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Foreword

The efficient use of freshwater is an important concern for the future, because many

areas in the world are facing water scarcity on a continual basis or during drought

years. The major use of freshwater globally is for food production. Aquaculture is a

particularly water-intensive activity, and it competes with traditional agriculture for

freshwater in many areas. There is urgent need to improve water use efficiency in

all types of agriculture – aquaculture included.

One way of improving water use in aquaculture is by increasing the intensity of

production. The largest production sector is pond aquaculture, in which fertilizers

are applied to increase the availability of natural feed or manufactured feeds are

applied. Fertilized ponds already tend to be managed for the highest level of

production possible. The production of aquaculture feed requires a large amount

of water for producing plant meals included as ingredients. The water embodied in

feed often greatly exceeds the direct water use in ponds. Thus, the opportunities for

reducing water use in conventional pond culture through intensification are limited.

Wastewater aquaculture provides a means to lessen water use in ponds. By

adding wastewater to ponds, an equal amount of freshwater is conserved. Waste-

water also contains nutrients and this lessens fertilizer requirements in ponds. Thus,

both water and nutrients are conserved. There is another benefit of wastewater

aquaculture; natural processes in ponds remove nutrients, suspended solids, and

organic matter from the wastewater. This improves the quality of the wastewater

when it is ultimately discharged downstream.

Previous studies have revealed that fish from wastewater aquaculture are safe for

human consumption. Nevertheless, there are areas of the world where consumers

will not eat fish produced in wastewater. There are other areas where consumers

will accept fish grown in wastewater, and wastewater aquaculture has considerable

potential in these areas.

Considerable research has been conducted on wastewater aquaculture, but much

remains to be done in order to realize the full potential of this resource. This book

Wastewater Management Through Aquaculture provides a thorough, in-depth

assessment of previous findings on the use of wastewater in aquaculture. It covers

issues such as integrated planning and design of projects, health risks, production

techniques, case studies, results of ongoing projects, and future research needs. The

chapters have been prepared by respected scientists who have considerable
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experience with wastewater aquaculture. The coverage is quite complete, and I

believe that this book will be of great interest to all who are involved in wastewater

aquaculture or seek information about its potential.

Auburn, Alabama, USA Claude E. Boyd

17 January 2017
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Preface

It is needless to say that the demand for freshwater has been tripled during the last

50 years and is projected to increase by 70% in terms of surface water by 2025.

Heavy demand of freshwater results in much depletion of groundwater level

accompanied by withdrawal-driven groundwater pollution especially arsenic con-

tamination in drinking water sources in many countries as well as pollution in

surface water resources. As a result, concern has been raised about the quality and

quantity deterioration of freshwater. Discharge of untreated or partly treated

municipal wastewater causes contamination and eutrophication of inland water

sources particularly in water-scarce and economically poor countries where facil-

ities for conventional wastewater treatment are inadequate. Climate change has

further aggravated the situation with its major implications on ecosystems and

human life. It is most urgent to protect and conserve inland water resources to

accomplish the ecosystem functionality and sustainable development processes.

Hence, the present volume Wastewater Management Through Aquaculture has

been a noble attempt which is the need of the hour.

In fact, municipal wastewater is the storehouse of fertilizers due to its immense

nutrient potentials of phosphorus, nitrogen, and potassium and increasingly high

rates of wastewater generation resulting from increased population and urbaniza-

tion. Hence, wastewater has been rightly called as a resource out of place, and a

huge sum of money in the form of chemical fertilizers is not only lost through

unmanaged drainage of municipal wastewater every day, but it also causes envi-

ronmental pollution and eutrophication of water bodies. Municipal wastewater

poses a triple-win climate-smart agri-aquaculture strategy toward conservation of

water for multiple uses, environmental protection, as well as food and nutritional

security by turning wastes into wealth in the form of fish biomass and allied cash

crops. Therefore, it is pertinent to respect society’s discarded materials as resource.

Lack of proper management of wastewater may result in triple losses – environ-

mental degradation, monetary loss from fertilizers, and loss of valuable water

source.

