarded as less popular included: White Sucker,
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Longnose Sucker, Yellow Perch (Perca flavescens), Smallmouth Bass, and Burbot.
Some MFN residents noted that Smallmouth Bass were stocked across MFN territory
by Ontario during the early 1900s. Stocking of Smallmouth Bass was often in habitats
with limited or no sport fishing opportunities while sometimes included lakes with
Lake Trout and/or Walleye populations. A summary of fish captured across habitats,
fishing gear, and seasons is presented in Table 3.

3.2 Available information from fish monitoring studies

3.2.1 Northern Pike

3.2.1.1 Morphology of Northern Pike samples collected by MFN in Dog Lake

Northern Pike samples were assessed for tissue body residues collected by MFN
during 2021 from Dog Lake had a mean total length of 49.8 cm (range: 34.7–77.1 cm;
SD = 10.97; n = 22) and mean total weight of 851 g (255–3121; 726; 22). Sex of the
specimens was not recorded. A number of specimens were observed to have
external sores, external parasites, fin damage, and other evidence of stress. All
fish had small external sores with approximately 10–15% with the presence of
external parasites and fin damage. Some specimens had healed sores suggesting past
encounters with fish-eating birds or fish-eating wildlife; some had evidence of open
sores and healed sores with some likely caused during capture. However, no speci-
mens demonstrated major skeletal deformities such as scoliosis or external tumors.
This information from MFN for Northern Pike was combined with data sets
identified from other sources (Ontario, private companies), to examine patterns
across habitats.

3.3 Comparison of fish species across habitats

3.3.1 Northern Pike

Estimates of mercury tissue concentrations in Northern Pike are reported for Dog
Lake, Missinaibi Lake, Nemegosenda Lake, and Michipicoten River (Table 4). For

Fish species Habitat fishes Preferred season

Northern Pike Lakes, rivers, creeks All seasons

Walleye Lake, rivers All seasons

Lake Trout Lakes Spring, autumn, winter

Burbot Lakes Autumn, winter

Lake Whitefish Lakes Spring, autumn, winter

White Sucker Lakes, rivers Spring, autumn

Longnose Sucker Lakes, rivers Spring, autumn

Smallmouth Bass Lakes, rivers, creeks Summer, autumn

The common fishing methods by habitat and species as reported.

Table 3.
Overview of fish species harvested by MFN residents across habitats and the preferred season of harvest.
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Northern Pike sampled in Dog Lake, the 2011 mean mercury tissue concentration was
0.62 μg/gWWwith a range of 0.12 μg/gWW for a 33.3 cm specimen to 1.70 μg/gWW
for a 74.5 cm specimen. For the 2016 sample from Dog Lake, the mean mercury tissue
concentration was 0.44 μg/g WW with a range of 0.11 μg/g WW for a 39.7 cm
specimen to 0.81 μg/g WW for a 68.5 cm specimen. For the 2021 sample from Dog
Lake, the mean mercury tissue concentration was 0.30 μg/g WW with a range of
0.11 μg/g WW for a 36.8 cm specimen to 0.98 μg/g WW for a 77.1 cm specimen.

For Missinaibi Lake, the 2009 mean mercury tissue concentration was 1.14 μg/g
WW with a range of 0.25 μg/g WW for a 41.5 cm specimen to 2.5 μg/g WW for an
87.3 cm specimen. For the 2011 sample from Missinaibi Lake, the mean mercury
concentration was 0.89 μg/g WW with a range of 0.24 μg/g WW for a 46.8 cm
specimen to 2.2 μg/g WW for a 71.4 cm specimen. For the 2016 sample from
Missinaibi Lake, the mean mercury concentration was 0.94 μg/g WW with a range of
0.39 μg/g WW for a 55.6 cm specimen to 1.7 μg/g WW for an 84.9 cm specimen.

For the 2015 sample from Nemegosenda Lake, the mean mercury concentration
was 1.14 μg/g WW with a range of 0.88 μg/g WW for a 52.6 cm specimen to 1.6 μg/g
WW for a 94.2 cm specimen. For the Michipicoten River, the 2018 mean mercury
tissue concentration was 0.26 μg/g WW with a range of 0.24 μg/g WW for a 56.5 cm
specimen to 0.3 μg/g WW for a 60.5 cm specimen.

These observations for Northern Pike indicated the mercury tissue concentration
in male and female specimens were similar within Michipicoten River and variable
between sexes for Dog Lake, Missinaibi Lake, and Nemegosenda Lake.

The relationship between mercury tissue concentration and length for Northern
Pike based on the observations for specimens from the Dog Lake and Missinaibi Lake
are presented in Figure 2. These Northern Pike show linear relationships between
mercury muscle tissue concentration and total length:

Dog Lake 2009: Y = 0.24–0.85; R2 = 0.465;
Dog Lake, 2016: Y = 0.018x � 0.60, R2 = 0.806;
Dog Lake 2021: Y = 0.015–0.47, R2 = 0.730;
Missinaibi Lake 2009: Y = 0.047x � 1.97, R2 = 0.870;
Missinaibi Lake 2011: Y = 0.032x – 1.13, R2 = 0.578; and
Missinaibi Lake 2016: Y = 0.040x – 1.73, R2 = 0.941.

The exception to the observation of linear relationships was in the 2009 Northern
Pike sample from Dog Lake (i.e., Y = 0.24–0.85; R2 = 0.465). Two fish with a total
length of 66.8 cm had mercury tissue concentrations of 0.49 and 1.5 μg/g WW

Habitat Northern Pike year of sample: mean mercury tissue Concentrations (μg/gWW)
for male and female fish or range

Dog Lake 2011: 0.62 (0.5, 0.8) 2016: 0.44 (0.43, 0.46) 2021: 0.30 (0.11–0.98)

Missinaibi Lake 2009: 1.14 (0.89, 1.28) 2011: 0.89 (0.61, 1.04) 2016: 0.94 (0.63, 1.18)

Nemegosenda Lake 2015: 1.14 (NF*, 1.14)

Michipicoten River 2018: 0.26 (0.27, 0.24)

*NF: no male fish captured.

Table 4.
Comparison of the mercury tissue concentrations for Northern Pike dorsal muscle flesh in male and female fish,
available across years in Dog Lake, Missinaibi Lake, Nemegosenda Lake, and Michipicoten River.
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whereas two other fish with a total length of 77.9 cm had mercury tissue concentra-
tions of 0.54 and 1.5 μg/g WW. The disparity in the observed mercury tissue concen-
trations in these four specimens represents natural variability in the samples and is
why the relationship does not appear to be linear. For the other five samples from Dog
Lake and Missinaibi Lake, the observations for Northern Pike mercury tissue concen-
trations support the hypothesis that the tissue concentration increases with age, as
represented by the length of the specimen. Thus, the Northern Pike total length
represents a reasonable surrogate for expected mercury tissue concentration.

The Dog Lake samples from 2011, 2016, and 2021 (Figure 2) compared by
ANCOVA, included homogeneous slopes and confirmed the comparison was valid.

Figure 2.
Upper panel: the relationship between total length and mercury in muscle tissue for Northern Pike sampled within
Dog Lake during 2011 ( ), 2018 ( ) and 2021 ( ). The lower panel is similar except for the Northern Pike
sampled from Missinaibi Lake in 2009 ( ), 2011 ( ), and 2016 ( ). For the Northern Pike in Dog Lake, the
methylmercury fish tissue concentration in muscle equals �0.06 μg/g WW (Ontario recommendation for sensitive
population wishing to consume 32–16 meals per month) is near 30 cm and 0.5 μg/g (Ontario “do not eat”
recommendation for sensitive populations) occurs with fish lengths near 50 cm. For Northern Pike in Missinaibi
Lake, fish tissue concentration in muscle equals �0.06 μg/g WW (Ontario recommendation for sensitive
population wishing to consume 32–16 meals per month) near 35 cm and 0.5 μg/g (Ontario “do not eat”
recommendation for sensitive populations) occurs with fish lengths near 55 cm.
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Then the ANCOVA was identified as non-significant (F2,48 = 1.602, P = 0.212). This
comparison indicates the mean mercury tissue concentrations did not differ signifi-
cantly over the 3 years. For the Missinaibi Lake samples from 2009, 2011, and 2016
compared by ANCOVA, the slopes were homogeneous and confirmed the comparison
was valid. Then the ANCOVA was found to be non-significant (F2,37 = 1.619,
P = 0.212). These results indicate the methylmercury: total length relationship
remained similar across the 3 sample years for both lakes during the study period.

3.3.2 Walleye

Estimates of mercury tissue concentrations in Walleye are reported for Dog Lake,
Missinaibi Lake, Michipicoten River, Nemegosenda Lake, and Wawa Lake (Table 5).
For Walleye sampled in Dog Lake, the 2011 mean mercury tissue concentration was
0.56 μg/g WW with a range of 0.24 μg/g WW for a 38.8 cm specimen to 1.80 μg/g
WW for a 71.4 cm specimen. For the 2016 sample from Dog Lake, the mean mercury
tissue concentration was 0.70 μg/g WW with a range of 0.23 μg/g WW for a 36 cm
specimen to 1.7 μg/g WW for a 60.5 cm specimen.

For Missinaibi Lake, the 2011 mean mercury tissue concentration was 1.24 μg/g
WWwith a range of 0.35 μg/g WW for a 30 cm specimen to 5.1 μg/g WW for a 75 cm
specimen. For the 2016 sample from Missinaibi Lake, the mean mercury concentra-
tion was 1.41 μg/g WWwith a range of 1.0 μg/g WW for a 31.6 cm specimen to 2.1 μg/
g WW for a 71.6 cm specimen. For the Michipicoten River, the 2017 mean mercury
tissue concentration was 0.98 μg/g WW with a range of 0.27 μg/g WW for a 35.3 cm
specimen to 1.40 μg/g WW for a 44.8 cm specimen.

Nemegosenda Lake, the 2010 mean mercury tissue concentration was 0.79 μg/g
WW with a range of 0.45 μg/g WW for a 32.2 cm specimen to 1.40 μg/g WW for a
45.4 cm specimen. For the 2015 sample from Nemegosenda Lake, the 2012 mean
mercury tissue concentration was 1.96 μg/g WW with a range of 0.89 μg/g WW for a
36.6 cm specimen to 2.90 μg/g WW for a 55.8 cm specimen. For Wawa Lake, the 2012
mean mercury tissue concentration was 0.36 μg/g WWwith a range of 0.10 μg/g WW
for a 20.9 cm specimen to 0.99 μg/g WW for a 66.3 cm specimen. For the 2017 sample
from Wawa Lake, the mean mercury tissue concentration was 0.70 μg/g WW with a
range of 0.45 μg/g WW for a 53 cm specimen to 0.89 μg/g WW for a 63.4 cm
specimen.

The above observations for Walleye indicate that mercury tissue concentrations in
male and female specimens were generally similar within Michipicoten River and
variable for Dog Lake, Missinaibi Lake, Nemegosenda Lake, and Wawa Lake.

Habitat Walleye year of sample: mean mercury tissue concentrations from muscle flesh
(μg/g WW) for male and female fish

Dog Lake 2011: 0.56 (0.47, 0.67) 2016: 0.70 (0.98, 0.65)

Missinaibi Lake 2011: 1.24 (0.65, 1.62) 2016: 1.41 (1.37, 1.44)

Michipicoten River 2017: 0.98 (0.97, 1.0)

Nemegosenda Lake 2010: 0.79 (0.69, 0.94) 2015: 1.96 (1.3, 2.18)

Wawa Lake 2012: 0.36 (0.18, 0.44) 2017: 0.70 (0.64, 0.84)

Table 5.
Comparison of the mercury tissue concentrations for Walleye dorsal muscle flesh in male and female fish, available
across years in Dog Lake, Missinaibi Lake, Nemegosenda Lake, Wawa Lake, and Michipicoten River.
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The relationship between mercury tissue concentration and length for
Walleye, for specimens from 2011 and 2016 samples from Dog Lake and
Missinaibi Lake are presented in Figure 3. These Walleye all show linear
relationships between mercury muscle tissue concentration and total length for
Dog Lake (2011: Y = 0.035x � 1.08, R2 = 0.849; 2016: Y = 0.039–1.18, R2 = 0.713) and
Missinaibi Lake (2011: Y = 0.064x � 1.74, R2 = 0.720; 2016: Y = 0.027x � 0.13,
R2 = 0.752).

These observations for Walleye indicate mercury tissue concentration follows the
hypothesis that the tissue concentration increases with age, as represented by the
length of the specimen. Thus, Walleye total length is a reasonable surrogate for
expected mercury tissue concentration.

Figure 3.
Upper panel: the relationship between total length and mercury in muscle tissue for Walleye sampled within Dog
Lake during 2011 ( ) and 2016 ( ). The lower panel is similar except for Walleye sampled from Missinaibi
Lake during 2011 ( ), and 2016 ( ). One data point was excluded from the Missinaibi Lake sample from
2011 for a 75 cm specimen with 5.1 μg/g WWmercury in tissue. For the Walleye in Dog Lake, the methylmercury
fish tissue concentration in muscle equals �0.06 μg/g WW (Ontario recommendation for sensitive population
wishing to consume 32–16 meals per month) is near 35 cm and 0.5 μg/g (Ontario “do not eat” recommendation for
sensitive populations) occurs with fish lengths near 55 cm. For Walleye in Missinaibi Lake, fish tissue
concentration in muscle equals �0.06 μg/g WW (Ontario recommendation for sensitive population wishing to
consume 32–16 meals per month) near 25 cm and 0.5 μg/g (Ontario “do not eat” recommendation for sensitive
populations) occurs with fish lengths near 35 cm.
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3.3.3 Lake Trout

Estimates of mercury tissue concentrations in Lake Trout are reported for Dog
Lake, Missinaibi Lake, Nemegosenda Lake, andWawa Lake (Table 6). For Lake Trout
sampled in Dog Lake, the 2011 mean mercury tissue concentration was 0.49 μg/g WW
with a range of 0.16 μg/g WW for a 34 cm specimen to 1.50 μg/g WW for a 92 cm
specimen. For the 2016 sample from Dog Lake, the mean mercury tissue concentra-
tion was 0.88 μg/g WW with a range of 0.43 μg/g WW for a 56.6 cm specimen to
1.8 μg/g WW for an 83.6 cm specimen.

For Missinaibi Lake, the 2011 mean mercury tissue concentration was 0.63 μg/g
WW with a range of 0.32 μg/g WW for a 33.8 cm specimen to 1.4 μg/g WW for a
90.4 cm specimen. For the 2016 sample from Missinaibi Lake, the mean mercury
concentration was 0.94 μg/g WW with a range of 0.60 μg/g WW for a 64.9 cm
specimen to 1.7 μg/g WW for a 75.8 cm specimen.

For Nemegosenda Lake, the 2010 mean mercury tissue concentration was
1.23 μg/g WW with a range of 0.96 μg/g WW for a 53 cm specimen to 1.60 μg/g WW
for a 63.5 cm specimen. For the 2015 sample from Nemegosenda Lake, the mean
mercury tissue concentration was 1.62 μg/g WW with a range of 1.20 μg/g WW for
a 63.6 cm specimen to 2.10 μg/g WW for a 72.6 cm specimen. For Wawa Lake, the
2012 mean mercury tissue concentration was 0.40 μg/g WWwith a range of 0.19 μg/g
WW for a 21.5 cm specimen to 0.91 μg/g WW for a 78.1 cm specimen. For the 2017
sample from Wawa Lake, the mean mercury tissue concentration was 0.42 μg/g WW
with a range of 0.18 μg/g WW for a 32.7 cm specimen to 0.87 μg/g WW for a 76.5 cm
specimen.

The above observations for Lake Trout indicate the mercury tissue concentration
in male and female specimens was generally similar in Nemegosenda Lake and Wawa
Lake and sometimes different for Dog Lake and Missinaibi Lake.

The relationship between mercury tissue concentration and length of Lake Trout
for specimens from 2011 and 2016 samples from Dog Lake and Missinaibi Lake are
presented in Figure 4. These Lake Trout all show linear relationships between mer-
cury muscle tissue concentration and total length for Dog Lake (2011:
Y = 0.017x � 0.046, R2 = 0.867; 2016: Y = 0.030–1.03, R2 = 0.641) and Missinaibi Lake
(2011: Y = 0.16x � 0.35, R2 = 0.767; 2016: Y = 0.044x � 1.94, R2 = 0.625).

The above observations for Lake Trout indicated mercury tissue concentration
follows the hypothesis that the tissue concentration increases with age, as represented
by the length of the specimen. Thus, Lake Trout total length is a reasonable surrogate
for expected mercury tissue concentration.

Habitat Lake trout year of sample: mean mercury tissue concentrations from muscle
flesh (μg/g WW) for male and female fish or range

Dog Lake 2011: 0.49 (0.59, 0.43) 2016: 0.88 (1.11, 0.75)

Missinaibi Lake 2011: 0.63 (0.55, 0.69) 2016: 0.94 (0.60, 1.02)

Nemegosenda Lake 2010: 1.23 (1.13, 1.3) 2015: 1.62 (1.47, 1.62)

Wawa Lake 2012: 0.40 (0.39, 0.41) 2017: 0.42 (0.42, 0.43)

Table 6.
Comparison of the mercury tissue concentrations for Lake Trout dorsal muscle flesh in male and female fish,
available across years in Dog Lake, Missinaibi Lake, Nemegosenda Lake, and Wawa Lake.
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3.3.4 Smallmouth Bass

Estimates of mercury tissue concentrations in Smallmouth Bass are reported for
Dog Lake, Missinaibi Lake, Nemegosenda Lake, and Michipicoten River (Table 7).
For Smallmouth Bass sampled in 2016 in Dog Lake, the mean mercury tissue concen-
tration was 0.40 μg/g WW with a range of 0.25 μg/g WW for a 37.6 cm specimen to
0.7 μg/g WW for a 43.6 cm specimen.

Figure 4.
Upper panel: relationship between total length and mercury in muscle tissue for Lake Trout sampled within Dog
Lake during 2011 ( ) and 2016 ( ). Lower panel is similar except for Lake Trout sampled from Missinaibi
Lake during 2011 ( ), and 2016 ( ). For the Lake Trout in Dog Lake, the methylmercury fish tissue
concentration in muscle equals �0.06 μg/g WW (Ontario recommendation for sensitive population wishing to
consume 32–16 meals per month) is near 35 cm and 0.5 μg/g (Ontario “do not eat” recommendation for sensitive
populations) occurs with fish lengths near 60 cm. For the Lake Trout in Missinaibi Lake, fish tissue concentration
in muscle equals �0.06 μg/g WW (Ontario recommendation for sensitive population wishing to consume 32–16
meals per month) near 30 cm and 0.5 μg/g (Ontario “do not eat” recommendation for sensitive populations)
occurs with fish lengths near 55 cm.
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For the 2016 sample from Missinaibi Lake, the mean mercury tissue concentration
was 0.57 μg/g WWwith a range of 0.43 μg/g WW for a 36.2 cm specimen to 0.65 μg/g
WW for a 39 cm specimen representing three females.

For the 2015 sample from Nemegosenda Lake, the mean mercury tissue concen-
tration was 0.60 μg/g WW with a range of 0.55 μg/g WW for a 48.1 cm specimen to
0.63 μg/g WW for a 34.5 cm specimen representing three females.

For the 2017 sample from the Michipicoten River, the mean mercury tissue con-
centration was 0.29 μg/gWWwith a range of 0.17 μg/gWW for a 28.7 cm specimen to
0.48 μg/g WW for a 36.9 cm.

These observations for Smallmouth Bass indicate mercury tissue concentrations
follow the hypothesis that the tissue concentration increases with age, as represented
by the length of the specimen. Thus, Smallmouth Bass total length is a reasonable
surrogate for expected mercury tissue concentration.