As the present and future scenarios of water crisis have been conceived world-

wide, the cutting-edge researches and tailor-made solutions are in progress not only

to protect and conserve valuable freshwater resources but also to use, reuse, and

promote multiple uses of wastewater generated from various anthropogenic
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activities. Wastewater-fed aquaculture is a unique integrated biosystem in which

organic wastes generated by the first system are used by the next subsystem for fish

production as means of food and nutritional security mediated through an ecosys-

tem resilient dependent self-purification process and microbial-autotrophic-hetero-

trophic complex food web mechanism. Though wastewater-fed aquaculture using

more than 45 species of indigenous and exotic fishes has been practiced by farmers

for a long time in a traditional way as self-wisdom, its scientific exploration and

application of proven technologies have been focused in recent years for harnessing

the resources in a sustainable way for water conservation and protection of biodi-

versity in wetlands.

Altogether 16 chapters have been compiled in the present volume, and the contents

of this book have been broadly divided into four parts: (a) Understanding the Funda-

mentals of Soil-Water Interactions and Biogeochemical Nutrient Dynamics,

(b) Culture Practices of Wastewater-Fed Aquaculture, (c) Strategies Toward Waste-

water Reclamation Using Green and Sustainable Technologies, and (d) Economic

Perspectives of Wastewater, Environmental Impact Assessment, and Environmental

Law and Regulations.

Healthy soils are of utmost importance to a variety of ecosystem services they

provide in aquatic systems. Pond soils act as a source or as a sink of nutrients

depending upon the nutrient input and pond metabolism. In view of global cycling

of carbon and climate change, the wetland ecosystem has a key role to control the

balance of carbon, whether the system becomes a net carbon source or sink. An

enhanced, holistic understanding of interactions between soils and overlying water

and primary ecosystem drivers in mixed aquatic and soil systems is paramount to

developing adaptive strategies to mitigate climate change and strategies for guiding

their future construction and management to maximize their beneficial use while

minimizing negative environmental impacts. The roles of different biogeochemical

cycling bacteria such as heterotrophic, nitrifying and denitrifying, phosphate-solu-

bilizing, and cellulose-decomposing bacteria as well as their activities on degrada-

tion and nutrient cycling of carbon, nitrogen, and phosphorus and autotrophic and

heterotrophic food chain have been elucidated in a series of sewage-fed ponds

placed in a waste stabilization pond system. Dominance of detritus food chain over

the grazing food chain in all ponds within a waste stabilization pond system

(anaerobic, facultative, and maturation) has been focused. The supremacy of

facultative ponds has been reported to be most dynamic than the remaining ponds

investigated. The importance of such basic understanding for encouraging healthy

conditions and animal associations of the pond bottom particularly in wastewater-

fed systems has been highlighted in the first part.

Wastewater-fed-aquaculture-related responses to counteract negative driving

forces, pressures, and impacts associated with inadequate sanitation and wastewater

treatment and to enhance the state of systems are systematically reviewed with the

DPSIR framework. Prospects for a rational design-based approach to safe waste-

water reuse using treatment lagoons and cutting-edge biorefinery approaches have

been highlighted. Conditions required to support and promote safe wastewater-fed

aquaculture are assessed using the STEPS (social, technical, environmental,
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political/institutional, and sustainability) framework. A SWOT (strengths, weak-

nesses, opportunities, and threats) assessment is presented concerning the future

development of safe wastewater reuse through aquaculture. It is predicted that

widespread adoption of wastewater reuse through aquaculture could contribute to

achieving targets specified for sanitation and safe wastewater reuse by 2030 in

accordance with the United Nations’ Sustainable Development Goals. This

demands the large-scale and rational uses of municipal wastewater worldwide

especially in developing countries with enormous potentials of wastewater.

In developing countries, sewage-fed aquaculture has immense potential to

develop into an effective alternate system of fish production in the backdrop of

freshwater scarcity and increased farm income. Importance of nutrient harvesting

from liquid wastes through aquaculture production in vertically integrated systems

has been elucidated along with dominance of heterotrophic microbial pathway.