3.3.5 Burbot

Estimates of mercury tissue concentrations in Burbot are reported for Dog Lake
and Missinaibi Lake (Table 8). For Dog Lake, Burbot sampled during 2016 had a
mean mercury tissue concentration of 0.43 μg/g WW with a range of 0.32 μg/g WW
for a 40 cm specimen to 0.52 μg/g WW for a 58.5 cm specimen.

For the 2009 sample from Missinaibi Lake, the mean mercury tissue concentration
was 0.78 μg/g WWwith a range of 0.37 μg/g WW for a 40.8 cm specimen to 1.2 μg/g
WW for a 73 cm specimen. These observations indicate the mercury tissue concentration
in male and female specimens was generally similar in Dog Lake and Missinaibi Lake.

These observations for Burbot indicate the mercury tissue concentration follows
the hypothesis that the tissue concentration increases with age, as represented by the
length of the specimen. Thus, Burbot total length represents a reasonable surrogate for
expected mercury tissue concentration.

Habitat Smallmouth Bass year of sample: mean mercury tissue concentrations from
muscle flesh (μg/g WW) for male and female fish or range

Dog Lake 2016: 0.40 (0.28, 0.52)

Missinaibi Lake 2016: 0.57 (range: 0.43–0.65)*

Nemegosenda Lake 2015: 0.60 (0.55–0.63)*

Michipicoten River 2017: 0.29 (0.30, 0.27)

*A total of three specimens for these habitats.

Table 7.
Comparison of the mercury tissue concentrations for Smallmouth Bass dorsal muscle flesh in male and female fish,
available across years in Dog Lake, Missinaibi Lake, Nemegosenda Lake, and Michipicoten River.

Habitat Burbot mean mercury tissue concentrations frommuscle flesh (μg/gWW) for male
and female fish

Dog Lake 2016: 0.43 (0.51, 0.40)

Missinaibi Lake 2009: 0.78 (0.70, 0.82)

Table 8.
Comparison of the mercury tissue concentrations for Burbot dorsal muscle flesh in male and female fish, available
across years in Dog Lake and Missinaibi Lake.
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3.3.6 Lake Whitefish, Common Sucker, and Longnose Sucker

Estimates of mercury muscle tissue concentrations for Lake Whitefish, White
Sucker, and Longnose Sucker are reported for Dog Lake and Michipicoten River
(Table 9). For Lake Whitefish sampled in 2016 from Dog Lake, the mean mercury
muscle concentration was 0.15 μg/g WW with a range of 0.1 μg/g for a 38 cm speci-
men to 0.19 μg/g WW for a 50.4 cm specimen. For White Sucker in 2016 from Dog
Lake, the mean mercury concentration was 0.18 μg/g WW with a range of 0.07 μg/g
WW for a 49.4 cm specimen to 0.34 μg/g WW for a 46.2 cm specimen.

The 2017 White Sucker from Michipicoten River had a mean of 0.22 μg/g WW
with a range of 0.22 μg/g WW for a 45.6 cm specimen to 0.23 μg/g WW using a
sample of n = 2 males. For Longnose Sucker sampled in 2016 from Dog Lake, the mean
mercury tissue concentration was 0.26 μg/g WW with a range of 0.11 μg/g WW for a
53.4 cm specimen to 0.39 μg/g WW for a 55.4 cm specimen.

The 2018 Longnose Sucker from Michipicoten River had a mean mercury tissue
concentration of 0.18 μg/gWWwith a range of 0.06 μg/gWW for a 38.4 cm specimen
to 0.36 μg/g WW for a 41.8 cm specimen. For all three benthic species, the male and
female mercury tissue concentrations were generally similar (Table 9).

For these three fish species, the Dog Lake mean mercury muscle concentrations
were consistently higher than samples sampled from the Michipicoten River. In addi-
tion, for Lake Whitefish, White Sucker, and Longnose Sucker, these observations
indicate the mercury tissue concentration follows the hypothesis that the tissue con-
centration increases with age, as represented by larger lengths of the specimens. For all
three species, total length appears to be an adequate surrogate for expected mercury
tissue concentration. Also, for these three species, the mercury concentrations increased
with length but more gradually compared with piscivores like Northern Pike, Walleye,
and Burbot. This more gradual increase in mercury muscle tissue concentrations in the
benthic species is attributed to their diet with greater proportions of plant material and
invertebrates with lower mercury concentrations compared with diets composed of
other fishes containing higher mercury concentrations. As can be seen in Figure 5, with
for Lake Whitefish from Dog Lake exhibits a linear relationship between mercury
muscle tissue concentration and total length (Y = 0.004x � 0.04, R2 = 0.515).

3.4 Comparison of findings for recent fish monitoring with current Ontario
online consumption guidelines

Inspection of fish length:mercury relationships in MFN territory reported herein
led to the observation that the Ontario online consumption guide generally reflects

Habitat Mean mercury tissue concentrations from muscle flesh (μg/g WW) for male
and female fish

Lake Whitefish White Sucker Longnose Sucker

Dog Lake 2016: 0.15 (0.15, 0.15) 2016: 0.18 (0.12, 0.19) 2016: 0.26 (0.30, 0.20)

Michipicoten River 2017: 0.22* (0.22; *NF) 2018: 0.18 (0.17, 0.24)

*Sample based on two specimens; NF: no female fish sampled.

Table 9.
Comparison of the mercury tissue concentrations for Lake Whitefish, White Sucker, and Longnose Sucker dorsal
muscle flesh in male and female fish, available across years in Dog Lake and Michipicoten River.
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fish length when �0.06 μg/g WW is first evident in the tissue monitoring data. For
this analysis, the length (+5 cm) at �0.06 μg/g WW was estimated from the Model-1
length:mercury regression relationships for fish from the habitats under study. Also,
the length for initial consumption restriction from the Ontario online guide for each
species was identified and both sets of information were compared. This comparison
revealed that, for most species, when mercury tissue residue observations are avail-
able, the online consumption guidelines frequently started near or at the length where
mercury tissue monitoring data concentrations were �0.06 μg/g WW.

4. Discussion

Available historical public and private studies of fish in MFN territory were
assessed. For each study, the data was verified as validated before this assessment.
This verification and validation process resulted in the identification of data sets often
not readily available in the public domain. As a complement to this survey of past
studies, fish sample collections were also completed by MFN in 2021, and resulted in
the independent estimate of current concentrations of COCs including mercury in
Northern Pike from Dog Lake and other habitats.

The 2021 data collected by MFN also confirmed that only mercury consistently
exceeded human health consumption guides while other chemicals such as metals and
metalloids were usually present at concentrations in tissue considered to be of low risk
to fish consumers; these findings were consistent with information reported in 2020
by MECP. Before these studies, the information available to MFN residents via public
sources was considered out-of-date with the community’s perception that these con-
sumption guidelines were not useful.

The analyses herein also identified a spatial pattern of increased mercury concen-
trations in all habitats across watersheds with larger and older fishes across seven
species, and this suggests a regional process is shaping increases in mercury

Figure 5.
Relationship between total length and mercury in muscle tissue for Lake Whitefish sampled within Dog Lake
during 2016 ( ). For these Lake Whitefish in Dog Lake, the methylmercury fish tissue concentration in muscle
equals �0.06 μg/g WW (Ontario recommendation for sensitive population wishing to consume 32–16 meals per
month) is near 35 cm and 0.5 μg/g (Ontario “do not eat” recommendation for sensitive populations) occurs with
fish lengths beyond 90 cm (i.e., beyond length distribution in sample).
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concentrations. These results collectively indicate the older (and larger) the fish, the
higher mercury tissue concentration.

The identification of higher concentrations over time can be partially interpreted for
this study to also represent the presence of smaller and younger fish in the more recent
samples for some habitats compared with larger and older specimens assessed in the
earlier samples. This time series pattern of smaller fish captured during the most recent
sample collections may reflect the presence of over-fishing in some habitats as well as
the confounding effect of excessive sample collections in monitoring programs.

Where monitoring data is available, larger and older fish in a habitat consistently
have higher mercury concentrations compared with smaller specimens. This pattern
was consistent for fish species that primarily eat other fish, such as Northern Pike,
Walleye, Burbot, and Lake Trout. Species with mixed diets like Smallmouth Bass also
demonstrated elevated mercury tissue content, likely reflecting the pattern of larger
bass showing a diet preference for other fish while small bass often consume predom-
inantly invertebrates; an interesting facet for Smallmouth Bass is they do not appear to
have achieved large population sizes since introductions in the early 1900s in these
northern habitats [29]. In contrast, species that consume mud, plants, and inverte-
brates such as Lake Whitefish, Common White Sucker, and Longnose sucker demon-
strated lower mercury tissue concentrations.

This assessment, for the last 15 or so years, identified that mercury concentrations
were reported as higher during past years compared with more recent years. Similar
results were reported previously for species such as Northern Pike, Walleye, and Lake
Trout mercury concentrations with increased mercury concentrations of >20% from
1985 to 2005 [4, 5].

With these general findings, no matter the cause of the smaller fish lengths during
recent years, a regional pattern is evident represented by the presence of a mercury:
body length relationship where mercury consistently increases over time in lakes and
rivers. This study generated evidence of this pattern from seven species where mon-
itoring information was available. Hence, mercury accumulation is largely a species-
independent pattern across MFN territory with higher concentrations in predatory
fishes such as Northern Pike, Walleye, Burbot, and Lake Trout with lower concentra-
tions in benthic species such as Lake Whitefish, White Sucker, and Longnose Sucker.
The observations also revealed intermediate mercury levels for smaller Smallmouth
Bass with elevated concentrations in larger Smallmouth Bass that likely consume other
fish. Thus, local sources of disturbances in combination with regional processes are
likely acting together, leading to the observed increase in mercury in all fish, with
implications for human and wildlife consumption of fish.

Water mercury concentrations are not a key metric to track changes in mercury
content in freshwater lakes and rivers, as the key driver of the rate of methylation of
mercury is increased plant nutrient loading [3, 18–20]. In aquatic ecosystems, modest
increases in annual plant nutrient loadings, particularly TP, are sufficient to drive
increases with in situ methylation of existing low inorganic mercury concentrations in
water or sediment to produce the necessary amounts of very bioaccumulative meth-
ylmercury. A key diagnostic parameter for eutrophication stress in such situations is
elevated mercury levels in fish.

Hence, an important first step for ecosystem assessment is to assess fish tissue
concentrations involving species representing different feeding guilds for chemicals
such as mercury, to quantify local patterns of risk to consumers of fish within sport or
subsistence fisheries. The next important step is to minimize local anthropogenic
sources of increased nutrient loading into sensitive watersheds. This approach is
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justified, as subsistence fisheries include individuals who often rely on other country
foods, and can have high proportions of food types with elevated mercury residues
compared with consumers who do not regularly consume country foods.

4.1 Management of nutrients that cause eutrophication in Ontario

In Ontario, the PWQO for TP addresses the aesthetic, algal bloom issue with the
10, 20, and 30 μg/l objectives for lakes and rivers. Although these concentrations for
TP are referred to as water quality objectives, they represent interim guidelines
developed in 1979 as a strategy to control eutrophication. Referring to these objec-
tives, Ontario ([24], pp. 13–14) states: “Current scientific evidence is insufficient to
develop a firm Objective at this time. Accordingly, the following phosphorus concentrations
should be considered as general guidelines which should be supplemented by site-specific
studies…”.

Thus, the current site-specific Ontario PWQO for TP is provided in the Lakeshore
Capacity Assessment Handbook with both the rationale and application methodology.
Specifically, Ontario ([25], pp. 13–14) states: “The revised PWQO for lakes on the
Precambrian Shield allows a 50 percent increase in phosphorus concentration from a
modeled baseline of water quality in the absence of human influence.” It is clear that the
PWQO for TP in water bodies on the Precambrian Shield according to current Ontario
regulations, is not the aesthetic-based objectives of 10, 20, or 30 μg/l. Rather, site-
specific objectives for lakes and rivers must be developed using the methods presented
in Ontario [25].

An additional key policy objective in the PWQO process is included in Ontario
([24], p. 6): Policy 2 states, “Water quality which presently does not meet the Provincial
Water Quality Objectives shall not be degraded further and all practical measures shall be
taken to upgrade the water quality to the Objectives.”

The fish tissue methylmercury data presented herein confirms that various water
bodies in MFN’s traditional territories are currently subject to significant eutrophica-
tion stress. The confirmation of eutrophication extends from elevated methylmercury
in fish tissue to observations reported by MFN residents of periodic algal blooms and
more extensive submerged aquatic vegetation during recent years compared to the
past for these habitats and is consistent with other technical studies that have also
reported the presence of eutrophication in these different areas [1, 14, 15, 18, 19].

Thus, site-specific TP PWQOs are required to be developed to limit TP loadings to
local watersheds due to the regional pattern of evidence of eutrophication [17]. As
eutrophication is also caused/enhanced by nitrogenous substances, [ammonia, nitrate,
nitrate, Total Kjeldahl nitrogen (TKN)], which are also plant nutrients, loadings of
these substances should also be limited. As well, total organic carbon (TOC) is a
parameter reflecting general aquatic nutrient status. This data suggests a safe rule of
thumb is most surface waters are suffering from excessive nutrient loads, consistent
with observations for the Lake Superior watershed [30, 31], and from other parts of
Ontario [21, 32–34].

Studies since 2018 led by MFN for proposed and current large-scale activities (e.g.,
mines) within MFN traditional territory identified evidence that demonstrates the
release of nutrients such as phosphorus and nitrogen above government guidelines.
Evidence of eutrophication has also been documented or reported by others for
habitats across Ontario that receive this effluent with elevated phosphorus and nitro-
gen [3, 4, 16–20]. These examples where large-scale activity is associated with
increased nutrient loads followed by eutrophication are also now associated with
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elevated concentrations of mercury in fish tissue [2, 3, 6, 11, 20]. Such observations of
linkages involving nutrient management, eutrophication, and mercury tissue concen-
trations confirm the importance and need to carefully manage nutrients as well as fish
consumption in these habitats.

Considerations such as land use, nutrient management, vegetation replanting, and
gravel road construction are topics of concern to MFN and are identified within the
current land use planning document under preparation. In the future, MFN plans to
manage environmental settings with a science-based approach intended to retain and
protect existing natural heritage and cultural values. With this long-term view, it is
hoped that enhanced environmental management will be achieved, and result in lower
nutrient loadings to surface waters, including wetlands, creeks, rivers, and lakes. The
completion of land-use planning within MFN’s traditional territory is expected to
result in the achievement of more balanced environmental management and benefit
MFN residents as well as terrestrial and aquatic habitats.

4.2 Comparison of findings for recent fish monitoring with current Ontario
online consumption guidelines

Available information from verified historical studies indicates that mercury fish
tissue concentrations for fish species in lakes and rivers within MFN territory were
largely below �0.06 μg/g WW prior to 1982. Studies completed after the mid-1980s
indicate increased mercury concentration in fishes and the need for fish consumption
guidelines. Such increases in methylmercury over time identifies the need for com-
parison with Ontario’s fish consumption guidelines within this extended study period
as a strategy to place the current guidelines in context. This approach is justified,
given observed increases in methylmercury over the study period, across lakes and
rivers in MFN territory.

Observed fish length:mercury relationships in MFN territory reported herein
identified the Ontario online consumption guide generally follows fish length when
�0.06 μg/g WW is first evident in the tissue monitoring data. However, there was
some variability in the comparisons among fish species. Specifically, Lake Whitefish,
White Sucker, and Longnose Suckere that consume detritus, plants, mud, and inver-
tebrates demonstrated very good concordance between the initial length in Ontario's
consumption guide for fish length with mercury at �0.06 μg/g WW. For species that
are predators on other fishes like Northern Pike, the initial length for consumption
restriction was larger, suggesting the Ontario online consumption guide was less
restrictive than suggested from available monitoring data. For other predatory fishes,
such as Walleye, Lake Trout, Burbot, and Smallmouth Bass, initial lenght for con-
sumption restriction at �0.06 μg/g WW was smaller, suggesting the Ontario con-
sumption guide was more conservative.

These modest differences for initial length of consumption restriction for a species
are likely related to differing mercury accumulation in the various habitats, small or
size-limited fish sample sizes, and/or skewed population distributions related to local
factors such as high fish harvest rates in fisheries. Such uncertainty and variability
represent some of the challenges in developing of fish consumption guidance for
highly mobile fishes. Nevertheless, the general pattern is consistent with the under-
standing increasingly elevated mercury concentrations within older/longer fish com-
pared with smaller/younger fish for a species and mercury tissue concentration of
�0.06 μg/g WW is the threshold that identifies when consumption should be
reduced, to reduce risk for consumers.
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As previously noted, MFN residents are considered sensitive consumers of fish
resources, due to a relatively high frequency for consumption of wild fish. Hence,
when any interested person consults this Ontario online resource, it is readily feasible
to ascertain what the risk of consumption of a particular fish species exists through
simply knowing the length for the fish species where the consumption restrictions
start. In addition, this approach also does not require the sex of the fish species to be
known, as the general accumulation pattern of mercury in fishes is often comparable
between male and female fishes, as reported previously [6, 12], and a pattern also
observed across species in this study. Therefore, understanding the basis of the con-
sumption guidelines for fish provides a strategy to inform all individuals that harvest
fish concerning the appropriate quantities across fish species and fish lengths.

4.3 Recommendations for fish consumption guidance for study lakes

With the available monitoring information from public and private sources, all
habitats assessed within this study included fish specimens that exceeded the generic
MOECC and Health Canada threshold for consumption of 0.06 μg/g and 0.5 μg/g
mercury, respectively. Those fish specimens with the highest mean concentrations of
tissue mercury were predators that consumed other fishes such as Northern Pike,
Walleye, Burbot, and Lake Trout.

In contrast, omnivore species that consume mud, detritus, plants, and inverte-
brates such as Lake Whitefish, White Sucker, and Longnose Sucker had consistently
lower mean concentrations of tissue mercury. Also, species such as Smallmouth Bass
that consume invertebrates at small lengths and fish at larger lengths demonstrated
tissue residues that were often intermediate of the predators and omnivores.

To review, the mean tissue residues ranked from highest to lowest were as follows:
Northern Pike, Walleye, Lake Trout, Burbot, Smallmouth Bass, Lake Whitefish,
White Sucker, and Longnose Sucker. From this group, Northern Pike, Walleye, Lake
Trout, Burbot, and Smallmouth Bass all had specimens where tissue concentrations
≥0.5 μg/g and also frequently with specimens with concentrations ≥1.0 μg/g.

Given that MFN residents are classified as a sensitive population, due to frequent
consumption of fish, the consumption guideline to lower risk is set at 0.2 μg/g mer-
cury within tissue. Considering MFN residents as a sensitive population and using a
threshold consumption guide of 0.2 μg/g, the recommended consumption rates of
Northern Pike are:

• For fish with a length of 15–35 cm: child: one meal per week; all adults: two meals
per week;

• For fish 35–50 cm: child: zero meals per week; all adults: one meal per week;

• For fish with length >50 cm: child: 0 meals per week; most adults: zero meals per
week; adults with weight equal to or greater than 250 lbs. or 113.6 kg: one meal
per week.

For the general population, the recommended consumption of Northern Pike are:

• For fish with a length of 15–35 cm: child: two meals per week; all adults: three
meals per week;
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• For fish with length of 35–50 cm: children are allowed one meal per week; for
most adults: two to three meals per week, and for adults with weight equal to or
greater than 250 lbs. or 113.6 kg: four meals per week;

• For fish with length >50 cm: children allowed zero meals per week; most adults:
one to two meals per week; adults with weight equal to or greater than 250 lbs or
113.6 kg: two meals per week.