High fish yield to the tune of 5 ton/ha/year at the downstream of the waste

stabilization pond system testifies the ecological efficiency of wastewater in the

conversion of wastes to wealth through aquaculture. This has been possible by the

application of different aspects of management that has been developed through

long-term dedicated researches of the country. However, urbanization pressure,

improved economic condition, and betterment in the health quality standards

warranted imposition of different safety standards in wastewater aquaculture and

quality of the produce with respect to microbial load and other pollutants.

The significance of wastewater-fed aquaculture with unique case studies of the

East Kolkata Wetlands, an important Ramsar site and one of the largest and oldest

wastewater aquaculture systems of the world, has been focused that renders liveli-

hood opportunity to a large section of local people through production of cheap

protein food source – fish. However, maintenance of proper ecological conditions is

of utmost importance in a wastewater-fed system as enhancement of fish production

is often limited by suboptimal water quality and chemical stressors that cause

manifestations of different diseases. However, such stress-sensitive manifestation

of fish diseases often occurs in farmed ponds under the prevalence of suboptimal

ecological conditions.

Sustainable production of fish yield or biomass in a wastewater system contam-

inated by inorganic and organic pollutants warrants the effective management of

wastewater. As a part of enhanced treatment mechanism, application of ecological

engineering is highly preferred in developing countries in view of low cost for

natural, green, and sustainable technology based on nature’s library in the tropical

and subtropical zones, where the concept of an engineered resilient ecosystem is

being applied to treat partially treated municipal wastewater for beneficial reuse and

multiple uses. Macrophytes, microalgae, probiotics, annelids, mollusks, crusta-

ceans, fishes, etc. have been rightly designated as living machines due to their

immense beneficial biofilter potentials for remediation/reclamation of eutrophic

water bodies, heavy metal-contaminated perturbed aquatic habitats, etc.

Various methods for bioremediation such as biostimulation, bioaugmentation,

plant-based assisted bioremediation, phytoremediation, biofilm, periphyton-based

bioremediation, biofloc technology, biodegradation, biotransformation, enzymatic
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bioremediation, recombinant DNA technology, biosorption, and nutriremediation

have been presented in the third section. Apart from different basic methods

employed for wastewater treatment, recent techniques such as cavitation, high-

rate algal pond system, and biotechnology have also been elucidated. Application

of nanomaterials such as carbon-based nanoadsorbents, metal-based

nanoadsorbents, polymeric nanoadsorbents, nanomaterial-based membranes, and

nanofiber membranes for water and wastewater treatment has been elaborated.

Among the technologies available, adsorption has widely been used for the

removal of various contaminants from aqueous media, and accordingly different

adsorbents have already been prepared over the years. The comprehensive, up-to-

date, and critical information on the adsorption of different heavy metal pollutants

by various types of biosorbents and polymer-based synthetic adsorbents has been

documented. Nevertheless, the waste stabilization pond (WSP) system has gained

its importance as an integral tool for treating wastewater as well as for linking with

economic-driven activities of fish culture and culture of vegetable crops in

aquaponic systems.

Aquaponics is a green and sustainable eco-technological approach integrating

aquaculture in a hydroponic system and can play a pivotal role in harnessing

nutrients from wastewater resources; it has been focused in the third section of

the present volume. Concurrent production of fish crops and green vegetables or other

medicinal aquatic plants can also fetch high income from wastewater that will lead to

protection and conservation of wastewater by controlling the water loss through surface

evaporation and promoting aquatic production through vegetable crops.

The fourth part deals with economic perspectives of water reuse potentials of

treated wastewater in different economic-driven activities such as agricultural and

landscape irrigation; industrial processes; athletic fields, schoolyards, and play-

grounds; edges and central reservations of highways; irrigation of landscaped areas

around public, residential, commercial, and industrial buildings; and many others.

Partially reclaimed wastewater is used for decorative and ornamental purposes such

as fountains, reflecting pools and waterfalls, etc. It is frequently used for fire

protection and toilet and urinal flushing in commercial and industrial buildings.

In general, low-quality wastewater is widely used for agriculture and aquaculture,

whereas treated wastewater is exploited in high-income countries. Industrial water

consumption was up to 22% of global water use. Industrial water use in Europe and

North America accounted for half of their total water use, whereas in developing

countries, it is about 4–12% of national water use. In the process of reusing

wastewater in aquaculture, the externality costs are social costs incurred for public

health protection as the system is associated with health risk. In order to perform a

comprehensive cost-benefit analysis, it is necessary to evaluate all these environ-

mental, social, and ecological impacts by valuing them in monetized way by

eliciting people’s willingness to pay (WTP), shadow price, and opportunity cost.

Recycled water is often more expensive than existing water supply. Efficiency of

wastewater recycling in developed countries should be increased to reduce the cost

of supply of recycled water so that it can compete efficiently with alternative
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sources of water. Proper planning, management, and regulation are necessary for

effective reuse of municipal wastewater for different activities.

The environmental impact assessment of the East Kolkata Wetlands (EKW) has

been discussed using six generic steps. It also focused on the process of “initial

environmental examination” (IEE) and “strategic environmental assessment” (SEA)

which are recognized as the outcome of Agenda 21. Finally, impact analysis of cultured

fishes through histological, histochemical, topological, and enzymological studies has

been elucidated.

So far as the environmental law and regulations are concerned within the

framework of the United Nations Conference on the Human Environment (1972),

it laid emphasis on protection and improvement of environment for inter- and intra-

generational equity. India as a participatory nation by 42nd amendment of the

constitution incorporated provisions under Art. 48A and Art. 51A (g) for protection

and improvement of natural environment. Consequently, by considering

alarming effects of solid, liquid, or e-wastes on the environment, various rules

are framed by the central government for establishment of regulatory authorities

to manage the situation.

It is anticipated that the contents of the book will be useful to students, teachers,

researchers, administrators, planners, farmers, and entrepreneurs who make a

strong effort on the profitable use of wastewater within the framework of wastes

into wealth for the welfare of human society and multiple uses of water in the hour

of inevitable freshwater crisis. Further, this would help in achieving targets spec-

ified for sanitation and safe wastewater reuse by 2030 in accordance with the United

Nations’ Sustainable Development Goals.

We urge the readers to consider different innovative technologies and to utilize

the low-tech traditional knowledge of the locals to explore the tailor-made appro-

priate solution to counter the negative impact of environmental pollution caused by

discharge of untreated wastewater and promote the safe multiple uses of treated

wastewater for societal sustainable development, especially for food and nutritional

security and allied economic activities toward conservation of water and protection

of our invaluable biodiversity as well as sustaining the clean and green Earth.

Kalyani, West Bengal, India B. B. Jana

Kolkata, West Bengal, India R. N. Mandal

Bhubaneswar, Odisha, India P. Jayasankar

Preface xi



Acknowledgments

The editors would like to thank the director of ICAR-CIFA, Bhubaneswar, for

initiating the proposal of the present volume. We thankfully acknowledge the

management of Springer Nature, especially their office in Delhi, India, for their

helpful cooperation and kindly agreeing to publish the manuscript of the present

book. We also record our sincere thanks to all the contributors for their timely

submission of the respective manuscripts.

xiii



Contents

Part I Understanding the Fundamentals of Soil-Water

Interactions and Biogeochemical Nutrient Dynamics

1 Understanding the Soil-Water Interactions for

Sustainable Ecosystem Services in Aquatic Environments . . . . . . . 3

B. B. Jana, S. Lahiri, D. Ghosh, J. N. Bhakta, S. Mandal,

and S. K. Bag

2 Biogeochemical Cycling Bacteria and Nutrient

Dynamics in Waste Stabilization Pond System . . . . . . . . . . . . . . . . 29

Susmita Lahiri, Debarati Ghosh, and Dipanwita Sarkar (Paria)

Part II Culture Practices of Wastewater Fed Aquaculture

3 Global Prospects for Safe Wastewater Reuse

Through Aquaculture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Stuart W. Bunting and Peter Edwards