These recommendations for consumption guidelines, based on available fish mon-
itoring information, indicate all members of the sensitive MFN population need to be
cautious with consumption of Northern Pike, Walleye, Lake Trout, Burbot, and
Smallmouth Bass across habitats. The consumption recommendations for Lake
Whitefish, CommonWhite Sucker, and Longnose Sucker are less restrictive due to the
consistently lower mercury tissue concentrations in these latter species due to diets of
detritus, plants, and invertebrates.

This recommended consumption approach for wild fish in subsistence fisheries
uses the precautionary principle. Specifically, the study recommends consumption
rates that are expected to avoid health consequences, if they are followed. It is not
feasible to forecast possible health outcomes for individuals who do not follow the
recommendations provided from the guide and/or the online recommendations from
Ontario. It is well-established science that excessive consumption of wild fish can lead
to undesirable human health outcomes and this predicate justifies the need for a guide
involving the consumption of wild fishes.

5. Conclusions

This study has allowed for an update on the COCs in fishes harvested within MFN
territory. The study approach also included the allowance for the analysis of past public
and private studies to represent a wider set of observations across lake and river habitats.
Time trends in mercury in fish tissue suggest that eutrophication is evident across the
four lakes and rivers and these locations extend west to east across MFN territory. These
forested watersheds appear to have been experiencing the effects of eutrophication since
at least 2009, from an unknown combination of diffuse and defined nutrient sources.

An initial finding is that mercury is the primary contaminant of concern evident in
fish tissue. The analyses included herein also identified that sport fish consumption
guidelines in Ontario are first initiated for a fish species in a habitat when mercury
concentrations in muscle tissue at a given length exceed about 0.06 μg/g. Then for this
species, consumption recommendations are severely limited at 0.5 μg/g in tissue at a
given length, with no consumption recommended for fish specimens with lengths
associated with ≥1.0 μg/g.

Analysis of available historical and recent information indicates the larger speci-
mens in many fish populations show the highest concentrations of mercury and
should be generally avoided for consumption. Comparisons across habitats suggest
consistent concentrations of methylmercury above 0.06 μg/g since at least 2009 with
the likely cause of widespread eutrophication.

This study also confirmed that consumption guidance is required for nearly all
habitats across MFN’s traditional territory confirming this is a regional pattern due to
pervasive contamination by mercury. A topic of concern that requires further study
that was not addressed concerns the possible consequences on wildlife (e.g., birds,
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small mammals) that also consume fish with elevated mercury. Similarly, other wild-
life (e.g., Moose Alces alces) may be at risk from exposure through the consumption of
sediment and aquatic plants with elevated mercury. Exploration of consequences on
birds, small mammals, and large mammals is a warranted study.
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Chapter 10

Fish Fauna and Fishery in Ethiopia, 
Africa
Abenezer Wendimu, Wondimagegnehu Tekalign  
and Abnet Woldesenbet

Abstract

This chapter highlights the diversity of Ethiopian fish species across 12 drainage 
basins. These include the Wabishebele-Genale, Abay, Omo-Gibe, Awash, Rift Lakes, 
and Baro Akobo basins. Ethiopia’s lakes, rivers, and reservoirs harbor over 200 fish 
species, categorized into East African, Nilo Sudanic, and endemic forms. The Nilo-
Sudanic species are most diverse, particularly in the Abay, Baro-Akobo, Omo-Gibe, 
and Tekeze basins. Highland lakes and northern Rift Valley lakes host East African 
forms. Each of the seven drainage basins holds varying numbers of fish species, with 
high levels of endemism in the Abay, Rift Valley, and Awash basins. Endemic species 
counts are as follows: Abay (23), Rift Valley (7), Awash (6), Omo (2), and Baro (1). 
Rapid population growth, unemployment, and ineffective fisheries management 
threaten fish diversity. To prevent further degradation, urgent watershed manage-
ment actions such as forestation, soil conservation, controlled grazing, and banning 
hillside crop farming are imperative in Ethiopia.

Keywords: drainage basins, fish fauna, ichthyofaunal diversity, Ethiopia, fish species

1. Introduction

Because freshwater is a necessity for all life, it plays a crucial role in socioeconomic 
development. However, diverse fresh water ecosystems are frequently threatened by 
activities both on land and in water bodies, putting them at risk. Determining the 
number of different fish species in fresh water ecosystems is important there for con-
servation and management. Losses in biodiversity occur at very high rates worldwide, 
largely because of human activity. Conservationists are concerned about this loss, and 
they are working hard to protect as much of the remaining diversity as possible.

Knowledge of an area’s biodiversity is essential for creating effective conservation 
strategies [1]. Norris [2] asserted that an ecosystem’s species diversity can serve as a 
barometer of its health. However, a major issue in the modern era is the rapid decline 
in biological diversity caused by habitat loss and environmental degradation [3]. The 
inland bodies of water in Ethiopia (Lotic and Lentic) are rich in edible fish resources, 
which ichthyologists find valuable. This is because Ethiopia’s fish fauna is made up of 
a variety of East African, Endemic, Ethiopian Highlands, and Nilo-Sudanic species 
[4, 5]. A total of 175 valid fish species and subspecies from 12 orders and 25 families 
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Figure 1. 
Capture and aquaculture production on a global scale (excluding aquatic mammals, crocodiles, alligators, 
caimans, and algae) [10]. Live weight equivalent is the unit of measurement for data.

were identified [6, 7]. According to Golubtsov and Mina [8], 168–183 valid fish spe-
cies have been found in Ethiopia’s freshwater bodies. Between 37 and 57 endemic fish 
species are thought to exist nationwide [8].

2. Aquaculture production and consumption

2.1 Global trend

Aquaculture is a sector of the food industry that expands and produces foods that are 
high in protein. The total quantity of aquaculture-produced food fish that is consumed 
by humans, including crustaceans, fish, mollusks, and other aquatic animals, was 52.5 
million metric tons in 2008 [9]. The quantity intended for human consumption in 2019 
(excluding algae) reached a peak weight of 20.5 kg, and in 2020, it slightly decreased 
to 20.2 kg per person, which is still more than twice as much per person as the 1960s’ 
average weight of 9.9 kg. Approximately 600 million people’s livelihoods are considered 
dependent on fisheries and aquaculture, at least in part, including workers in the second-
ary and tertiary sectors as well as their dependents. The number of people working in the 
primary sector was approximately 58.5 million people. Due primarily to the COVID-19 
outbreak in 2020, only around USD 151 billion was produced by fisheries and aquaculture 
products, less than the US dollar record high of 165 billion in 2018 [10]. A record 180 mil-
lion metric tons of aquaculture has been produced globally (Figure 1), 127 million metric 
tons more than in 2008, owing to expansion in China, Chile, and Norway [10].

Consumption of aquatic foods is anticipated to increase by 15% to 21.4 kg/person 
on average in 2030, owing to rising income, urbanization, better post-harvest prac-
tices, and dietary trends [10]. Worldwide, people consume more than 100 million 
tons of fish each year, providing at least 20% of the average amount of animal pro-
tein consumed by 2.5 billion people and up to 50% or more in developing nations. 
Although these levels are still low, fish protein is essential as a significant portion of 
the animal protein consumed in some regions where food insecurity and malnutri-
tion are most prevalent, such as Asia and Africa. Global fish consumption statistics 
obscure the significant regional variations between and within nations. As a result of 
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the impact of geographical, cultural, and economic factors, along with accessibility 
to and proximity to fish landings and aquaculture facilities, fish consumption varies 
significantly by individual, from less than 1 kg to 100 kg annually. Despite the fact 
that there are still observable variations in the quantities of fish eaten between dif-
ferent countries and regions of the world (Figure 2), some distinct trends can still be 
observed.

2.2 Status of aquaculture in Africa

Between 2003 and 2007, aquaculture production in Africa increased by 56% and 
over 100%, respectively, in both volume and value. This growth was fueled in part by 
rising aquatic product prices, the emergence and growth of small and medium-sized 
aquaculture businesses, significant investments in cage culture, and the expansion 
of larger commercial endeavors, some of which produced high-value goods for mar-
kets abroad [9]. Several phylogenetic taxa that are old and isolated (e.g., Lungfish, 
Polypteridae, Protopteridae, and Bichirs) are common in this region [11]. Although the 
vast river systems of the continent are also fishery-rich, accounting for up to 50% of 
the total inland catch, lakes contribute significantly to inland fisheries [12]. The diverse 
species flocks that the African ichthyofaunal includes as a result of adaptive radiation 
give it an additional distinction [11]. For instance, flocks of various cichlid species 
can be found in Malawi, Tanganyika, and the Great Victoria Lakes of East Africa, and 
Labeo barbus, which can be found in Lake Tana (Ethiopia).

According to the FAO [13], Africa contributes very little to the production of fish-
eries worldwide, with only 7% of the total production coming from regional capture 
fisheries, becoming the second largest region after Asia in terms of this population. 
Despite the fact that Africa makes a minimal overall contribution to each of these 
sub-regions, 3 million tons are produced by inland waters, which account for 25% of 
all global inland fishery production (Figure 3). Because of this comparison, artisanal 
fishing in Africa is valued, particularly, the significance of continental lakes, such as 
Lake Victoria. This context is crucial in places with high level of poverty.

Figure 2. 
Estimated amount of fish consumed per person, average 2015–2017 [10].
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Africa appears to lag behind global growth in aquaculture. Aquaculture in Africa 
is relatively rare. There are several reasons for this, but the primary reason is that 
the industry is not viewed as a commercial enterprise. Even in areas where it is not 
commercialized, aquaculture in Africa can benefit from sound fisheries management 
techniques that will help protect these significant food production sectors. Recent 
data show that the region’s aquaculture industry is growing faster than the average for 
the world [13], and presently makes up 15–19% of all fish produced.

Figures 4 and 5 depict the variations in wild capture, fisheries and aquaculture 
practices among the five pioneer fish-producing nations in Africa.

Fish consumption in Africa was the lowest at the regional and continental levels, 
reaching a peak of 10.5 kg in 2014 and starting to fall to 9.9 kg in 2017 (Table 1). 
Nevertheless, demand in Africa varied, with West Africa having a per capita intake 
of 12 kg and East Africa having a per capita intake of 5 kg. Between 1961 and 2017, 
North Africa experienced significant growth (per capita from 2.9 kg to 14.7 kg), but 
sub-Saharan Africa experienced stagnant or declining per capita fish consumption. 
Several interrelated factors contribute to sub-Saharan Africa’s low fish consumption, 

Figure 4. 
Tons of wild fish produced overall between 2000 and 2019 in the five selected African nations [13].

Figure 3. 
Inland capture fishing by continent [13].
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including population growth, outpacing the availability of fish for food; stagnation 
in fish production due to stress on resources from capture fisheries; and an underde-
veloped aquaculture industry. Low-income levels, poor infrastructure for landing, 
storing, and processing fish, a lack of fish product sales channels for marketing and 
distribution, and all these factors contribute to the low consumption of fish. It should 
be noted, however, that actual values in Africa are likely greater than official statistics 
indicate because the contribution of a few artisanal fisheries, subsistence fishing, and 
unrecorded cross-country trade is underreported.

Figure 5. 
Total tons produced by aquaculture in Egypt and Nigeria between 2000 and 2019 [13].

Region/economic 
grouping

Total food fish consumption  
(million tonnes live weight equivalent)

Per capita food fish 
consumption (kg/year)

World 152.9 20.3

World (excluding 
China) 97.7 16.0

Africa 12.4 9.9

North America 8.1 22.4

Latin America and the 
Caribbean 6.7 10.5

Asia 108.7 24.1

Europe 16.1 21.6

Oceania 1.0 24.2

Developed countries 31.0 24.4

Least developed 
countries 12.4 12.6

Other developing 
countries 109.5 20.7

Low-income food-
deficit countries 23.6 9.3

Table 1. 
Consumption of fish overall and per person by region and economic grouping, 2017 [13].
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2.2.1 South Africa

With a 0.5 percent Gross Domestic Product (GDP) contribution and 4000 direct 
jobs, the fishery industry in South Africa is comparatively small in terms of employ-
ment, according to Augustyn et al. [14]. Relatively 140,000 jobs depend on these 
industries. The most recent estimate of the value of all fishery landings is 700 million 
USD. The biggest and most lucrative commercial sectors are deep-sea trawls, purse 
seines (small pelagic purse seines), squid jigs, offshore west coast rocks, lobster traps, 
and line and net fisheries [15]. The government has recognized marine aquaculture as a 
developing industry that deserves support despite the fact that it remains in its toddler-
hood in terms of aquaculture, with a projected worth of USD 34 million [14].

2.2.2 Namibia

After Mauritania, South Africa, and Morocco, Namibia is the continent’s fourth-
largest nation in terms of catch fisheries. Hake and horse mackerel are the two primary 
commercial species caught in Namibia. The large pelagic tuna, deep-water crab, monk-
fish, rock lobster, and orange roughly are different species with more recent significance. 
The fishing industry exported approximately USD 680 million in 2016, ranking second 
after mining in terms of foreign exchange earnings. The fishing industry employs 16,800 
people directly, with hake fishing and processing accounting for 70% of all jobs. Along 
with mariculture processing, horse mackerel is a growing industry that creates new 
jobs [16, 17]. In terms of aquaculture, mariculture is a growing sector primarily based 
on Lüderitz Bay and Walvis Bay, according to ATFALC [18]. Mariculture production 
in Walvis Bay and Lüderitz Bays, which totals less than 2000 tons annually, includes 
onshore abalone production as well as farms for oysters, mussels, and other shellfish.

2.2.3 Morocco

Approximately 3% of Morocco’s GDP is derived from fishing. According to 
Cervantes et al. [19], in 2017, 1.4 million tons were thought to have been caught in 
2017. Most harvests were made on the Atlantic side. Small pelagic species, including 
anchovies and sardines, were the primary species caught (approximately 70 percent). 
The sector of high-sea tuna species is the main target of fishing, which is caught by alien 
ships, primarily from the fleets of Asia, Russia, and the European Union. When con-
sidering the direct and indirect jobs generated by small-scale fisheries, the number of 
individuals directly employed in Moroccan fishing in 2017 reached 400,000. However, 
the scarcity of processing, harbors, and infrastructure facilities means that small-scale 
sectors are still largely underdeveloped. Production from aquaculture is rather meager, 
with an estimated 1200 tons produced in 2017 and 250 employed people.

2.2.4 Nigeria

The fishing sector is rounded to the nearest half of Nigeria’s GDP. It was reported 
that 734, 731 tons were produced in total in 2016. The fishing business is varied, with 
36% coming from marine and wild catch, 33% from inland water systems, and 31% 
from aquaculture. More than 80% of Nigeria’s domestic catch fisheries are produced 
by artisanal small-scale fishers who live in the coastal, inshore creeks, lagoons, interior 
rivers, and lakes of the Niger Delta. Nigeria is the top producer of aquaculture in sub-
Saharan Africa, specializing in fresh and brackish water aquaculture. Approximately 
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USD 840 million is the off-farm value of 291,000 tons of this product was produced in 
2018 [13]. Production of freshwater is mostly to blame for this. Catfish, which typi-
cally grow in ponds and tanks and account for more than 50 percent of all aquaculture 
production volume, is the most widely farmed species in Nigeria.

2.2.5 Egypt

Over the last ten years, the yield of fish caught has remained largely stable, at 
350–400000 tons. In the past 20 years, aquaculture production has increased sig-
nificantly and as of 2003, it has surpassed the wild catch. Fish production accounted 
for 75% of the country’s total production, or 1.56 million tons and was said to have 
come from aquaculture in 2018. Tilapia is the most prevalent species in freshwater 
and inland reservoirs, followed by the flathead gray mullet. The nation’s aquaculture 
ponds cover approximately 115,000 hectares. Sea bass and sea bream are the two 
most important species in marine culture, although prawns and other species, such as 
meager (drum) are also produced in modest amounts.

2.3 Overview of fisheries development in Ethiopia

The lentic and lotic inland water bodies in Ethiopia are rich in resources for edible 
fish, which ichthyologists are particularly interested in. The country has been recognized 
for having a significant amount of physically accessible freshwater resources, including 
122 billion metric cubic (BMC) of mean annual flow distributed among 12 river basins, 
4.5 BMC underground, 9 saltwater lakes; 11 freshwater lakes; 12 major marshes; and 
craters, the majority of which are situated within the Rift Valley Basin [20]. Tesfaye 
and Wolff [21] stated that most lakes are endorheic because they have no surface water 
outlets, except for Ziway, Tana, Langano, Abaya, and Chamo. Ethiopia has less potential 
for ground water than surface water resources. According to research, the nation also has 
numerous lakes and reservoirs, numerous small water bodies, and expansive floodplain 
areas that are dispersed throughout the entire nation and cover an estimated 13,637 km2 
of land (Table 2), or 1.2% of Ethiopia [23, 24]. There are numerous significant lakes, 
rivers, and small bodies of water, such as swamps, floodplains, ponds, and canals for 
irrigation with a smaller than 10 km2 area [25]. Sadly, many of these water bodies in 
Ethiopia have not yet been studied, and many of them, because of their wetlands and 
unlisted locations, are still a mystery to scientists and academics.

The nation’s inland waters are home to species that are endemic to the Ethiopian 
highlands, Nilo-Sudanic, and East African Ichthyofauna [4, 5, 26]. Additionally, 

Water resources Total area (km2) Total length (km) Annual produce estimations (tons/year)

Mean Per unit length

Large lakes 7740 — 39,262 5.8 ± 0.6

Large Reservoirs 1447 — 7879 6 ± 0.6

Small bodies of water 4450 — 25,996 4.1 ± 0.4

Rivers — 8065 21,405 2.4 ± 0.9

Total 13,637 8065 94,541

Table 2. 
Summary of the various water bodies’ production estimates in Ethiopia [22].
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approximately ten exotic species of fish have been introduced into the freshwater 
ecosystems of Ethiopia from abroad for many reasons, including the prevention of 
malaria and weeds (Table 3) [28].

Commercially exploited lakes are about 6500Km2, and yields per annum do not 
exceed 23,000 (Table 4).

Too many fish species can be found in the country’s rivers and streams than in lakes 
and reservoirs. The most significant fish for commerce were Oreochromis niloticus, 
Clarias gariepinus, Barbus species, Cyprinus carpio, and Carassius carassius. The Main 
River and miscellaneous small river systems of the country account for approximately 
1,135,494Km2 and more than 20,000 potential yield estimates (Table 3).

The majority of fish eaten in Ethiopia are caught from the wild using artisanal 
(small-scale) techniques. Of the nation’s estimated annual fish production, which is 
approximately 51,481 tons for major water bodies (Table 4), only about 38,400 tons 
have recently been consumed (Figure 6) [29].

2.4 Ethiopia’s drainage basins and fish diversity

Based on faunal similarities (particularly fish fauna) and the African freshwater 
ecoregion model, Ethiopia’s freshwater systems were conveniently classified into five 
freshwater ecosystem types in 12 drainage basins (Figure 7) [30].

It consists of rivers, streams, and lakes in the highlands of the country, includ-
ing Lake Tana, lakes in the rift valleys such as Lakes Abaya and Chamo, and Lake 
Turkana (including the Omo River and its tributaries and Lakes Abaya and Chamo). 

Rivers Catchment 
area(Km2)

Length within 
Ethiopia (km)

Potential yield estimates

1o 
Model

2o 
Model

Weight Per Unit 
length (ton/km)

Baro 38,400 285 839 232 2.3

Akobo 21,890 203 487 119 2.1

Gillo 13,050 252 295 182 1.7

Alwero 8098 321 185 294 1.6

Pibor 4300 96 100 27 1.5

Blue Nile 176,000 800 3675 1792 3.2

Awash 112,696 1200 2385 3999 3.1

Wabi-Shebele 202,697 1000 4215 2787 3.4

Genale 171,042 480 3575 652 3.5

Omo 79,000 760 1690 1619 2.3

Tekeze 82,350 608 1759 1041 2.2

Mereb 5900 440 136 549 1

Angerib 23,812 220 528 139 1.3

Miscellaneous 
small rivers

196,259 1400 4085 5426 3.8

Total 1,135,494 8065 23,954 18,855 2.4 ± 0.9

Table 3. 
Estimates of the potential fish production in Ethiopian Rivers [21, 27].
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The Wabi-Shebele, Genale, Dawa, and Fafan river basins, as well as the coastal basins 
of the Red Sea, lie between Shebele and Juba (including the Awash system and the salt 
lakes of northern Ethiopia, including Lake Abbe, Afambo, Afdera, and Asale).

Golubtsov and Darkov [31] argued that there are six main watersheds that can be 
used to further subdivide freshwater ecoregions (Table 5). These include Rift Valley, 
Omo-Gibe-Turkana, Shebele-Juba, Blue Nile, White Nile (Baro-Akobo) and Tekeze-
Atbara. The country’s drainage system is the result of an uplift that occurred in Ethiopia 
during the tertiary period, forming the Rift Valley and two highlands [33, 34].

The predominant fish species in the Baro, Akobo, Omo, Gibe, Tekeze, and Blue 
Nile basins (Table 5) were Nilo-Sudanic forms. Additionally, some of these fish 
can be found in the Southern Rift Valley and lakes of the Shebele Genale system 

Water bodies Main landing site Area (Km2) Fish Yield Possible (ton/ year)

Abaya Arba Minch 1070 600

Awassa Awassa 91 611

Chamo Arba Minch 350 4500

Koka reservoir Koka 255 700

Langano Oittu 230 240

Lugo Lugo 25 400

Tana BahrDar 3500 10,000

Turkana Ethiopian (1.3% total area) 94 750

Ziway Ziway 434 2941

Total 6477 23,342

Table 4. 
Commercially exploited lakes, landing areas, and potential fish yield [21, 27].

Figure 6. 
Trends in the nation’s got fish catch from 1990 to 2010 (according to the Federal Ministry of Agriculture and the 
Central Statistics Office website, both of which were cited by Brook Lemma in 2012 and from 2011 to 2013) [29].
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(Abebe, [4]). Due to the historical and continuing connection of the watershed with 
the river systems of Nile, West, and Central Africa, these systems contain elements of 
Nilotic fish [26]. The genera represented by these fish were Mormyrus, Malapterurus, 
Labeo, Hyperopisus, Hydrocynus, Citharinus, Barilius, Bagrus, Alestes, Polypteus, 
and Protopterus. South of the Rift Valley and in portions of the Shebele–Genale 
Basin, these forms are present (lakes Abaya and Chamo). These lakes and water-
sheds are thought to have been connected to the Upper White Nile by Lake Rudolph 
7500 years ago [35]. These forms are believed to be related to West African fish, as the 
Nile was once connected to the river systems in Central and West Africa.

The highland East African forms are found in the lakes of the northern Rift Valley, 
including Lakes Hawassa, Zuway, and Langano; highland lakes Tana and Hayq; and 
associated river systems, as well as the Awash Drainage Basin. Among them are the genera 

Figure 7. 
Drainage basins of Ethiopia (Source: ArcMap by Abenezer Wendimu).

Drainage systems Number

Family Genera Species

Wabi-Shebele and Juba 12 21 33

Tekeze-Atbara 10 22 34

Rift Valley 11 18 28–31

Omo-Turkana 20 42 76–79

Baro-Akobo 26 60 113

Abay 16 37 77

Table 5. 
Six drainage systems contain a variety of fish [32].
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Clarias, Garra, Oreochromis, Barbus, Labeo, Barbus, and Varicorhinus. They are related to 
fish from Eastern, Northern, and Southern Africa. Some elements are present in the waters 
of western Africa. For instance, the widely dispersed cyprinid species G. dembeensis is 
found in six distinct nations (Tanzania, Kenya, Cameroun, Ethiopia, Egypt, and Nigeria). 
The Awash and Northern Rift Valley lakes are almost devoid of Nilotic river fish [30].

Considering the size of the nation, the ichthyofauna of Ethiopia does not appear 
to be very numerous. Lowland waters have no known endemic species, but the waters 
of the Ethiopian plateau have a high endemism rate [30]. The fish ichthyofauna of 
these streams is dominated by two fish genera (Barbus and Garra). Afronemacheilus 
abyssinicus is an odd endemic fish of the Ethiopian plateau [30]. In terms of number, 
richness, and diversity, the endemic forms have an uneven distribution of fish species 
among the drainage basins. Since the lakes and rivers are relatively accessible, there 
is a high chance of discovery, which may contribute to the uneven distribution of 
species within the major drainage basins.

The Omo-Gibe, Wabi-Shebele, Tekaze, and Rift Valley basins around Lake Abay are 
next in order of species diversity, then the Baro Basin [31]. The rich and diverse habitats 
that makeup part of this high diversity are also likely justification for the relatively high 
level of exploration and collection that has occurred in these easily accessible bodies 
of water. However, the highest endemism appears to be in the Abay and Awash basins. 
This is due to the ‘species flock’ of Lake Tana and endemic fish species that have evolved 
into special habitats in the creeks of the highlands of northern and central Ethiopia. 
Lake Tana is home to 28 species and 1 subspecies, 20 of which are endemic to Ethiopia. 
According to Getahun et al. [30], Lake Tana is home to 18 endemic species.

2.4.1 Baro-Akobo Basin

The southwest highlands are relatively small, rounded mountain remnants that 
are divided by established river valleys and are located south of the Abay [36]. These 
mountains and hills give rise to a number of the Baro-Akobo basin’s tributaries. Major 
river systems in the basin include the BaroKela, Gilo, Akobo, Baro, Sore, Geba, Birbir, 
Alwero, Bonga, and Jejebe Rivers. The southern Ethiopian plateau provides the majority 
of the water for the Sobat, as the so-called Baro-Akobo is known outside of Ethiopia.

The White Nile system in Ethiopia is home to 107 fish species that are divided into 
54 genera and 23 families. Only one of the 87 fish species, Afronemacheilus abyssinicus, 
according to Getahun [35], is unique to this basin [8]. More recently, 113 fish species 
from the same basin were found in 60 genera and 26 families, according to Golubtsov 
and Darkov [31]. The most varied fish fauna is found in the White Nile system, 
which is located in Ethiopia. Other drainage systems do not contain the following six 
families: Protopteridae, Notopteridae, Nothobranchiidae, Cromeriidae, Channidae, 
and Anabantidae [31]. Mormirids sp., Malapterurus sp., Lates niloticus, Labeo horei, 
Hydrocynus sp., Heterotis niloticus, Gymanrchus niloticus, Bagrus, Barbus sp., and Alestes 
sp. are the fish species that are most important for commerce. There are about six 
endemic species in this drainage basin, and there is no information on exotic/alien 
species of fish. For Ethiopia’s development of fish culture, the watershed’s diverse fish 
fauna in low-lying areas is a valuable resource [31].

2.4.2 Blue Nile basin

Lake Tana is the source of the Blue Nile, which flows into central and northwest-
ern Ethiopia. It is Ethiopia’s principal river, flowing at about 50 billion cubic meters 
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annually between Lake Tana and the Sudanese border over a distance of 1000 
kilometers [36]. Its water system includes the Dinder River, which empties into the 
Blue Nile far below the Sudan reservoir, and Lake Tana, Ethiopia’s largest lake, and 
its tributaries. It also has several basins, including the Didessa, Beles, Jemma, and 
Dabus Rivers, as well as the Koga and Fincha basins [37]. Despite having a drainage 
area of only 324,000 km2, the entire Nile system receives 58% of its water from this 
area and the vast bulk of soil particles/sediment from Egypt’s deltas and alluvial 
river valleys [38]. The lower basin, specifically the Jamma, Guder, Didessa, and 
Dabus Rivers, is where the majority of the Blue Nile flood’s water comes from. In 
the southwest region of the country, where rainfall is heavy, Didessa and Dabus 
rise on the left bank. Another group of important tributaries include the Beshilo, 
Dabena, Anger, Mugger, Belessa, and Wonchit. Within Ethiopian borders, the 
Blue Nile drainage was home to 30 different fish species [39]; JERBE, on the other 
hand, listed 77 species of fish belonging to 16 families and 37 genera. Cyprinidae 
is the most varied family of fish. The Blue Nile drainage system has a large number 
of endemic species (a total of at least 24 endemic species). The cyprinids that are 
unique to the Lake Tana sub-basin made up one-fourth (19 species) of the total 
species count.

Three fish species were introduced into Ethiopia and were shown by 
Golubstov and Mina [40] to be a component of the drainage network for the Blue 
Nile. One species from each of the three families serves as representation. The 
Afronemacheilus abyssinicus, Clarias gariepinus, and Oreochromis niloticus species 
are the representatives of the Cichlidae, Claridae, and Balitordae, respectively. 
Cyprinidae, the family of fish with the most members in the lake, is portrayed 
by the following genera such as Varicorhinus, Labeo, barbus, Barbus, and Garra 
[30]. Barbus is the genus that houses the Labeo barbus species found in Lake Tana. 
However, the name Labeobarbus is now used for the large hexaploid African barbus 
[41]. The brand-new genus name more accurately conveys their phylogenetic 
separation from other Barbus species, which were previously grouped together. 
Different Labeobarbus species have different reproductive methods in addition 
to resource allocation (feeding) [42]. The “small” barbs are categorized under the 
genus Barbus, which has three species: B. pleurograma, B. tanapelagius, and B. humi-
lis [43]. There is only one species of Varicorhinus, V. beso. According to Stiassny 
and Getahun [44], four species make up the genus Garra: G. tana, G. dembecha, G. 
dembeensisis, and G. regressus. After the cyprinid species in Lake Lanao disappeared 
due to overexploitation, 15 different species of Labeobarbus now form the world’s 
sole cyprinid species congregating in Lake Tana.

2.4.3 Tekeze-Atbara Basin

This basin includes the rivers that drain the northeast of the country. The Tekeze 
River, which merges with Sudan’s White Nile and Blue Nile rivers to form the Nile, as 
well as the Guang River, also known as the Atbara River, are included in the drainage 
system [37]. The sources of its tributaries are on the Ethiopian High Plateau, which is 
close to the Blue Nile and lies to the east and west of Lake Tana [36].

The fish fauna of the Tekeze-Atbara drainage system was unknown prior to the 
JERBE survey of this area, according to Tedla [39]. Three endemic species, 2 intro-
duced (exotic) species, 10 families, 22 genera, and 34 fish species were recorded by 
JERBE from the Tekeze-Atbara drainage within the limits of Ethiopia.
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2.4.4 Omo-Turkana Basin

Kafa is the source of the Omo River, which flows south into Lake Turkana [45]. 
The Omo River basin stretches from the west highlands of southern Kenya to the 
semi-arid Omo lowlands. Ninety percent of the lake’s yearly inflow goes into the richly 
diverse Omo delta, and 14% of Ethiopia’s yearly runoff comes from there, changing 
in response to changes in lake level [46]. There is evidence that the Nile and this basin 
have previously connected more than once when it was wet and pale climatic fluctua-
tions [47]. In Kenya and Ethiopia, there are 130,860 km of Lake Turkana watershed. 
The lake is the fourth-largest lake in Africa and the largest desert lake in the entire 
world. Ethiopia’s largest river system is the Blue Nile, and the second largest in terms 
of runoff volume is the Omo basin. As a closed basin, Lake Turkana inflows gradually 
evaporate, leaving the lake’s waters nearly salty, unfit for human consumption, and 
unusable for agriculture.

The Omo River empties into Lake Rudolf, also known as Lake Turkana, on the 
Kenyan border. The southwest portion of the country’s western highlands is drained 
by a number of rivers, including the Gibe River in the Omo River watershed [26]. 
Before the JERBE study, only 13 species had been identified within Ethiopia’s borders 
of the Omo drainage system [39]. The Omo-Turkana Basin is home to between 76 and 
79 fish species, which belong to 20 families and 42 genera. The Omo River system 
contains up to eight endemic fish species, or about a quarter of the fish fauna of the 
system. As of yet, no introduced species have been found [31].

2.4.5 Shebele-Juba Basin

Originating in the Bale Mountains and Ahmar, respectively, Wabi-Shebele and 
Dawa Genale Gastro flow southeasterly toward Somalia. Genale-Dawa River is the 
Ethiopian name for the Juba River, claimed by Basnyat and Gadain [48]. In its upper 
catchment, the Juba River’s principal tributaries are the southeast-flowing Wabi 
Dawa, Genale, and Wabi Gastro. Fourteen fish species were listed as coming from this 
drainage system before JERBE, according to Tedla [39]. The Juba and Wabi-Shebele 
Drainage Basins are among the basins in the nation with the largest catchment areas 
and the least amount of research done on their fish populations. Thirty-three spe-
cies of fish from 21 genera and 12 families have been described in the works of the 
JERBE group [31]. The most distinctive ichthyofaunal species of the Nilotic and East 
African fish taxa are found here, including the cichlid Alestesaffinis and the characin 
Alestesaffinis (Oreochromis spilurus). According to Golubstov and Mina [40], the eel 
Anguilla sp., a diadromous fish, is only found there in Ethiopia.

2.4.6 Rift Valley Basin

The main Ethiopian rift in the country’s center is the Afar Rift System, and the 
largely rifted zones of southwest Ethiopia are the three main geological zones that 
make up the Ethiopian Rift Valley, which is the northernmost segment of the East 
African Rift system [49, 50]. The lakes in the southern part of Ethiopia are Lake 
Abaya and Lake Chamo. These lakes are located in the north: Zuway, Abijata, Shala, 
Langano, and Awassa. The salty northern lakes include Afdera, Gamari, Asale, 
Afambo, and some of Abbe. The crater lakes (Lake Arenguade, Bishoftu, and Hora) 
and the Bishoftu group and Chitu are all in the Rift Valley Basin of the country [4].
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Characteristics Small-scale Medium-scale Large-scale

Range of value of output per crew per 
annum (USD)

200 to 1500 Over 8000 Over 15,000

Range of fuel consumption per unit per 
annum (tones)

1–60 400–450 1600–1800

Range of fish harvest per unit per annum 
(tones)

2–100 200–1200 5000–8000

Range of fish harvest per ton of fuel 
(tones)

2–3 2–3 3–4

Investment range per unit 1–80 300–4000 10,000–40,000

Estimated number of units 3,200,000–
3500,000

30,000–32,000 5000–5500

Crew range per unit 1–5 25–30 40–60

Table 6. 
Rough estimates of the characteristics of different scales of operation in fishery sources: Kurien [52].

The most diverse fish fauna is found in the southern Ethiopian Rift Valley (Lake 
Abaya and Chamo), where there are 20 different species of fish, and the river basin in 
the Awash watershed has 11 different species of fish, which is about 37% of the overall 
fish weight in great in the Rift Valley of Ethiopia [8]. Taxonomically, the valley holds 
more than 30 diver species of fish in 18 genera and 11 families, with four introduced 
and five endemics [31]. Ethiopia’s larger cities and administrations in small and large 
towns provided edible fish species largely from Tana Lake (more than 50%) in the 
northern part of the country and other Rift valley lakes (40%), according to Tesfaye 
Wudneh [51].

2.5 Fishery activities

Fishing is a dynamic and expanding industry, according to FAO (2004), 
because it employs labor-intensive harvesting, processing, and distribution meth-
ods to take advantage of marine and freshwater fish resources. This subactivation 
sector’s, whether done part-time, full-time, or only seasonally, regularly aims to 
provide fish and fishery produces to home consumption as well as regional mar-
kets. However, over the last decade or two, market consolidation and increased 
globalization have increased export-oriented production in many small-scale 
fisheries.

Various levels of organization operate on a small scale, including sole proprietor-
ships, formal economic enterprises, and informal microenterprises engaged in fish 
production. The lack of uniformity within and across nations and regions must be 
taken into account when developing strategies and policies to increase this subsector’s 
contribution to food security and poverty reduction. The fisheries that still operate 
today typically involve fishing households (as opposed to commercial enterprises), 
have little money and effort, few (if any) small fishing vessels, and are primarily 
driven by local consumption. It involves a short trip near the intended coast. The most 
frequently used terms, either singly or in combination, when referring to small-
scale fishing are “subsistence,” “traditional,” “peasant,” “artisanal,” and “inshore.” 
According to Kurien [52], small-scale fishing differs from medium- and large-scale 
fishing in the following ways (Table 6).



241

Fish Fauna and Fishery in Ethiopia, Africa
DOI: http://dx.doi.org/10.5772/intechopen.1004602

2.6 Fishing gear technology

Long lines, hooks, gillnets, beach seines, and cast nets are among the equipment 
frequently used in Ethiopian fisheries [21]. In particular, the rivers of Ethiopia use a 
variety of traps, baskets made of plant materials, nets, wires, and scoops [53]. Nearly 
all of Ethiopia’s lakes are fished with gillnets, which account for most of the country’s 
commercial production (Table 4). Commercial catches are made with beach seines 
in the northern Rift Lakes, like Koka Reservoir, Lake Langano, and Lakes Ziway and 
Langano. Bagrus and Nile perch are caught in Abaya Lake using both surface and 
bottom longlines, respectively [54].

Additionally, it is employed in Lakes/Chamo to catch Nile perch [21]. Hook and 
line usage is frequently prohibited when fishing for subsistence [55]. On various lakes 
and rivers in the nation’s drainage basins, many other conventional tools are also used. 
For instance, in the Gumara River of Lake/Tana, scoop nets and fences are utilized 
[56]. The majority of the fisheries in the Baro-akobo Basin of the Gambella region 
use traditional gear [53]. Additionally, there are applications for poisons that are 
extracted from a variety of plants, such as Millettia ferruginea [53, 57].

2.7 Challenges of small-scale fishery development and prospects

2.7.1 Post-harvest losses

High temperatures cause fish to spoil quickly, which causes post-harvest loss. 
Getu et al. [58] estimated that 10–12 million tons of fish worldwide per annum, or 10 
percent of total catch, are lost due to spoilage. According to a study report published 
by Ayalew et al. [59], post-harvest fish losses in Lake Hayq and Lake Tekez, Northern 
Ethiopia, were estimated to have cost 10,934,000 ETB in losses over a 6-year period. 
Post-harvest fish losses are attributed to a variety of factors, including limited access 
to markets, size, and species preferences, inadequate infrastructure for handling, 
processing, storage, and transportation of fish, and distance to major markets.

2.7.2 Limitations on marketing, inadequate infrastructure, and access to fishing gear

The insufficient processing and marketing of small-scale fisheries is caused by a 
number of things, including inadequate infrastructure, a lack of standard processing 
methods, and a lack of financial support [60]. Small-scale fishermen use their produc-
tion inputs like feed and fingerlings and hire labor inefficiently from an economic 
standpoint [61]. Poor transportation and preservation facilities have an impact on 
Ethiopia’s fish marketing as well. According to a study by Sairam [62], the main mar-
keting issue in the Lake Hawassa area is the absence of sufficient transportation, fish 
markets that are permanent processing and storage facilities, and customer perception.

According to Alemu et al. [63], there are significant issues with the necessary 
transportation and infrastructure in the Gidabo River and Lake Abaya fishery pro-
duction systems. Fishermen are compelled to use hefty motorcycles and donkey backs 
to transport their goods in order to supply the market. Due to a lack of infrastructure, 
including electricity, fish handling, storage, and preservation techniques are not 
used. The fishermen offer discounted dried fish products to consumers, hotel owners, 
and fish traders in Gololcha or Dilla. Due to a lack of contemporary fishing gear and 
difficult access to markets, fishermen in all landing areas face unique challenges [62]. 
Additionally hard to come by in Ethiopia are the lead rope and floats needed for nets.