4 Waste System: Its Utility and Analyses in Aquaculture . . . . . . . . . 73

S. K. Das and A. Mandal

5 Recycling of Sewage in Aquaculture: Decadal Technical

Advancement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

R. N. Mandal, P. P. Chakrabarti, B. N. Paul, D. N. Chattopadhyay,

A. Das, A. Hussan, and P. Jayasankar

6 Wastewater-Fed Aquaculture in East Kolkata Wetlands:

State of the Art and Measures to Protect Biodiversity . . . . . . . . . . 119

Sasidulal Ghosh

7 Fish Diseases in Wastewater Aquaculture and

Remedial Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Manas Kr. Das

xv



Part III Strategies Toward Wastewater Reclamation

Using Green and Sustainable Technologies

8 Ecosystem Resilient Driven Remediation for Safe

and Sustainable Reuse of Municipal Wastewater . . . . . . . . . . . . . . 163

B. B. Jana, Johannes Heeb, and Shamik Das

9 Bioremediation of Perturbed Waterbodies Fed with

Wastewater for Enhancing Finfish and Shellfish Production . . . . . 185

Kishore K. Krishnani, Neeraj Kumar, K. K. Meena, and N. P. Singh

10 Aquaponics: A Green and Sustainable Eco-tech

for Environmental Cum Economic Benefits Through

Integration of Fish and Edible Crop Cultivation . . . . . . . . . . . . . . . 207

S. Datta, B. K. Mahapatra, J. N. Bhakta, S. K. Bag, S. Lahiri,

R. N. Mandal, and B. B. Jana

11 Recent Technologies for Wastewater Treatment:

A Brief Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

S. P. Shukla, Saurav Kumar, S. Gita, V. S. Bharti, Kundan Kumar,

and G. Rathi Bhuvaneswari

12 Adsorption Technique for Removal of Heavy Metals

from Water and Possible Application in Wastewater-Fed

Aquaculture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

Subhas Sarkar and S. Adhikari

Part IV Economic Perspectives of Wastewater, Environmental

Impact Assessment and Environmental Law and Regulations

13 Multiple Reuse of Wastewater: Economic Perspectives . . . . . . . . . 255

S. Jana, Ken Gnanakan, and B. B. Jana

14 Socioeconomic Impacts and Cost-Benefit Analysis

of Wastewater-Fed Aquaculture . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

S. Jana

15 Environmental Impact Assessment: A Case Study

on East Kolkata Wetlands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

A. R. Ghosh, S. Mondal, and D. Kole

16 Law and Regulation of Wastes and Wastewater: Indian

Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305

S. K. Sadhu and A. R. Ghosh

Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

xvi Contents



Contributors

S. Adhikari ICAR-Central Institute of Freshwater Aquaculture, Bhubaneswar,

Odisha, India

S. K. Bag International Centre for Ecological Engineering, University of Kalyani,

Kalyani, West Bengal, India

J. N. Bhakta International Centre for Ecological Engineering, University of

Kalyani, Kalyani, West Bengal, India

V. S. Bharti Aquatic Environmental Management Section, Aquatic Environment

& Health Management Division, ICAR-Central Institute of Fisheries Education,

Versova, Mumbai, India

Stuart W. Bunting Bunting Aquaculture, Agriculture and Aquatic Resources

Conservation Services, Suffolk, UK

P. P. Chakrabarti Regional Research Centre, ICAR-Central Institute of Fresh-

water Aquaculture, Kolkata, India

D. N. Chattopadhyay Regional Research Centre, ICAR-Central Institute of

Freshwater Aquaculture, Kolkata, India

A. Das Regional Research Centre, ICAR-Central Institute of Freshwater Aquacul-

ture, Kolkata, India

Manas Kr. Das Fisheries Resource and Environmental Management Division,

ICAR-Central Inland Fisheries Research Institute, Barrackpore, West Bengal, India