Inland Waters – Ecology, Limnology, and Environmental Protection

242

2.7.3 Overfishing

Due to fishermen’s lack of knowledge regarding the timing of first sexual maturity, 
overfishing may become a problem. The majority of fishermen (50.6%), according to 
Muluye et al. [64], were unable to determine yet if the fish they captured were mature 
or immature. Labeo barbus intermediuss caught in the Koka reservoir, according to 
Tesfahun [65], were undersized when they reached first maturity. In Lake Hawassa, 
juvenile fishing of a similar nature was seen (77.6% for Clarias gariepinus and 23.0% for 
Oreochromis niloticus) and Labeo barbus species (15%) for Lake Tana [66]. Overfishing 
and resource exploitation are also caused by the type and mesh sizes of fishing gear. 
The research conducted in Lake Ziway showed that the use of small mesh sizes was 
the main problem, which resulted in 43.33% overexploitation of the lake’s fish stock 
[64]. Poor legal and policy frameworks, as well as the improper application of current 
fishery laws and regulations, cause poor exploitation of fishery resources in all areas.

2.7.4 Urbanization, agricultural expansion, and wetland degradation

Small-scale fisheries’ ability to produce sustainably is being threatened globally by 
the destruction of aquatic ecosystems brought on by unsustainable fishing methods 
[67]. In Ethiopia, wetlands accounted for about (22,600 km2) of the country’s total 
land area. These wetlands areas have helped to protect a variety of pollutants, includ-
ing sediments, chemicals, fertilizers, sewage from people and animals, animal waste, 
pesticides, and heavy metals [68]. Wetland areas are used by fish species like Labeo 
barbusnedgia, Garadembecha, Clarias gariepinus, and Labeobarbus intermedius, and for 
their breeding processes; however, in various Ethiopian lakes, the water shade was 
deteriorating more quickly [69].

Wondie [70] asserted that shoreline wetland stability was significantly threatened 
by industrial pollution, agricultural expansion, different activities around drain-
age systems, and removing wetlands’ trees for one’s own benefit and financial gain. 
Because fish breeding grounds were destroyed, Lake Ziway’s actual production fell 
from 2300 tons annually in 2003 to 1127 tons annually in 2011 [71]. FAO [29] stated 
that the main pollutants harming Ethiopian fisheries and water bodies come from 
agriculture and industrial sewage. Similar to how the effluents from the textile indus-
tries in Awassa and Arba Minch and the tannery at Koka Reservoir can affect the status 
of the fisheries, fish stocks might suffer as a result of Lake Abijata’s mineral extrac-
tion. It uses the lake water for its own purposes and discharges various pollutants and 
nutrients into the catchment, which has an impact on various Lake Biodiversity.

2.7.5 Climate change

Due to insufficient rains and droughts, which were made worse by El Nio in 2015, 
Ethiopia is dealing with a crisis of food insecurity and severe drought [53]. Certain coun-
try’s fisheries are declining due to climate change [72]. Higher inland water temperatures 
decrease available fish stocks by altering the trophic status and water quality of a par-
ticular aquatic ecosystem. The effects of climate change on agricultural crops can make 
fishing households more vulnerable; therefore, fishermen around Lake Langeno were 
forced to catch any fish, regardless of size [73]. The highest runoff occasionally occurred 
in various areas due to rainfall vibration, adding to the sediment load in the water bodies. 
Current issues in Lake Tana include sediment load and siltation [74]. Similar to this, 
changes in fish species diversity, size, and composition have been observed in Lake Ziway 
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as a result of climate variability and change, as have changes in species distribution [75], 
potential species extinction [76], and decreased productivity [77].

2.7.6 Fish diseases

Diseases have an impact on fish production as well. According to Meko et al. [78], 
one issue facing the nation’s fishery industry is fish diseases. Fish disease and parasite 
conditions reduce the potential for fish production. It should be noted that poor 
water quality is the primary cause of the majority of parasitic diseases. The majority 
of parasitic organisms are opportunistic, potentially persistent in the tank or in small 
numbers on the fish, and only make fish sick when they are stressed [79]. Fish health 
is influenced by a variety of factors, including the type of filtration system, water 
temperature, the number of fish in a tank, lighting, pH, and chemistry of the water. 
It is the primary issue affecting both aquaculture and catch-based fishing around the 
globe. It might result in high mortality in a body of water or a fishing location. Aside 
from post-harvest production loss, ailments have been shown to be the cause of death 
in aquaculture and capture fisheries, and some are also the root cause of zoonotic 
human diseases in many parts of the world [24]. Overfishing and parasitic infections, 
for example, are causing a decline in Labeobarbus intermedius, according to Mengesha 
[80] and Dadebo et al. [79] reports; as a result, fish are becoming less available to 
local fish markets. According to the study assessment findings published by Bekele 
and Hussien [81], The parasite that caused fish the most trouble in Lake Ziway was 
Contracaecum. In the fish’s digestive tract, parasites like nematodes also made a 
contribution of 19.02% for Clarias gariepinus and 8.60% for Oreochromis niloticus [81].

2.7.7 Water hyacinth

Water hyacinths (Eichhorni acrassipses) are considered the worst invasive weeds 
due to their negative impact on aquatic ecosystems, fisheries, transportation, agricul-
ture, living conditions, and social structures [82]. Fish kills brought on by dissolved 
oxygen depletion were caused by water hyacinth’s heavy use of and reduction of 
dissolved oxygen [83]. These weeds are now primarily to blame for the lakes’ declin-
ing fish production levels. Approximately 34,500 ha (or 15% of the northern shore) 
of Lake Tana have been reported as being infested with water hyacinth, according 
to Wassie et al. [84]. Because the expansion of water hyacinth interferes with their 
ability to fish, all fishermen changed their landing location. According to the same 
research report, water hyacinth caused a decline in Labeo barbus’ catch per unit of 
effort (CPUE), which fell from 63 kg/trip in 1991–1993 to 6 kg/trip in 2010. In rela-
tion to this, high water hyacinth infestation levels have also been noted in a number 
of other Ethiopian rift valley lakes, particularly Lake Koka, Lake Ellen, Aba-Samuel 
Dam, and Lake Wonji [85], which had a similar impact on the various sectors.

2.7.8 Prospects

The nation has started a number of initiatives to boost the economy and improve the 
standard of living for its citizens. Large dams and reservoirs would be built, as specified 
in the GTP plan, with the primary goal of producing electricity. Others are dammed to 
hold water for agriculture that depends on irrigation. These bodies of water can be used 
to integrate cultured fisheries and increase fishing output nationally. Some success sto-
ries include fish production in Koka, Fincha, Gilgelgibe I, Melkawakena, and Tendaho 
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reservoirs. However, in addition to recently constructed sugar cane factories and small 
to medium-sized irrigation facilities, more reservoirs will be used for fish production 
without affecting the reservoirs’ primary function. Along with other hydroelectric 
dams in the Genale and Omo-Gibe basins, the massive Ethiopian Renaissance Dam 
on the Abay (Nile) River will soon be constructed in areas of the nation with high fish 
production. In order to stock such large bodies of water, this technology needs facilities 
for transportation, fish seed, and feed production. Therefore, the concerned ministries 
and institutions will need to make preparations in advance for adequately supplying 
and stocking water bodies with the appropriate fish species [78, 86, 87]. Ethiopia needs 
a multi-sectoral strategy and well-coordinated collaborative efforts from all stakehold-
ers to change the rate at which aquaculture advances. Therefore, a critical task for the 
future is to increase the participation of producers and relevant public authorities in the 
distribution and management of aquatic resources and land use. For the aquaculture 
sector to successfully develop in Ethiopia, it was essential to continue building capacity 
through universities to graduate skilled labor as well as to train, extend, and educate fish 
producers at a higher level through appropriate research centers [59, 86].

2.8 Fisheries as a means of ensuring food security

Fish is frequently an undervalued but crucial component in securing access to 
food and nutrition for all [88]. Fish is a particularly good source of omega-3 fatty 
acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which is high 
in nutrients and provides high-quality, low-saturated-fat protein [89]. At both the 
national and international levels, the importance of fish protein in general and small-
scale fisheries in particular to food security and nutrition has been acknowledged and 
advanced [90]. The Food and Agriculture Organization (FAO) claims that all fish-
ing grounds in West Africa are overfished or exploited [91]. Since the 1950s, a large 
number of development initiatives aimed at increasing fishing activity in West Africa 
have frequently failed [92]. However, it is impossible to significantly increase either 
the domestic fish stocks or the sources of imported fish to meet at least the average 
global consumption of 20 kg per capita in a short amount of time.

Over the past 30 years, aquaculture has grown steadily and quickly, and more than 
40% of all fish consumed today comes from aquaculture. Even though aquaculture 
harvest is increasingly becoming a part of many Asians’ diets, it is much less prevalent 
among people in sub-Saharan Africa. Fisheries and aquaculture can make contributions 
through both direct and indirect channels. The contribution of the direct consumption to 
the production is the direct mechanism. For instance, poor people in developing nations 
typically rely on diets high in carbohydrates to meet their nutritional needs. However, 
they are lacking in micronutrients and proteins. Fish can aid in preventing micronutrient 
deficiencies in this situation because it contains high-quality protein, essential fatty acids, 
and significant micronutrients like iron, zinc, vitamin A, calcium, and iodine [90].

However, households can use aquaculture to improve their nutritional status 
directly by eating fish from their own ponds [90]. In India, Kumar and Dey [93] 
found that houses with ponds for fish farming consume 10.9% more energy than 
households without ponds but with wage earners and that the proportion of under-
nourished people in households with fish ponds is 10% lower than in the control 
population. It has been demonstrated that small fish species are crucial sources of 
protein for fish ponds owned by low-income families in the Dinajpur District of 
Bangladesh, particularly during the months when vegetables are scarce or prohibi-
tively expensive. Dey and his coworkers in Malawi compared the consumption of fish 
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between homes with and without fish ponds. They noticed that households with fish 
ponds consume fresh fish and dried fish more frequently [94].

On the other hand, in addition to its direct impact on dietary intake, fish sales also 
indirectly improve household food security by raising household income. This can be 
used to buy additional food supplies, such as less expensive staple foods, and is one of 
the livelihood strategies that has greatly benefited people in developing nations [95]. 
It is an essential tactic for helping the poor obtain food, income, and other social ben-
efits [96]. Studies have found that fishing has a positive effect on household income.

According to a 2013 study by Gebremedhin and his colleagues in Lake Tana, 
fishing generates a sizable portion of the country’s income. It contributed 48% of 
the fishermen’s total yearly income. In Malawi, households with fish ponds had 
incomes that were greater by 1.5 times than those of households without [94]. Rural 
poor households that engage in aquaculture or capture fishing frequently use the 
extra money they make from selling fish to buy food. Recent studies have shown that 
households’ increased consumption of staple foods is positively impacted by house-
hold income from aquaculture [97].

2.9 Potential of fish feed

Fish feeds, which make up at least 40–60% of the cost of production, affect the 
fish’s ability to survive and be profitable [98]. Even though improvements to the 
continent’s overall production system have the potential to boost aquaculture pro-
duction, the desired expansion of aquaculture, genetics, and principles of general 
farm management, which is necessary to satisfy the growing demand for fish, is only 
possible with reasonably priced, high-quality fish food [99]. The cost of producing 
animals in developing nations is decreased using conventional feed resources, which 
provide fish with the protein they need at a lower cost. The most important thing to 
emphasize is the need to find better and more affordable sources of protein that may 
not be suitable for human consumption [53]. In Ethiopia, which is in the spotlight for 
this, there are several agricultural processing byproducts that are not used for human 
consumption but have great potential as feeds for aquaculture on a small scale. It is 
acceptable that the production of high-quality fish protein from locally accessible 
low-protein byproducts can significantly increase the local human population’s access 
to protein [32, 53]. The production potential of a number of Ethiopian agricultural 
and agroindustrial byproducts for use in poultry and livestock feed has been assessed 
[100]. However, there is not much information available regarding this resource’s suit-
ability as fish feed [101]. As a result, the presence of agriculture is a key determinant 
of the country’s potential for aquaculture because it provides byproducts for fish feed 
and fertilizer. Small-scale fish farming can use agricultural byproducts to increase 
yields beyond what the pond’s natural production would allow.

2.10 Fish consumption trends

It has been found that fish contains nutrients with a high biological value for human 
health. Despite the country’s strong livestock breeding and meat consumption, trends 
in fish consumption are modest. In comparison to the rest of Africa, Ethiopia consumes 
very little fish overall (0.216 kg per year) [53]. However, Wednesdays and Fridays 
receive a disproportionate amount of consumption, as do those days when people 
are fasting (15 days in August, 55 days in March/April, and other possibly less widely 
observed times) [25]. Fish is becoming increasingly more of a luxury good consumed 
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by higher-income groups as a result of rising real prices due to increasing scarcity 
(apparently reflecting both rising demand and supply constraints) [53, 102].

2.11 Marketing system of fish in Ethiopia

Despite being more expensive and therefore harder to come by, the majority 
of Ethiopians prefer beef to fish [103]. There are numerous factors that affect fish 
marketing in Ethiopia as well, the majority of which are common to many developing 
nations [53, 99].

Ethiopia has a sizable market potential for fish, and there is a demand for fish. 
However, Ethiopia’s fish marketing system is hampered by a lack of a fish trading 
tradition, an ineffective marketing network, and subpar transportation and preserva-
tion facilities. In addition to the aforementioned difficulties, it has been discovered 
that the marketing situation for fish is harmed by people’s selectivity toward certain 
species. The relationship between fish supply and demand in the nation, which has 
fluctuated, determines the price of fish. The same research showed that, for instance, 
in Lake Tana, the cost of whole fish per kilogram nearly doubled in just 5 years. 
Additionally, the selling price of fish fillets has almost tripled. However, a kilogram of 
whole or filleted fish now costs between 15 and 20 Birr and 65 to 85 Birr, respectively, 
in RVA and even more in Addis Abeba [57, 100].

According to Shimada [54], the price of producing one kilogram of fish var-
ies according to the time of year when fish are available near the fishing grounds. 
Production levels are above average during months like July to September and 
February to May. Between July and September, primarily in August, production 
peaks, and this is also the time when production costs are lowest. Consequently, both 
individual fishermen and fishing cooperatives profit greatly during this season [104]. 
The amount of produce fell below the mean in the other seasons, although to the point 
where some months of the year go by without any fish being caught. Commercial 
fishermen lost money and stopped fishing during this time.

3. Materials and methods

This review used a variety of literature sources, journals, books, book chapters, 
workshop materials, FAO reports, bulletins, legal documentation, and documents 
from the Internet to examine Ethiopia’s fishery resources. Information on catch 
composition, seasonal patterns, regional variations in harvest rates, projections of 
potential output, processing methods, marketing, socioeconomic factors, manage-
ment, and legal and regulatory frameworks were all reviewed. Using the literature 
sources, information on the quantity of water resources was also updated. Fisheries 
data from 42 years (from 1973 to 2023) were analyzed to assess Ethiopia’s state of 
fishery production and aquaculture development.

4. Conclusion

Ethiopia is home to a large variety of ichthyofauna in its lakes, rivers, and reser-
voirs. Several endemic, Highland East African and Nilo-Sudanic species make up 
Ethiopia’s fish fauna. Ethiopia’s inland waterways are home to 168–183 valid fish 
species, including 37–57 endemics in the nation. Baro, Blue Nile, Wabi-Shebele, and 
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Omo-Gibe basins are in the order of highest fish species diversity in Ethiopia. But, 
it appears that the Blue Nile and Awash basins have the highest levels of endemicity. 
First of all, this is attributed to the flock of a critically endangered species called 
Labeobarbus that resides in Lake Tana. The Tekeze Basin in Ethiopia’s borders has the 
least variety of fish species when compared to other parts of the Nile basin. Many Nilo 
Sudanese fishes similar to those found in the southern Rift Valley lakes are thought 
to inhabit the Wabi-Shebele ecoregion (Lakes Chamo and Abaya). The area with the 
greatest diversity of introduced fish species is the Rift Valley Basin. Site-specific man-
agement is crucial in fishery biology and fish communities because fish communities 
vary depending on the type of water body.
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Chapter 11

Timber and Trout: An Examination 
of the Logging Legacy and 
Restoration Efforts in Headwater 
Streams in New England (USA)
Joshua C. Hoekwater, Amy M. Villamagna, Brigid C. O’Donnell, 
Tyson R. Morrill, Ben J. Nugent and Jared B. Lamy

Abstract

The forested landscape of New England (USA) was dramatically altered by logging 
during the nineteenth and early twentieth centuries. Although the northern temperate 
forests of the region have largely regenerated, the streams and rivers remain impacted. 
The loss of terrestrial wood, organic material, and nutrient inputs during the forest 
regeneration period has affected habitat quality and biotic communities, most notably in 
small headwater streams. The same waterways are further impacted by now undersized 
stream crossings, mostly culverts associated with old infrastructure that alter hydrology 
and sediment transport; moreover, these culverts have created barriers to the movement 
of riverine organisms. We synthesize literature on headwater stream wood additions 
and culvert removal in North America and discuss observed patterns in organic matter, 
benthic macroinvertebrates, and Brook Trout (Salvelinus fontinalis) from before and after 
wood additions and stream-crossing enhancements in a previously logged watershed 
in New England. There were minimal changes to habitat and substrate two years after 
restoration efforts. However, streams with wood additions retained a higher density of 
rafted organic matter and had significantly higher benthic macroinvertebrate density. 
Additionally, two years after restoration, one year-old Brook Trout were significantly 
longer in restored streams than prior to restoration. Collectively, these results document 
a relatively rapid increase in organic matter retention, macroinvertebrates, and Brook 
Trout size, soon after restoration efforts.

Keywords: freshwater streams, Brook Trout, habitat fragmentation, restoration, 
benthic macroinvertebrates, organic matter

1.  Introduction

The forested landscape of the New England region of the United States was 
dramatically altered in the nineteenth and early twentieth century [1]. Old-growth 
forests were largely cleared, first for agriculture and then in response to the growing 
demand for wood products [2]. By 1839, New England and New York accounted for 
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41% of the nation’s timber harvest [3] and by the mid-1880s approximately 80% of 
New Hampshire forests had been cleared [4]. Since this time of dramatic disturbance, 
logging within riparian areas has decreased mature forested cover, increased stream 
temperatures and stream siltation, and reduced wood inputs that provide critical 
habitat [1, 5–11].

Allochthonous coarse particulate organic matter (CPOM), commonly in the form 
of autumn-shed leaves, supplies most of the energy to first order streams in eastern 
US deciduous forests [12, 13]. Retention of this energy in headwaters is often driven 
by large woody debris from riparian forests that trap CPOM and sediments, creating 
wood jams that operate as bioenergetic hotspots [8, 11, 14] and influence nutrient 
cycling, microbial populations, and macroinvertebrate densities locally and down-
stream [15–20]. Retained CPOM can be transformed into dissolved organic matter 
(DOM) by leaching [21] or broken down into fine particulate organic matter (FPOM) 
by mechanical or biological processes. CPOM, DOM, and FPOM become the vectors 
for increased microbial and invertebrate biomass that influence food webs from the 
bottom up [22–25]. The lack of such inputs has been shown to dramatically reduce 
invertebrate productivity [13, 26]. Wood jams also form pools, create protective 
overhead cover, and diversify habitat [27–29], providing fish in headwater streams 
with refuge from predation [30] and high flow events [31]. Several studies have sug-
gested that wood additions benefit lotic fish populations [29, 32–34]. However, others 
suggest the impacts are lessened in headwater streams where boulder substrates and 
high gradients create habitat complexity [32, 35]. Headwater streams represent 79% 
of river length in the conterminous United States, and so clarifying the impacts of 
restoration is a worthwhile goal [36].

Although the northern temperate forests of the region have largely regenerated 
with the decrease in logging, the suppression of natural fires, and land conserva-
tion (e.g., the White Mountains National Forest), the waterways that crisscross the 
landscape remain impacted. Mature forests contribute less wood, organic material, 
and nutrients to streams and rivers than their old-growth counterparts [8, 37]. The 
absence of these terrestrial inputs has a documented effect on habitat quality, species 
assemblages, and species densities [1, 38, 39]. The same systems remain impacted by 
dams and stream crossings (mostly culverts) associated with the timber industry. 
The artificial water conduits of the intensive logging period were constructed for 
short-term economic gain, not long-term resilience. Although some stream crossings 
were replaced during the development of the modern automobile corridor, those 
that remain within the reforested areas are undersized for current hydrologic flows 
or poorly fit, resulting in altered hydrologic and sediment flows and substantial 
impediments to the movement of aquatic species [40, 41]. Culverts can alter sedi-
ment transport, organic matter retention, and hydrology [41]; some evidence shows 
culverts may negatively impact benthic macroinvertebrate communities [18, 42–44]. 
Impassable road-stream crossings also limit the ability of fish to thermoregulate, 
forage efficiently, and spawn effectively [45–48].

Headwater streams maintain robust populations of Brook Trout (Salvelinus fonti-
nalis) throughout their historic range in the eastern USA [49]. However, this species is 
highly vulnerable to habitat fragmentation and degradation within headwater streams 
[46, 50]. Brook Trout require high-quality and heterogeneous habitat to thermoregu-
late, avoid competition, access spawning habitat, and to find refuge during seasonal 
droughts and extreme flow events [47, 51, 52]. Therefore, habitat fragmentation and 
degradation attributed to impassable stream crossings and reduced woody inputs pose 
significant challenges to headwater Brook Trout populations and increase their risk of 
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extirpation [47, 53–56]. These threats are exacerbated by warming waters and the loss 
of suitable habitat [57–61].

Stream restoration efforts in historically logged watersheds often focus on wood 
additions [11], but documented responses across trophic levels are limited for head-
water systems [32]. To date, few studies have documented a positive fish response to 
culvert removal or wood additions in headwater streams, and fewer still have tracked 
multitrophic responses to such restoration efforts [32, 62–64]. Researchers who study 
stream restoration efforts have emphasized a need for more monitoring before and after 
intervention, over longer time periods, and with detailed measurements of abiotic and 
biotic factors [29, 32, 33, 65]. While long and controlled experimental designs (e.g., 
Before-After-Control-Impact, or BACI) are generally preferred, the conditions for such 
studies are inherently rare given the limited and opportunistic nature of restoration (i.e., 
financial investment, time, and access to equipment).

Despite the prevalence of movement barriers and the lack of wood recruitment 
impacting streams, few studies have been published regarding Brook Trout popula-
tions in New Hampshire [49, 66–68]. Herein, we describe an adaptive sampling 
approach focused on evaluating early fine-scale abiotic and multitrophic responses 
to culvert removal and upstream wood additions in headwater streams within a 
watershed in central New Hampshire. We discuss patterns of wood accumulation, 
organic matter retention, benthic macroinvertebrates, and Brook Trout before and 
after restoration treatments which suggest rapid local and downstream responses 
across trophic levels. For a discussion of the impacts of habitat fragmentation and 
recent reconnection on the population genetic structure of wild Brook Trout in the 
watershed, we direct the reader to Lamy et al. [69]. In closing, we discuss the value of 
our work in the context of environmental management and conservation.

2.  Site history and description

The Beebe River watershed (USGS Hydrologic Unit Code: 01070010403; 
area = 20,187 acres/81.8 sq. km) is located in central New Hampshire (USA). 
This river is a tributary to the Pemigewasset River that flows south through New 
Hampshire into Massachusetts where it continues to the Atlantic Ocean. Like most 
forested areas in central and northern New Hampshire, the Beebe River watershed has 
a long history (>150 years) of logging, including the more selective timber harvests 
of the current era to accommodate power lines that run parallel to a section of the 
river’s mainstem. Indications of logging within the watershed were first documented 
on a map produced in 1860 when a completed road paralleled the Beebe River toward 
Sandwich and a sawmill was constructed on the upper river [70]. The ~42 km Beebe 
River Railroad was constructed between 1917 and 1921 [71]. The establishment of this 
access route initiated extensive logging in the region. Toward the end of WWI, virgin 
Red Spruce (Picea rubens) from the Beebe River area contributed one quarter of the 
timber used in construction of US military aircraft [72]. All the spruce was reportedly 
removed by 1920, but the railroad remained as one of three active routes through the 
White Mountains [71]. In 1923, a fire, likely attributed to forest slash ignited railside, 
burned more than 14 sq. km (3500 acres) of the Beebe headwater forest [72]. Much 
of the regional softwood had been harvested and other large expanses burned, while 
patches of hardwood forests remained. Logging continued throughout the region for 
40–50 years, depleting the area of usable timber. As a result, the current forest stand 
age largely ranges between 80 and 100 years old [4].
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Between 1977 and the early 2000s, ownership changed several times and the 
property was broken into smaller parcels [73], including 1960 ha purchased by 
the US Forest Service to expand the White Mountain National Forest. In 2014, The 
Conservation Fund (TCF), a US-based land conservation organization, purchased 
22 sq. km (5441 acres), containing 27 percent of the Beebe River watershed, and led 
stream restoration and land protection efforts (in cooperation with Redstart Forestry 
in 2017, the town of Sandwich, NH in 2017, and the town of Campton, NH in 2018). 
Such efforts included the removal and replacement by steel and plank bridges of 
five undersized culverts and bridges that impeded stream crossings. This restoration 
was funded by the TCF’s Working Forest Fund as well as the U.S. Department of 
Agriculture’s Regional Conservation Partnership Program (RCPP). The RCPP was an 
initiative of the 2014 Farm Bill and was funded from the U.S. Forest Service’s Forest 
Legacy Program through the Land and Water Conservation Fund; this enabled TCF 
to permanently protect the land with working forest conservation easements that 
maintain public recreational access in perpetuity. In total, TCF reconnected nearly six 
miles of wild Brook Trout spawning and rearing habitat before selling the easements 
in 2023 (The Conservation Fund 2023).

The study described herein arose as an opportunity to document the legacy effects 
of logging on the watershed and monitor the effects of restoration efforts. Data col-
lection was conducted through a partnership between Plymouth State University, the 
NH Fish and Game Department, and the Pemigewasset Chapter of Trout Unlimited. 
Three tributaries to the Beebe River, denoted as GR3, GR4, and ECR1 (Figure 1) 
were the focus of this work. These streams were selected for this study based on their 
similarity in channel width (2–3 m), gradient (4–10% within each), substrate (boul-
der dominant; Table 1), canopy cover, proximity to one another (Figure 1), but also 
differences relating to the extent of habitat fragmentation, degradation, and restora-
tion efforts. Mean daily maximum water temperatures in July ranged from 18.2°C to 

Figure 1. 
Map of three study streams within the Beebe River watershed in central New Hampshire (USA). GR3 had two 
perched culverts replaced by a bridge and wood additions. GR4 had a passable but undersized bridge replaced by 
new bridge with wood additions. ECR1 was not affected by restoration efforts.
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20.6°C in GR3 (wood and culvert), 18.0°C to 21.0°C in GR4 (wood), and 17.9°C to 
19.5°C in ECR1 (untreated) between 2016 and 2019. Mean daily average water tem-
peratures in July ranged from 15.6°C to 18.0°C in GR3, 16.4°C to 18.2°C in GR4, and 
16.3°C to 17.1°C in ECR1 between 2016 and 2019.

A historic logging road parallels the Beebe River and intersects the south-facing 
study streams (GR3 and GR4) and a similar road intersects the north-facing study 
stream (ECR1) at a point 500 m upstream from the confluence with the mainstem. 
Up until 2017, the stream crossing at GR3 contained two perched culverts that were 
deemed impassable to Brook Trout, while GR4 contained a fully passable bridge that 
was a pinch point during high stream flow events. In ECR1, a perched culvert remains 
at the road-stream crossing 300 m above our original 200 m study reaches (Figure 1); 
however, ECR1 is considered the reference or untreated stream because the culvert 
was not removed and wood was not added over the study period. In August 2017, dou-
ble perched culverts in GR3 and an undersized bridge over GR4 were replaced with 
steel stringer bridges that are fully passable by Brook Trout. After the 2017 sampling 
season, one to two trees per 100 m of stream were added upstream of our original 
200 m study reaches in GR3 and GR4. GR3 and GR4 in a perpendicular orientation, 
with one to two locations having crisscrossed logs and several branches to accumulate 
leaves and create debris dams, according to federal protocols [74]. In August 2018, 
four trees were added to GR3 and one tree to GR4 within 100 m of the stream-river 
confluence. The 2018 wood additions occurred almost entirely downstream of benthic 
macroinvertebrate sampling. Therefore, we consider the August 2018 wood addi-
tions to have minimal influence on our results and attribute the observed responses 
to upstream wood additions. In summary, GR3 was treated with wood additions and 
culvert removal, GR4 was treated with only wood additions, and ECR1 was untreated.

3.  Study design and data collection

In the summers of 2017–2019, we conducted habitat and benthic macroinverte-
brate surveys once a season beginning at the stream-river confluence and continuing 

ECR1 GR3 GR4

Year ‘17 ‘18 ‘19 ‘17 ‘18 ‘19 ‘17 ‘18 ‘19

B & C (%) 62 45 65 55 56 70 76 57 88

L & S (%) 36 38 28 44 38 25 24 43 11

F (%) 2 18 6 1 6 6 0 1 2

P (%) 36 33 40 45 42 34 31 28 44

G (%) 10 4 5 21 29 7 22 28 7

R (%) 13 31 14 12 11 30 23 11 26

C (%) 41 32 41 22 18 30 24 33 22

P:R ratio 2.8 1.1 2.9 3.8 3.8 1.1 1.3 2.5 1.7

B & C: Boulder and Cobble; L & S: Large and Small Gravel; F: Fines; P: Pool; R: Riffle; C: Cascade; and P:R: Pool to 
Riffle.

Table 1. 
Substrate and habitat attributes over years (2017–2019) and across the three 200 m study reaches.
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upstream to 200 m, including side channels (hereafter referred to as the “original 
200 m reach”). We conducted Brook Trout surveys throughout the same reaches 
in July of 2016–2019. Surface areas within the 200 m reach varied over time with 
changes in water level and side channels (GR3: 371–587 m2, GR4: 444–687 m2, ECR1: 
473–532 m2). All surveys were extended in 2019 to span the full upstream extent 
of Brook Trout (GR3 culvert and wood = 650 m, GR4 wood = 450 m, and ECR1 
untreated = 900 m). Natural vertical barriers (≥1 m hydraulic jump) delimited the 
upstream extent of Brook Trout in the study streams. This expansion of our survey 
areas was intended to capture the full scope of available benthic macroinvertebrates 
and habitat for Brook Trout following changes in upstream habitat.

3.1  Habitat surveys

We surveyed stream habitat following a modified version of NH Fish and Game’s 
Rapid Habitat Assessment (New Hampshire Fish and Game, personal communication) 
and measured wood following TWF Monitoring Program: Large Woody Debris Survey 
[75]. Habitat and wood surveys were conducted annually in late July to mid-August, 
during base flow conditions (determined by USGS station #01016500). Habitat 
assessments included characterization of habitat unit type, habitat unit dimensions 
(length, width, average depth), channel characteristics (wetted and bankfull width), 
dominant substrate type, stream gradient, hydraulic jump height, stream bank stabil-
ity, and riparian forest type. Surveys of large wood included characterization of tree 
species, wood origin, wood decay state, and wood dimensions. Large wood included 
any piece of wood that was ≥1 m length and ≥10 cm diameter [76] and located at 
least partially within the bankfull prism, as defined by water levels assumed during 
bankfull flow [77]. The locations and dimensions of smaller organic material moved 
by flowing water (i.e., rafted organic matter [ROM]) within the bankfull prism were 
recorded and associated with measured wood [78, 79]. We summarized relative 
changes in large wood density, dry and wet ROM, habitat availability, and substrate 
type in focal streams over time (2017–2019). Water temperature in the streams was 
continuously monitored every 30 minutes with HOBO sensors (U22-0001; Onset 
Computer Corp., Bourne Massachusetts) distributed longitudinally to measure 
thermal variability within and across streams [78, 79].

3.2  Benthic macroinvertebrate surveys

We collected benthic macroinvertebrates in June of 2017, 2018, and 2019 using 
Surber samplers and D-frame nets (sample area = 0.09 m2, net mesh size = 500 μm) 
from randomly selected riffles and pools in proportion to their occurrence (i.e., 
count) throughout the original 200 m study reaches. Six to seventeen D-frame 
samples were collected from the reaches in 2017 and 2018. To increase the efficiency 
of sampling and identification in 2019, we pooled seven samples from each stream in 
the field (Table 2). Macroinvertebrates were stored in 70% ethanol and transported 
to the lab for family-level identification.

To test for significant changes in total and order-level benthic macroinvertebrate 
densities within a given stream between 2017 and 2018, we used a Pairwise Wilcoxon 
test with a Benjamini-Hochberg (BH) p-value adjustment. Considering samples were 
grouped by sampling zone in the field before laboratory identification in 2019, we 
conducted a one-sample T-test with a BH p-value adjustment to compare 2019 to 2018 
and 2017. We adopted a non-parametric approach because the data did not conform to 
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parametric assumptions and non-parametric methods are considered suitable, if not 
better, for environmental data that is not normally distributed [80, 81]. Dry weight 
biomass was estimated for each year using random sub-samples at the family-level 
and summarized at the order-level (Table 2). Family-level pooled samples were dried 
in the winter of 2019 in an oven (Precision Econotherm Lab Oven, Thermo Scientific) 
with forced ventilation for 16 h at 105°C, cooled for 24 h, and weighed with an 
electronic balance [82].

3.3  Brook Trout surveys

We surveyed fish using two-pass depletion methods [83] with Smith-Root 
model LR-24 DC (Vancouver, WA, U.S.A.) backpack electrofishing units at 
600–800 volts in July of 2016–2019 to ensure age 0 (young of year) Brook Trout 
had reached catchable size. In addition to Brook Trout, we occasionally captured 
Rhinichthys atratulus (Blacknose Dace) and Rhinichthys cataractae (Longnose Dace) 
near the stream-river confluence. Non-target species were returned to the stream 
without measurement. Estimated Brook Trout capture probabilities were calcu-
lated from multi-pass removal sampling as described in Carle and Strub [84] and 
averaged between 84 and 100% across sampling events, with an overall average 
estimated capture probability of 95%. High capture probability justified our use of 
two-pass depletion methods. Upon capture, the location of each Brook Trout was 
recorded to ensure fish were returned to the same subsection after data collection. 
All fish were measured for weight (g) and total length (mm) and each untagged 
Brook Trout that was ≥ 60 mm total length and ≥ 2g was sampled for scales above 

ECR1 GR3 GR4

Year ‘17 ‘18 ‘19 ‘17 ‘18 ‘19 ‘17 ‘18 ‘19

N 7 11 1* 17 15 1* 13 6 1*

Density (#/m2)

Tot 286 361.1 221.4 48.1 139.2 459.8 185.5 188.4 513.6

D 28.6 68.6 28.8 4.3 16.7 147.1 13 71.6 205.4

E 91.5 155.3 90.8 21.6 64 110.4 61.2 32 30.8

P 120.1 72.2 37.6 9.6 39 119.5 72.3 22.6 148.9

T 34.3 39.7 31 9.6 16.7 69 13 41.4 87.3

Biomass (g/m2)

Tot 0.1 0.166 0.319 0.017 0.06 0.141 0.137 0.056 0.264

D 0.009 0.007 0.006 0.002 0.002 0.03 0.001 0.006 0.037

E 0.032 0.091 0.061 0.006 0.033 0.057 0.023 0.014 0.013

P 0.032 0.043 0.217 0.005 0.008 0.021 0.019 0.012 0.129

T 0.026 0.015 0.016 0.004 0.005 0.027 0.005 0.017 0.045
*Seven samples from the original 200 m were pooled in the field in 2019.
Tot: Total; D: Diptera; E: Ephemeroptera; P: Plecoptera; and T: Trichoptera.

Table 2. 
Density and biomass of benthic macroinvertebrates in original 200 m reaches by stream, year, and order: GR3 
(wood and culvert), GR4 (wood), and ECR1 (untreated).
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Figure 2. 
Proportional abundance of Brook Trout by age, based on July captures in the original 200 m reaches in GR3 (wood 
and culvert), GR4 (wood), and ECR1 (untreated) from 2016 to 2019. Hashed lines mark when habitat restoration 
efforts occurred.

the lateral line and posterior to the dorsal fin [85]. Scales were brought back to the 
lab for age estimation, which enabled us to assess and compare length at specific 
ages over time. Brook Trout scale samples were dry mounted between two glass 
microscope slides and viewed under 10X magnification to identify periods of 
winter growth and summer growth [85]. Age was determined with knowledge of 
the sampling month, but without knowledge of fish length or location. Thirty per-
cent of age assignments were reviewed by a third party. For the few discrepancies 
noted between assessors, scales were reassessed. The age structure of Brook Trout 
captured in July from the original 200 m reach of each tributary was compared 
over time using a two-sample Kolmogorov-Smirnov test (Figure 2).

Biomass and density values were calculated by summing the individual weights 
and number of captured Brook Trout in each tributary and standardized by area. 
We used a Pairwise Wilcoxon Rank Sum test with a BH p-value adjustment to 
compare Fulton’s Condition Factor [86], total length of 1 year old (hereafter, age 1) 
Brook Trout, and density and biomass of Brook Trout within streams over time. We 
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constrained our total length analyses to age 1 Brook Trout because this class was the 
most abundant in our samples (Figure 2), and younger individuals are more respon-
sive to prey availability [87].

4.  Results and discussion

4.1  Habitat

There were no notable changes in substrate composition or habitat types in the 
original 200 m reaches after perched culvert removal (GR3) or wood additions 
(GR3 and GR4), except immediate downstream of the culvert in GR3 where a large 
scour pool was replaced with a long riffle. Wet wood density (i.e., wood that is fully 
immersed in the stream) and ROM density in the original 200 m reaches varied over 
time, but there was no clear relationship with stream modifications in either case 
(Figure 3A and B). There were no consistent changes in habitat or substrate types 2 
years after wood additions in the original 200 m reaches (Table 1), likely because less 
than 6% of total wood additions occurred there. Roughly half of the 2019 wet wood 
density across the full survey extent in GR3 and GR4 was associated with wood addi-
tions; however, ~94% of this added wood was situated upstream of the original 200 m 

Figure 3. 
Density of (A) wet wood, (B) rafted organic matter (ROM), (C) macroinvertebrates, and (D) Brook Trout in 
GR3 (wood and culvert), GR4 (wood), and ECR1 (untreated) from 2017 to 2019 in the original 200 m reaches. 
Hashed lines mark when habitat restoration efforts occurred.
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reach (Figure 4A), and ROM was predominantly retained upstream of the original 
200 m reach (Figure 4B). Moreover, GR3 held roughly four times and GR4 two and 
a half times greater ROM density than ECR1 in 2019. Of that ROM, 53% in GR3 and 
95% in GR4 was associated with added wood (Figure 4B).