Shamik Das Directorate of Fisheries, Government of West Bengal, Meen Bhavan,

Kolkata, West Bengal, India

S. K. Das Department of Aquaculture, Faculty of Fishery Sciences, West Bengal

University of Animal and Fishery Sciences, Panchasayar, Kolkata, West Bengal,

India

S. Datta ICAR-Central Institute of Fisheries Education, Salt Lake, Kolkata, India

Peter Edwards Asian Institute of Technology, Bangkok, Thailand

xvii



A. R. Ghosh Ecotoxicology Lab, Department of Environmental Science, The

University of Burdwan, Burdwan, West Bengal, India

Debarati Ghosh International Centre for Ecological Engineering, University of

Kalyani, Kalyani, West Bengal, India

Sasidulal Ghosh Bidhannagar Agro & Fisheries Projects Pvt. Ltd., Kolkata, West

Bengal, India

S. Gita Aquatic Environmental Management Section, Aquatic Environment &

Health Management Division, ICAR-Central Institute of Fisheries Education,

Versova, Mumbai, India

Ken Gnanakan William Carey University, Shillong, Meghalaya, India

ACTS Group of Institutions, Bangalore, India

Johannes Heeb Seecon International GmbH and Cewas, Willisau, Switzerland

A.Hussan Regional Research Centre, ICAR-Central Institute of Freshwater Aqua-

culture, Kolkata, India

B. B. Jana International Centre for Ecological Engineering, University of Kalyani,

West Bengal, India

Centre for Environmental Protection & Human Resource Development (Kalyani

Shine India), Kalyani, West Bengal, India

S. Jana Department of Fisheries Economics & Statistics, West Bengal University

of Animal & Fishery Sciences, Kolkata, West Bengal, India

Centre for Environmental Protection & Human Resource Development (KSI),

Kalyani, West Bengal, India

P. Jayasankar ICAR-Central Institute of Freshwater Aquaculture, Bhubaneswar,

Orissa, India

D. Kole Ecotoxicology Lab, Department of Environmental Science, University of

Burdwan, Burdwan, West Bengal, India

Kishore K. Krishnani ICAR-National Institute of Abiotic Stress Management,

Baramati/Pune, Maharashtra, India

Kundan Kumar Aquatic Environmental Management Section, Aquatic Environ-

ment & Health Management Division, ICAR-Central Institute of Fisheries Educa-

tion, Versova, Mumbai, India

Neeraj Kumar ICAR-National Institute of Abiotic Stress Management, Baramati/

Pune, Maharashtra, India

Saurav Kumar Aquatic Environmental Management Section, Aquatic Environ-

ment & Health Management Division, ICAR-Central Institute of Fisheries Educa-

tion, Mumbai, India

xviii Contributors



S. Lahiri International Centre for Ecological Engineering, University of Kalyani,

Kalyani, West Bengal, India

B. K. Mahapatra ICAR-Central Institute of Fisheries Education, Kolkata, India

A. Mandal Department of Aquaculture, College of Fisheries, Guru Angad Dev

Veterinary and Animal Sciences University, Ludhiana, Punjab, India

R. N. Mandal Regional Research Centre, ICAR-Central Institute of Freshwater

Aquaculture, Kolkata, India

S.Mandal International Centre for Ecological Engineering, University of Kalyani,

Kalyani, West Bengal, India

K. K. Meena ICAR-National Institute of Abiotic Stress Management, Baramati/

Pune, Maharashtra, India

S. Mondal Ecotoxicology Lab, Department of Environmental Science, The Uni-

versity of Burdwan, Burdwan, West Bengal, India

B. N. Paul Regional Research Centre, ICAR-Central Institute of Freshwater

Aquaculture, Kolkata, India

G. Rathi Bhuvaneswari Aquatic Environmental Management Section, Aquatic

Environment & Health Management Division, ICAR-Central Institute of Fisheries

Education, Versova, Mumbai, India

S. K. Sadhu Department of Law, University of Burdwan, Burdwan, West Bengal,

India

Dipanwita Sarkar (Paria) Department of Zoology, Chandernagore College,

Chandannagar, Hooghly, West Bengal, India

Subhas Sarkar ICAR-Central Institute of Freshwater Aquaculture, Bhubaneswar,

Odisha, India

S. P. Shukla Aquatic Environmental Management Section, Aquatic Environment

& Health Management Division, ICAR-Central Institute of Fisheries Education,

Versova, Mumbai, India

N. P. Singh ICAR-National Institute of Abiotic Stress Management, Baramati/