4.2  Benthic macroinvertebrates

Macroinvertebrate density roughly tripled 1 year after perched culvert removal 
and wood additions in GR3 (P = 0.015; Figure 3C), then tripled again, 2 years after 
restoration efforts (P < 0.001; Figure 3C). These increases were not proportional 
across orders (Figure 5) but were significant for all orders after 2 years (P = 0.001–
0.020; Table 2). In GR4, macroinvertebrate density did not significantly differ 1 
year after wood additions (P = 0.903; Figure 3C) but tripled after 2 years (P < 0.001; 
Figure 3C), with significant increases observed across all orders (P = 0.000–0.039; 
Table 2), except Ephemeroptera (P = 0.116; Table 2). Meanwhile, in our untreated 
stream (ECR1), we did not observe a significant change in macroinvertebrate density 
1 year after restoration efforts (P = 0.358; Figure 3C), or 2 years after restoration 
efforts in any of the orders (P = 0.173–1; Table 2). We observed an increase in benthic 
macroinvertebrate biomass between 2017 and 2019 in all streams, but these values 
were partially influenced by the presence of a few large individuals (Plecoptera and 
Odonata) that often accounted for half of the biomass in a sample (Table 2). After 

Figure 4. 
Density of (A) wet wood, (B) rafted organic matter (ROM), (C) macroinvertebrates, and (D) Brook Trout in 
2019, following culvert removal and wood additions, in the extended survey reaches: 650 m in GR3 (wood and 
culvert), 450 m in GR4 (wood), and 900 m in ECR1 (untreated). In A and B, black indicates natural/existing 
wood and gray indicates added wood.
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excluding very large individuals, the trends in macroinvertebrate biomass were 
similar with those for density.

Prior to restoration efforts, benthic macroinvertebrate density in GR3 was one 
third that of GR4. Given the proximity of these streams, their shared underlying geol-
ogy, and similar channel morphology and temperature regimes, this large difference 
in density prior to restoration was unexpected. One year and 2 years after restora-
tion efforts, GR3 and GR4 macroinvertebrate densities were roughly equivalent 
(Figure 3C); therefore, we suspect that the impassable culvert in GR3 may have con-
strained benthic macroinvertebrate density prior to restoration efforts. This observa-
tion is consistent with studies that have found significant differences in abundance 
and taxonomic richness between benthic macroinvertebrate communities residing in 
habitats upstream and downstream of culverts [18, 42, 43]. In addition, these find-
ings align with a study that observed significant increases in invertebrate richness in 
headwater streams following culvert removals [44]. However, to date, no studies have 
reported significant differences in benthic macroinvertebrate abundances before and 
after culvert removal [88].

We posit that increased ROM retention from wood additions in the upper reaches 
contributed to increased benthic macroinvertebrate density and possibly led to a 
bottom-up response following habitat restoration. Our observations of increased 
organic matter retention following wood additions in headwater streams correspond-
ing with downstream increases in invertebrate secondary production are consistent 
with previous studies [25, 89–91].

The dramatic change in habitat and substrate within the area directly impacted 
by culvert removal and bridge installation may have influenced community 
composition and density. However, since we did not examine the post-restoration 
effects of culvert removal independent of wood additions in GR3, we cannot fully 

Figure 5. 
Proportional abundance of benthic macroinvertebrate orders sampled from 2017 to 2019 in the original 200 m 
reaches of GR3 (wood and culvert), GR4 (wood), and ECR1 (untreated).
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discount the role of other factors influencing benthic macroinvertebrates in these 
study streams. Future studies examining benthic macroinvertebrate functional 
feeding groups may provide more insight into culvert and wood impacts on stream 
abiotic processes [90].

4.3  Brook Trout

While we did not detect significant changes in Brook Trout population density 
(P = 0.243–0.438) (Figure 3D) or biomass (P = 0.280–0.480) in the original 200 m 
reaches in response to wood additions or culvert removal, previous studies have 
documented trout population increases one to 2 years after habitat modifications 
[62, 63, 92]. However, these same studies noted that rapid increases in trout density 
and biomass may be driven by immigration [62, 63, 92]. For example, Kratzer [63] 
noted an increase in Brook Trout abundance in treated stream sections 1 year after 
wood additions. This increase initially coincided with a decrease in biomass in nearby 
control sections, suggesting immigration from control sections into treated sections. 
However, within 2–4 years, biomass in control sections rebounded and then exceeded 
previous levels while treated sections maintained initial biomass increases, suggesting 
an overall increase in carrying capacity over time. A recent meta-analysis of salmo-
nid responses to stream restoration efforts across 100 studies showed a significant 
increase in abundance and biomass but noted that monitoring time (<5 years) factors 
into variation in impacts following restoration [34].

Despite no significant change in density or biomass, we detected a significant 
increase in age 1 Brook Trout length within the original 200 m reaches of treated 
streams 2 years after habitat modifications (GR3 culvert and wood: 2016–2019 
P = 0.015, 2017–2019 P = 0.031; GR4 wood only: 2016–2019 P = 0.011; Figure 6). 
We found no significant difference in age 1 Brook Trout length in the untreated 
stream (ECR1 P = 0.433). Fulton’s condition did not differ within the original 
200 m reaches over time (P = 0.17–0.99; Figure 7), with the exception of a signifi-
cantly higher Fulton’s condition in GR3 in 2018 compared to 2016 (P = 0.038). 

Within our study, age 1 Brook Trout represented between 5 and 60% of the 
observed populations in July between 2016 and 2019 (Figure 2). We detected a 
significant length increase in age 1 Brook Trout 2 years after habitat modifica-
tions (Figure 6), without concomitant significant increases in population density 
and biomass within the original 200 m reaches (Figure 2D). Notably, increases 
in Brook Trout size have not been detected in previous wood addition studies 
[62]. We hypothesize that age 1 stream-dwelling Brook Trout were able to utilize 
increased benthic macroinvertebrate density for growth, which could explain 
observed increases in length. The hypothesis is supported by Keeley [93] who 
found that smaller Brook Trout rely more heavily on invertebrate prey than larger 
trout that become piscivorous. Additionally, previous studies have shown that 
headwater Brook Trout growth and population density are regulated by density 
dependence and macroinvertebrate production [94, 95]. Although we cannot 
factor out the possibility that some larger age 1 Brook Trout moved into GR3 and 
GR4 from the mainstem, GR4 has had no impediments to fish passage and our PIT 
tag mark-recapture data supports the contention that age 1 Brook Trout largely 
remain in their respective headwater streams during the sampling season [78, 79]. 
Ultimately, we anticipate that increased food availability and Brook Trout size may 
translate into higher fecundity, population density, and biomass over multiple 
generations.
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Figure 6. 
Total length of age 1 Brook Trout captured in July in the original 200 m reaches in GR3 (wood and culvert), 
GR4 (wood), and ECR1 (untreated) from 2016 to 2019. The thick line indicates the median, boxes show the 
interquartile range. Hashed lines mark when habitat treatments occurred.

Figure 7. 
Fulton’s condition for Brook Trout captured in July in the original 200 m reaches in GR3 (wood and culvert), 
GR4 (wood), and ECR1 (untreated) from 2016 to 2019. The thick line indicates the median, boxes show the 
interquartile range. Hashed lines mark when habitat treatments occurred.
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5.  Conclusions and management relevance

Our results suggest that macroinvertebrates experienced a relatively rapid 
response to wood additions, but potential positive effects from culvert removal 
still need further exploration. Downstream of wood additions, we did not observe 
substantial short-term habitat changes or increases in Brook Trout density or biomass. 
However, we did observe significant increases in benthic macroinvertebrate density 
and age 1 Brook Trout length downstream of wood additions that retained the major-
ity of ROM. Previous studies have shown that headwater Brook Trout populations are 
regulated by density dependence and invertebrate production [94, 95]. In light of this, 
we may see increases in Brook Trout biomass or density downstream of wood addi-
tions with continued years of monitoring.

Our results reflect short-term responses to restoration efforts in high gradient 
headwater streams of historically logged but still young forests where in-stream 
wood recruitment is limited. Broadly, researchers and managers should consider the 
ecological benefits of in-stream restoration efforts from a bottom-up perspective 
of habitat creation and energy capture toward increased secondary production of 
macroinvertebrates and fish [96]. While a long-term ecological monitoring plan that 
collects extensive data before and after manipulations across broad upstream and 
downstream perspectives is ideal [34, 90], it is rare given resource limitations and the 
opportunistic nature of many restoration endeavors. We were fortunate that our part-
ners valued the data to inform decisions and invested in a pre-restoration assessment 
and post-restoration monitoring; however, given the resources available at the onset, 
we were limited in the extent of our monitoring. Early on our partners presented 
research and restoration plans widely, building community support for the endeavor. 
With an unanticipated infusion of funding in 2018, we were able to expand sampling 
efforts to capture the habitat characteristics associated with wood additions and track 
a suite of variables potentially driving our observed downstream responses. Rather 
than ignore the upstream extent of the focal streams to preserve the original reach of 
200 m, we opted to expand our scope to better inform management and conservation 
decisions. It was through the consistent communication of our seasonal data collec-
tion efforts, observations and data analyses with our partners that prompted them 
to establish additional environmental protection by writing in a mandatory 15 m “no 
harvest” riparian buffer into the conservation easements that would conserve the 
property in perpetuity. To our knowledge, this was the first explicit insertion of such 
strict stream protection policy into a conservation easement in New Hampshire where 
the law states that no more than 50% of the basal area of trees can be cut within 15 m 
of a stream (Basal Area Law, 2019; RSA 227-J:9). This study, examined as a whole, 
demonstrates the importance of engaging collaborative and diverse partners (man-
agement, conservation, and scientific) in collaborative restoration and monitoring 
decisions and effective communicating scientific observations with non-scientific 
audiences to encourage data-driven conservation action.
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Chapter 12

Wetlands and the Ecological 
Services that They Provide on 
Multiple Spatial Scales, from 
Landscape Down to Soil
Erwin J.J. Sieben and Donovan C. Kotze

Abstract

In this chapter, we present a hierarchical framework to consider wetlands 
and their ecosystem services in landscape planning. Wetlands are important in a 
landscape setting as they are intricately linked to the water cycle, and they provide 
many ecosystem services. Collectively, wetlands can be regarded as wet ecological 
infrastructure. Wetlands can be categorized as different hydrogeo-morphic types, 
which all play a different role in the overall hydrology and lead to different ecosystem 
services. Ecosystem services can act on various spatial levels, and all of these levels 
need to be considered when conserving wetlands and securing their ecosystem ben-
efits. The levels that can be recognized for this are the catchment level, the individual 
wetland (hydrogeomorphic unit) level, the wetland habitat level, and at the smallest 
scale even the soil level, as some of the most important ecosystem services are related 
to the biogeochemistry associated with wetland soils.

Keywords: ecological infrastructure, ecological functioning, catchments, 
biogeochemistry, wetland habitats, wetland soils

1.  Introduction

Wetlands are vulnerable ecosystems because they find themselves in the center of 
a wide range of human economic activities. In most cases, historically, the first settle-
ments of humans have always appeared around places that have easy access to water 
for irrigation. People want access to the resources that wetlands can provide, but they 
also drain wetlands to transform the land for different uses. For this reason, people 
have had an ambiguous relationship with wetlands.

Today, in an age of high population densities, intense industrialization and large-
scale changes in land use, many wetlands have been lost, and the remainder have been 
often degraded, with their original hydrology and water quality compromised. This is 
a problem in its own right, but this loss of wetlands also plays an important role in the 
degradation of the landscape as a whole. Wetlands provide many ecosystem services 
and as such they are often regarded as the most valuable ecosystems [1]. Ecosystem 
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services can be defined as the ways in which the presence of ecosystems affects 
human well-being, and their existence usually becomes evident only after ecosystems 
degrade or disappear [2].

Another way of describing the utility of ecosystems for human well-being is by 
stating that wetlands form an important part of the “ecological infrastructure” [3]. 
Ecological infrastructure is a term that encompasses all the natural elements of a 
landscape that are vital to its overall functioning and thereby to the provisioning 
of ecosystem services. Civil infrastructure can be built to enhance the utility of the 
landscape for human purposes but generally society benefits from leaving critical eco-
logical infrastructure intact as far as is possible and from mitigating eventual losses. 
Historical or current losses of ecological functioning are often used as a justification 
for spending resources on ecological restoration [4, 5]. This is because sustainable 
livelihoods are dependent on the productive capacity of ecosystems and thereby on 
their natural functioning. This applies particularly to aquatic ecological infrastruc-
ture, as many of the most important ecological processes are tied in with the water 
cycle. The way in which water moves through a landscape and how water gets distrib-
uted throughout it determines the ecological functions of the landscape.

In order to optimally utilize the landscape for human well-being, we need to have 
an overview of the ecosystem services that all wetland ecosystems within it provide. 
This depends on the type of wetland as well as on the position that that wetland 
occupies within the broader water catchment. All wetlands together perform certain 
tasks that account for outcomes at the level of the catchment, such as flood retention 
and the maintenance of base flow, and that need to be optimized for the sake of water 
resource planning. A hierarchical view of ecological infrastructure helps in planning 
land use and civil infrastructure around the existing ecological infrastructure.

The valuation of wetland ecological infrastructure does not only depend on the 
wetlands themselves but also on the “demand” for that service, which depends on 
where people are living within the catchment, where are the needs for certain goods 
and services coming from the wetland, and on where is the industrial activity and 
other sources of pollution.

In this chapter, we would like to argue how the presence of wetlands in a landscape 
is an important aspect of the ecological functioning of that landscape as a whole and 
we would like to present a hierarchical approach into assessing the health of a land-
scape in terms of its wetland “ecological infrastructure.”

2.  A hierarchical view of wet ecological infrastructure

The benefits and ecosystem services that wetlands provide can be felt at different 
spatial scales. The highest spatial scale is that of a river catchment. People depend on 
rainfall in order to be able to grow sufficient food, but this rain will partially percolate 
into the soil or drain into channels that carry away the excess water. Sustainable liveli-
hoods depend on the capacity of the wetland infrastructure to retain water during 
dry periods and to remove excess water quickly during wet periods, as flooding will 
damage civil infrastructure. In integrated catchment management, this often means 
that the wetland infrastructure needs to be supplemented with gray infrastructure 
outside of the floodplain areas to properly spread out the flood events.

For the sake of environmental impact assessments of any human activity, one 
core activity often revolves around the identifying and mapping of wetlands, as 
many countries recognize that wetlands require special attention in conservation. 



281

Wetlands and the Ecological Services that They Provide on Multiple Spatial Scales…
DOI: http://dx.doi.org/10.5772/intechopen.1005198

These mapping activities take place by looking at soil and vegetation characteristics 
which differentiate the wetland from the surrounding uplands [6]. Of course, the 
first characteristic to look at is the presence of standing water, but since water tables 
fluctuate in the course of the seasons, soils and vegetation provide a good proxy for 
the presence of water that can be seen throughout the year [7], but does require some 
expert judgment and good local knowledge.

Once wetlands are mapped, we need to consider various spatial scales of wetland 
configuration. Firstly, we need to consider where wetlands are within the context of 
an entire catchment. The catchment can be defined at many spatial scales, such as 
the primary catchment, secondary catchment, tertiary catchment, and quaternary 
catchment, depending on the size of the main drainage channel and the number of 
tributaries that are contained within the catchment. Where wetlands are located 
within the overall configuration of drainage channels has an effect on what role these 
wetlands may play for the flow regime of the river as a whole, but may also have 
an impact on water quality as water flowing through a wetland may be filtered and 
nutrients may be removed.

After wetlands are mapped, they should also be typed in order to understand what 
is going on in the wetland as not all wetland types have the same functions within the 
overall hydrology of the catchment [8]. When classifying a wetland as belonging to 
a certain type, individual wetlands should rather be recognized as hydrogeomorphic 
(HGM) units [9, 10] as the landform and hydrology of a wetland determine the 
ecological processes that may take place in the wetland. In defining an HGM unit, a 
researcher has to address the question why it is that water accumulates in that place 
and what are the sources and losses of water, and how does it flow through the wet-
land. Each HGM unit can be regarded as a spatial unit that has a uniform hydrological 
functioning, but it is also possible that wetlands of different HGM units are organized 
together into a wetland complex whereby water that is released from one HGM unit 
can flow becoming the source of water for another HGM unit. Larger wetland areas 
may often actually be wetland complexes even though many characteristics of the 
wetland such as water flow, vegetation, and soils are probably distinctive between 
the units that make up the complex [8]. Many HGM units are typically linked to the 
drainage network, such as floodplains, channeled and unchanneled valley bottom 
wetlands, and a large part of the seepages. Others are more typically separate from 
the drainage network or at least the main drainage channels, although they may be 
connected to it by means of interflow and aquifers: these are the depressions, wetland 
flats, and some of the seepages [10].

Even while hydrogeomorphic units determine the hydrology and ecological 
functioning of wetlands as a whole, many ecological processes are also determined at 
a finer scale. The hydrology of wetlands creates environmental gradients and along 
these environmental gradients we find many different habitats that create different 
conditions for plant growth. Within a wetland, we can therefore recognize different 
vegetation types or also called different habitat types [8]. These habitat types are 
mostly determined by hydroperiod, which is the fraction of time that a site is inun-
dated with water [11]. Other environmental conditions, such as pH, nutrient status, 
salinity, soil texture, and organic matter contents, also determine the habitat type. 
Because wetlands exhibit such wide environmental conditions on a small scale, they 
play an important role in evolutionary adaptations and speciation in many groups of 
plants and animals [12]. The categorization of wetland habitat types is often done on 
the basis of plant communities, which are the most visible and consistent aspect of 
the overall biotic community in a wetland.
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3.  The link between wetland typology and ecosystem services

When talking about wetlands, it is useful to categorize wetlands in order 
to cover the wide variety in ecosystems, the species that occupy them, and the 
processes that take place within them. Over time, many different wetland clas-
sifications have been developed, but they are only considered useful if they make 
accurate descriptions of ecosystem processes and ecosystem functions within those 
wetlands [8]. For this reason, classifications based on hydrogeomorphic types 
(HGM types) are regarded as the most suitable way of classifying wetlands, and the 
type to which a wetland is allocated already tells us about which ecosystem services 
the wetland will provide [9, 10].

Hydrogeomorphic types are determined by looking at the source of water in a 
wetland as well as the shape of the basin in which this water is retained. A wetland is 
a place where there is a net surplus of water for at least part of the year, which means 
that the water entering the wetland exceeds the water exiting the wetland. Water can 
enter or exit the wetland in three different ways, namely the atmosphere (entry by 
means of precipitation and exit by means of evaporation), surface water (entry by 
means of flooding and exit by means of drainage), or subsurface to deep groundwater 
(entry by means of recharge and exit by means of discharge) [13]. The source of 
water, how this water is retained within the wetland and the way it is released from 
the wetland determine the role of this wetland within the overall water cycle and 
thereby the contribution it makes toward ecosystem services (Table 1) [8].

Ecosystem services are those ecological processes that take place that directly 
benefit human well-being and that tend to be taken for granted. In recent times, efforts 
have been made to attach values to ecosystem services by means of various valuation 
techniques, and it is consistently found that wetlands are among the ecosystems with 
the highest economic value. This is because they are intricately linked to the water cycle 
and humans depend on the water cycle for their food production and hygiene but can 
be harmed by excessive flooding and the associated erosion. At the same time, the water 
cycle is strongly tied to other biogeochemical cycles, and wetlands play an important 
role in the natural cycling of carbon, nitrogen, phosphorus, sulfur, and other miner-
als. Overall, ecosystem services can be subdivided into four main categories, namely 
regulating, supporting, provisioning, and cultural services (Table 2) [14].

Hydrogeomorphic type Main water source Water losses Main ecosystem services provided

Floodplain Surface flow Runoff Flood attenuation, sediment 
deposition, and water quality 
enhancement

Channeled valley 
bottom

Surface and 
subsurface flow

Runoff Erosion control

Unchanneled valley 
bottom

Surface and 
subsurface flow

Runoff Erosion control and water quality 
enhancement

Seepage Subsurface flow Runoff Sustenance of base flow

Depression Precipitation Evaporation Provisional services

Wetland flat Subsurface flow Evaporation Provisional services

Table 1. 
Hydrogeomorphic types, their inputs and outputs of water, and the main services that they typically provide.
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Ecosystem services Spatial level 
supply of 
service

Demand for 
service

Properties that facilitate this 
service

Regulating and 
supporting 
services

Flood 
attenuation

HGM unit, 
position in 
catchment

When there are 
downstream 
properties that 
need protection

Surface roughness is influenced 
by vegetation structure, 
longitudinal slope of the wetland, 
and storage capacity of depression 
basins.