Pune, Maharashtra, India

Contributors xix



About the Editors

B. B. Jana a fellow of the National Academy of Agricultural Sciences, New Delhi,

as well as some other prestigious academies in India and recipient of the Joy

Govinda Memorial Award of the Asiatic Society, is emeritus fellow and academic

advisor in the International Centre for Ecological Engineering, University of

Kalyani, West Bengal, India. He did his doctorate on aquatic ecology and micro-

biology and worked as postdoctoral fellow of the then USSR and DAAD visiting

fellow in the University of Hamburg, Germany. He has published several mono-

graphs, books, and contributed chapters in the UNESCO Encyclopedia and over

235 papers in peer-reviewed journals and supervised 32 Ph.D. students. As a

principal investigator, he is the recipient of many national and international projects

funded by the European Commission, GTZ and TTZ, ICAR, UGC, CSIR, DST,

DBT, DOEn, the government of India, etc. His domain of research includes

wastewater aquaculture, ecological sanitation, eco-restoration, ecological engineer-

ing, microbial nutrient cycling, integrated organic farming, impact of global

warming and climate change in aquaculture, water conservation, etc. A board

member of the International Ecological Engineering Society, Switzerland, and

editorial board member of several important journals, Professor Jana has exten-

sively traveled abroad and chaired and/or participated and invited speakers in many

international conferences held in many countries of the world. At present, his

passion is eco-sanitation particularly for the use of human urine as alternative

chemical fertilizer. One of his papers published in Ecological Engineering has

been highlighted in News@Nature.com (doi: https://doi.org/10.1038/news070625-13).

His another current publication on human urine has also been highlighted and

covered in the IndUS Business Journal (http//indusbusinessjournal.com), August

28, 2016, which reads as “Now human urine as an organic alternative to chemical

fertilizers” (http//indusbusinessjournal.com/2016/08/now-humanurine-organic-alter

native-chemical-fertilizers/). As a secretary, his mission has been focused on out-

reach programs and extension activities at the grassroots level which are being

implemented through his own founded NGO, Kalyani Shine India (www.

kalyanishineindia.org), also known as the Centre for Environmental Protection

and Human Resource Development, aimed at alleviating rural poverty and ensuring

protection and conservation of biodiversity, environment, and water resources.
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Chapter 1

Understanding the Soil-Water Interactions

for Sustainable Ecosystem Services in Aquatic

Environments

B. B. Jana, S. Lahiri, D. Ghosh, J. N. Bhakta, S. Mandal, and S. K. Bag

Abstract Healthy soils are of the utmost importance to society for the variety of

ecosystem services they provide in both terrestrial and aquatic systems. Within aquatic

systems, soils play an active role in carbon cycling and interactions between soils and

water, and additional components of aquatic ecosystems can control the balance of

carbon, whether the system becomes a net carbon source or sink. Understanding the

interactions between soils and overlying water is crucial to developing adaptive strate-

gies to mitigate climate change. An enhanced, holistic understanding of primary

ecosystem drivers in mixed aquatic and soil systems is paramount for guiding their

future construction and management to maximize their beneficial use while minimizing

negative environmental impacts. Aeration and water circulation devices can be used to

improve dissolved oxygen content of the wastewater pond system. Raking may be

practiced to improve the ecological conditions of pond soils for encouraging healthy

conditions and animal associations of the pond bottom particularly in wastewater-fed

systems. The present chapter provides a review of different aspects of soil-water

interactions and strategies to maintain ecosystem health for sustainable development.