Streamflow 
regulation

HGM unit 
and position 
in catchment

When rainfall 
is episodic 
downstream

The properties of the vegetation 
and its influence on evaporative 
losses, subsurface flow in the 
wetland

Sediment 
trapping

HGM unit 
and position 
in catchment

When there is 
excessive erosion 
upstream

The same features that assist 
in flood attenuation: surface 
roughness and storage capacity, 
as slowing down of floodwaters 
facilitates deposition of sediments

Phosphate 
assimilation

HGM unit When there 
are sources 
of phosphate 
upstream

Most phosphate assimilation 
takes place where sediments 
as deposited as phosphates are 
attached to sediments.

Nitrate 
assimilation

HGM unit When there are 
sources of nitrogen 
upstream

The presence of vegetation

Toxicant 
assimilation

HGM unit When toxicants are 
released upstream

Factors that facilitate sediment 
deposition. Presence of plants 
capable of assimilating heavy 
metals (Typha, Pontederia, etc.).

Erosion control HGM unit When the 
landscape has 
steep slopes and 
high runoff

Vegetation and its stem density 
of vegetation as it holds soil 
together as well as canopy cover 
as it protects soils from the impact 
of drip.

Carbon storage Habitat unit Cumulative effect 
of all wetlands

Productivity of vegetation, 
permanence of inundation as 
anaerobic conditions slow down 
organic breakdown

Provisioning 
services

Grazing 
resources

Habitat unit When the 
surrounding 
landscape is grazed

High productivity of wetland 
vegetation, especially when it 
endures during the dry season

Provisioning 
of medicinal 
plants

Habitat unit When there are 
few medical 
services around

Depending on species present in 
the wetland

Harvestable 
thatch and 
other materials

Habitat unit When people rely 
on traditional 
materials

Depending on species present in 
the wetland

Provision of 
water

HGM unit 
and position 
in catchment

When there are no 
other sources of 
water in the area

Depending on easy access, 
presence of open water

Cultural 
services

Cultural 
heritage

HGM unit When there are 
communities with 
cultural practices

Presence of places with special 
cultural significance within the 
wetland
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Regulating ecosystem services refer to the benefits that are derived from the 
natural functioning of ecosystems, whereby the ecosystem in question ensures the 
continuation or regulation of a process. Wetlands may play a role in the ensurance of 
baseflow in rivers by storing water for extended periods of time although the evapo-
rative losses in wetlands may be quite large as well [15], but also in the retention of 
floodwaters, which lead to a reduction in the risk of flooding for downstream proper-
ties. Other regulating services include the removal of nutrients from water that flows 
through a wetland and erosion control by slowing down the flow of water. From the 
perspective of the climate, wetlands can help in climate regulation by means of the 
storage of carbon.

Supporting ecosystem services are the underlying natural processes that take 
place that support the regulating ecosystem services, such as photosynthesis at 
the basis of primary productivity and the carbon and water cycles at the basis of 
climate control and streamflow regulation. These services are often not specifically 
considered when monetary valuations are calculated, because they benefit humans 
mostly indirectly by supporting specific regulatory and provisional services. One 
specific supporting service that may be considered here as well is the support 
of species diversity, by providing a habitat where many species can thrive and 
reproduce.

Provisioning ecosystem services refer to the goods and materials that are provided 
by ecosystems that benefit people directly, either by the collection of construction 
materials, subsistence farming, or by commercial operations that benefit a wider 
community of people. In the case of wetlands, this of course includes the provision 
of water, either for oneself or for domestic animals that graze around the wetlands. 
Water can also be used for irrigation of nearby farmlands whereby water is pumped 
out of the wetland. Other goods that people may harvest from wetlands are fish, 
waterfowl, edible plants, construction materials, or medicine. The agricultural crops 
that are planted in wetlands or in areas that are irrigated by water from wetlands can 
also be regarded as goods that the wetland provides.

Lastly, cultural ecosystem services refer to the ways in which ecosystems have 
influenced our culture and our use of the landscape, either traditionally or in modern 
times. Across the world, wetlands have often been at the center of our civilization, as 
people have always settled around areas where easy access to water was guaranteed 
and successful harvests could be made to support a growing population. For this 
reason, many cultural and spiritual practices have emerged that have centered around 
wetlands, such as traditional cleansing and baptizing ceremonies. Today, wetlands are 

Ecosystem services Spatial level 
supply of 
service

Demand for 
service

Properties that facilitate this 
service

Tourism and 
recreation

HGM unit 
and habitat 
unit

When the wetland 
is on touristic 
routes

Presence of high conservation 
value and biodiversity, scenic 
beauty of the wetland, and the 
surrounding landscape

Education and 
research

HGM unit When there is 
good access to the 
wetland

Presence of existing research 
infrastructure

Table 2. 
Various ecosystem services that wetlands provide, the scales at which they are relevant, and the properties that 
determine their effectiveness.
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also central to many recreational practices and many wetlands provide opportunities 
for tourism. Lastly, wetlands can also be important for research and education, and 
in some places, research centers and education facilities have been centered around 
wetlands.

The reality of the ecosystem services that wetlands provide means that people will 
always have to live with wetlands in their environment. In the following section, we 
will consider the ecological processes that are part of wetland environments at various 
spatial scales.

4.  Ecosystem services at a catchment scale

Wetlands are scattered throughout the landscape and are connected in various 
ways to the water cycle. Several of the ecosystem services that wetlands are known to 
provide are directly linked to this water cycle and help to ensure the accessibility of 
water to many communities. The position of the wetland within the catchment and 
in relation to residents living within that catchment has a big influence on ecosystem 
service supply. For example, the location of wetlands within a catchment has an 
influence on the collective nitrate removal for the catchment as a whole [16]. Some 
hydrogeomorphic types of wetlands are also typically found in specific areas within 
the catchment; for example, seepages are often found close to the upper reaches of the 
catchment, close to the water divide. In some cases, when such ecosystems contain 
peat, they may slow down the flow of water into the drainage system as peat bod-
ies hold water that trickles gradually into the streams so that water continues to be 
released into the fluvial system long after it has precipitated down in the form of rain 
or snow. Snowfall in the high mountains is another mechanism by which the release of 
water into rivers is delayed as it will only start percolating into the soil after it starts to 
melt toward springtime.

Flooding risk is ameliorated by various types of wetlands that are found along the 
stream channel, especially floodplains, that retain water for extended periods of time, 
thereby protecting properties downstream. Especially floodplains that contain oxbow 
lakes and abandoned side channels form basins that can store excess water. One of the 
main reasons to restore floodplain wetlands and to provide rivers with the space to 
overtop their banks is to provide storage for floodwaters in order to protect towns and 
farmlands downstream.

The presence of seepage wetlands, floodplain wetlands, and valley bottom wet-
lands in a catchment is therefore crucial to ensure the resilience of the livelihoods 
within that catchment. Many of these wetlands combined can be regarded as a form 
of “ecological infrastructure” that combined with the river channels that connect 
them ensure that water remains available throughout the catchment. When wetlands 
are lost by drainage for agriculture, the need arises to mitigate these losses by creating 
artificial wetlands within the same catchment.

Another way in which wetlands provide services on a landscape scale or catchment 
scale is in the maintenance of biodiversity. Wetlands are scattered throughout the 
landscape, often as small pockets of habitat for aquatic biota. In some cases, wetlands 
are connected by means of fluvial channels, but they can also be cut off from each 
other by terrestrial habitat. Species that require wetland habitats have to migrate 
across the landscape to colonize new wetland habitats, and the metapopulation of a 
species can best be maintained if wetland habitats are large and wetlands are proxi-
mate to each other.
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5.  Ecosystem services at a wetland scale

At the scale of an individual wetland, wetlands serve as sinks for sediments from 
the surrounding landscape. This leads to conditions at the level at the individual 
wetland that may create local ecosystem services. It means that many nutrients, but 
also pollutants can accumulate in the wetland. Wetlands have the capacity to filter 
the water that flows through them, due to plant uptake and bacterial conversions. 
Artificial wetlands called helophyte filters are often constructed to process mine 
effluents, sewage, and other industrially produced pollution. The filtering capacity 
of the wetland depends on the size of the wetland, the rate of flow through it, and 
the type of plants that grow in the wetland. In many large wetlands, because of this 
filtering effect, the water quality is guaranteed for local subsistence farmers who also 
get their water needs from the wetland.

Wetlands also form a sink for sediment. This can be either clastic sediments, in 
areas where there is sufficiently strong flow, but this can also be organic sediments 
in places that are permanently inundated where the water is stagnant. The storage 
of a large mass of sediment makes the wetlands soak up water after rains, but it 
also makes them vulnerable for erosion [15]. Wetlands that develop on steep slopes 
are unstable as excessive surface runoff may wash away all stored sediment in the 
wetland.

Wetlands keep soil in place and prevent erosion by spreading water over a larger 
surface area which reduces the energy of concentrated channeled flow. The trade-off 
between slope and surface area of wetland follows a function where larger wetlands 
run a larger risk of eroding and turning into a channel, losing all their sediment.

In the case where wetlands store large amounts of peat, wetlands also perform 
a role in climate regulation. This is a two-edged sword as it also means that degrad-
ing wetlands may emit large volumes of carbon dioxide and methane. In order to 
emphasize their relatively high global importance as C stores, it is important to note 
that although wetlands occupy only 4–5% of the land area of the globe, and they hold 
approximately 30% of the carbon in the terrestrial biosphere [17, 18].

The scenic beauty of a wetland determines its use as a tourist destination or even 
as a place of worship or spiritual inspiration. Larger waterbodies and waterbodies that 
attract large amounts of waterfowl can be regarded as attractive tourist destinations, 
and the economic activities that may arise around such wetlands can be regarded as 
cultural ecosystem services.

6.  Ecosystem services at a habitat scale

Many of the provisioning services that a wetland provides depend on there being 
suitable habitat for the species that is to be harvested. For a wetland to provide suf-
ficient amounts of fish, there needs to be suitable habitat for fish, which is generally 
the parts of the wetland that are permanently inundated. Some fish may seek shelter 
in the inundated plains of a floodplain, especially if there are large predators around. 
Such shallow water habitats are suitable hunting grounds for fishermen.

Reeds and other tall graminoids are regularly harvested for construction materi-
als or for weaving, arts, and crafts. The diversity of plant morphologies of wetland 
plants contributes to the diversity of different weave types, e.g., the fine culms of 
Juncus kraussii have particular value for twining and straight sewing, while the robust 
Cyperus latifolius leaves are well suited for plaiting [19]. Sometimes, the plants from 
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wetlands can provide materials to thatch roofs. Wood can be harvested from swamp 
forests, but generally this can also be harvested from upland areas. Swamp forests 
may become dominant in floodplain areas in tropical climates and may become domi-
nant along rivers in temperate climates, but are rare in many other parts of the world.

Some wetlands are utilized for small-scale agriculture. The crops that are har-
vested in this manner can also be regarded as provisioning ecosystem services as it is 
the wetland soils and soil moisture that provide the fertility to grow crops. There are 
only few crops that can cope with permanent inundation, but it may be quite feasible 
for farmers to use the temporary or seasonally wet areas of wetlands, whereby water 
from the wetland can be used to provide water to the crop. Traditional wetland culti-
vation systems have characteristically been closely coupled with the natural hydrolog-
ical regimes of wetlands. This is illustrated by the rice farmers of central Sierra Leone, 
who through their rich knowledge of the soil moisture requirements of different rice 
varieties are able to match the different rice varieties with the soil moisture variation 
along the wetland soil catena [20].

Many wetlands are key grazing resources, particularly those located in arid to 
semi-arid climate, where they are especially valuable in dry years and at the end of the 
dry season in most years, owing to their residual moisture. Thus, wetlands are often 
critical forage sources over the dry season for both livestock and wild grazers [21].

Wetlands are also rich in other biodiversity that plays a role in people’s livelihoods, 
for example, in the form of medicinal plants such as sweet flag (Acorus calamus) 
which is widely used for oral hygiene and the treatment of digestive complaints. The 
strong environmental gradients create many niches for plant species, and a substan-
tial section of all useful plants can be found in wetland habitats [22].

Different wetland habitats do not only lead to different provisioning ecosystem 
services, but they can alter the hydrological aspects of the wetland and thereby 
have an effect on regulating services. For example, if the vegetation in certain sec-
tions of the wetland consists of shrubby vegetation, it will lead to more resistance to 
flow, which will impact ecosystem services that have to deal with erosion control or 
floodwater retention. Such ecosystem services are mainly impacted by larger-scale 
processes, but are modified on a local scale by different habitat types [23].

The services most strongly associated with different habitats in wetland poten-
tially complement each other, thereby enhancing the wetland’s overall supply for a 
variety of ecosystem services. For example, a temporarily flooded alluvial fan occu-
pying the inflow of a valley bottom wetland may be particularly important for the 
trapping and retaining of sediment and the phosphates adsorbed to these sediments, 
given that phosphates are generally strongly absorbed by sediments, and therefore, 
phosphate removal tends to be strongly associated with the trapping of new sediment. 
Further downstream in the same wetland, where permanently flooded habitat and 
associated low redox conditions and high primary productivity of emergent vegeta-
tion and abundant organic sediments predominate, the storage of carbon, and the 
assimilation of nitrates may be particularly important, given the favorable biogeo-
chemical conditions of this habitat for these particular services.

7.  Ecosystem processes at a soil or sediment scale

At the most basic level, most of the processes that are unique to wetlands play out 
within an inundated soil. The reason for this is that wetlands provide a wide variety 
of metabolic pathways as there is no oxygen available and bacteria will have to find an 
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alternate electron acceptor for the energy-gaining reactions that drive their life-cycle. 
This reflects the fact that wetlands today are among the habitats where the original 
metabolic pathways at the basis of life prevail, from the period before oxygen started 
to accumulate in the Earth’s atmosphere as a waste product of photosynthesis. The 
primary way in which the soil biochemistry is affected by these inundated conditions 
is by the inhibition of the breakdown of dead organic matter that accumulates in the 
soil. This organic matter forms the substrate where many of the redox reactions in 
anaerobic soils take place.

Within these soils with anaerobic conditions, there is also variation in redox 
potential as water levels fluctuate and additionally wetland plants also have their 
influence. The root systems of these plants transport oxygen into the inundated soils 
as it may leak around the roots, creating narrow aerated zones around the smaller 
roots. The existence of steep gradients in redox potential are the conditions in which 
important biogeochemical processes such as denitrification take place [24]. This has 
an important reaction within the nitrogen cycle, but it is only one example of the wide 
range of redox reactions that can take place in wetland soils.

The wide variety of metabolic pathways arise from the combination of reactants 
that can exchange electrons in redox reactions that release free energy to be exploited 
by bacteria. The type of metabolism that is favored depends on the free energy 
released by the two half-reactions in the redox exchange, on the amount of organic 
matter that is available to be broken down and on the concentration of products and 
reactants that is available in the substrate [25]. This situation creates a multitude of 
possible reactions, and therefore, there is a wide range of niches at various depths of 
the substrate available to be exploited by different types of bacteria that each utilize a 
different energy source.

The elements that may become involved in these redox reactions occur in a 
specific sequence from the surface to the deeper soil layers or through time [25, 26] 
(see Table 3). Firstly organic matter is degraded in aerobic respiration as oxygen 
is energetically the most favored electron acceptor (reaction 1). When the oxygen 
is depleted, nitrate (NO3

−) is depleted as an electron acceptor in which it is either 
reduced to ammonium (NH4

+) or released as nitrogen gas in denitrification (reactions 
2 and 3). When the nitrate is gone, the next electron acceptor is manganese (Mn4+) 
that is reduced to Mn2+ (reaction 4), followed by Iron (Fe3+) that is reduced to Fe2+, 
creating a grayish color in the soil (reaction 5). When none of these ions are available, 
sulfate (SO4

2−) is reduced to form H2S gas, which can be recognized by the foul odor 
of rotten eggs (reaction 6). Lastly, when there is still organic matter available, it can 

Reaction Electron acceptor Reaction Redox potential

1 Organic matter C6H12O6 → CO2 + H2O 250 mV

2, 3 Nitrate C6H12O6 + 4NO3
− → 6CO2 + 2N2 + 6H2O

C6H12O6 + 4NO3
− + 4H+ → 6CO2 + 4NH4

+ + 6H2O
250 mV

4 Manganese CH2O + 2MnO2 + 4H+ → CO2 + 2Mn2+ + 2H2O 225 mV

5 Iron CH2O + 2FeOOH + H+ → CO2 + 2Fe2+ + H2O 120 mV

6 Sulfate 2CH3CHOHCOO− + 2SO4
2− + 3H+ → 

4CO2 + 4H2O + 2HS−
−75 mV

7 Organic matter CH3COO− + 4H+ → 2CH4 + 2H2O −250 mV

Table 3. 
Sequence of redox reactions taking place in inundated soils.
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be broken down in the methanogenesis reaction (reaction 7), which is a very inef-
ficient reaction and therefore happens at a very slow rate [27].

The complexity of the many reactions taking place in the anoxic soils of wetlands 
showcases the importance of wetlands in global biogeochemical cycles, especially 
for carbon, nitrogen, manganese, iron, and sulfur as they are directly involved in 
the redox reactions. Many other nutrients, such as phosphate, potassium, sodium, 
and chloride may become concentrated in wetlands in specific circumstances, which 
may provide either opportunities (phosphate and potassium) or limitations for life 
forms living in the wetland environment (sodium and chloride). The importance of 
wetlands for the global cycling of many of the elements that are deeply involved in 
various life cycles means that these ecosystems provide important supporting ecosys-
tem services that extend beyond the border of the wetland itself.

This means that, even though we recognize these processes as taking place at the 
smallest scale, their impact is actually on a much larger scale, as it is the cumula-
tive effect of all biogeochemical processes in all wetlands in an area that determine 
the fluxes of exchange between wetland and atmosphere. For these reasons, people 
living the direct environment may not be able to “value” the services that the wetland 
provides, especially when it comes to a service such as “climate regulation.” Another 
problem is that these services may easily be altered when wetlands get degraded 
where they actually make the problem worse, such as with methane emissions [28].

8.  Considering ecosystem services in the prioritization of wetlands for 
restoration or conservation

Historically, humans have always had an ambiguous relationship with wetlands: 
they acted as the centers of many civilizations where the first cities emerged on river-
banks and around other places with a steady access to water, but they have also always 
been regarded as a place where diseases spread and as places that need drastic changes 
by means of drainage before they can be rendered useful as agricultural land. Some 
of the world’s most productive crops, such as rice and taro, can be grown in wetlands, 
but for many other crops, we need access to wetland water for irrigation, but the 
actual wetland itself is unsuitable for cultivation as the soil also requires aeration.

The importance of wetlands in ecosystem services and in the overall biogeochemi-
cal pathways across our planet means that as humanity we have to aim to design our 
landscapes in such a way that it provides space for wetlands and where we even may 
construct artificial wetlands if natural wetlands have disappeared. For this reason, 
urban planners and landscape architects should always keep considering the wet 
ecological infrastructure as all of our lives are strongly intertwined with the flow of 
water through our landscapes. This implies that the supply of ecosystem services must 
match the demands that society requires at each of the places where wetlands are 
designated or restored [29].

9.  Conclusion

As wetlands are increasingly under threat worldwide, much has been written 
about the ecological services that they provide and there is a growing realization that 
there needs to be a presence of wetlands across any living landscape. The mapping 
of wetland ecosystem services requires us to understand that the different ecosystem 
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services play out on different spatial scales. Some ecosystem services can take place 
within a single wetland, whereas for most of the hydrological services, the configura-
tion of wetlands across the entire catchment is crucial. All these aspects of wetland 
ecology need to be considered in any landscape policy plan or natural resource 
management plan.
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