Keywords Soil structure · Mud-water exchange · Soil composition · Biological

production
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1.1 Introduction

Healthy soils are vital for maintaining robust biological production in aquatic ecosys-

tems. The interactions between physical, chemical, and biological properties of soil

help regulate aquatic ecosystem function, and soil can play a role in damping or

amplifying the effects of environmental perturbations on aquatic systems. In addition

to overall health, soil also plays an active role in carbon cycling in aquatic systems. In

different cases, soils can act as either a carbon sink (Boyd et al. 2010) or source of

carbon emission (Natchimuthu et al. 2014). Hence soils not only play an important role

in the nutrient dynamics and productivity of aquatic ecosystems but also, through the

carbon cycle, in climate dynamics. Understanding the functional connectivity (e.g.,

nutrient supply, biogeochemical cycling, etc.) between soils and aquatic ecosystems is

crucial to developing a thorough, fundamental understanding of these dynamic systems,

as well as being able to predict how the systems will respond to environmental

perturbation and what adaptive strategies can be implemented to improve aquatic

ecosystem resistance and resilience to this change. The role of soils in aquatic ecosys-

tems is thus pertinent to developing adaptive strategies to mitigate climate change.

Wetlands and large-scale aquaculture ponds provide multiple test cases for probing

mechanisms of soil-water interactions and their influence on the productivity of aquatic

ecosystems. An enhanced, holistic understanding of primary ecosystem drivers in

mixed aquatic and soil systems is paramount for guiding their future construction and

management to maximize their beneficial use while minimizing negative environmen-

tal impacts.
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1.2 Ecology and Productivity of Wetlands

An aquatic environment can be conceptualized as an ecosystem containing

interacting biotic and abiotic components hosted in a permanent or seasonally water-

saturated zone. The biotic component of pond ecosystem consists of autotrophs and a

suite of micro- and macroconsumers and saprotrophic organisms. The primary abiotic

factors include water, soils, nutrients, and the local climatic regime (Fig. 1.1).

Soils can provide a source of vital nutrient inputs necessary for biological

productivity. For instance, decomposable biomass in the water column may accu-

mulate at or within the soil surface where biological activity can remineralize the

nutrients to make them available to fuel additional primary productivity or hetero-

trophic interactions. In this role, soils regulate the biological productivity of the

wetland through decomposition and degradation of organic matter through the

consumptive actions of a vast array of bacteria, flagellates, fungi, and macro- and

microinvertebrates that live at or near the soil-water interface. While aquaculture

ponds have some fundamental distinctions from natural systems (e.g., additions of

anthropogenic fertilizer to these ponds may shift traditional nutrient limitations),

Fig. 1.1 A pond ecosystem showing the interactions of abiotic and biotic factors and food chain

dynamics. Top sediment and bottom soil of aquatic system are also shown
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soils are nonetheless still crucial to overall nutrient cycling. For instance, in

organic, manure-fed fish ponds, a large part of fish production can be linked to

microbial processes that remineralize the added organics in the soil and make these

nutrients available to stimulate fish productivity (Fig. 1.2). This cycling highlights a

vulnerability of the aquatic system since decreased soil health can ultimately

constrain overall system health and productivity. Further, if soil is unable to

actively recycle the added nutrient pool (manure) contained in the municipal

wastewater, this could trigger the buildup of the added material and ultimately

the transition from the manure being a community resource into an effective waste

component.

With a view to enhance reclamation process, more utilization of major food

resources, reuse of wastewater for economic-driven activities, and promotion of

climate-resilient aquafarming, selection of species of fish in wastewater-fed aqua-

culture is of major importance. The selected species should be hardy so as to

capable of withstanding relatively adverse ecological conditions due to wide

diurnal fluctuations of dissolved oxygen and pH of water. In general, cultured

fishes of different feeding habits occupy different habitats and ecological niches

such as herbivores, detritivores, carnivores, and omnivores. Because of the feeding

Fig. 1.2 Fate of fertilizers and manure in fish ponds: Most of the particles settle on the top of the

mud layer and are released as nutrients for the production cycle in the water column
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preference for algae and vegetation, herbivorous fishes such as silver carp and grass

carp are well known as low-carbon footprint species, and they are often selected for

fish culture. Benthic-oriented species such as common carp, black carp, and tilapia

are most suitable species for culture as they consume mostly the benthic invertebrates,

decayed vegetation, and detritus available on the pond. Further, bottom-dwelling fishes

help reclaimwastewater through physical bioturbation-driven sediment oxidation induc-

ing microbial activities providing congenial environment for nutrient release to the

overlying water.

1.3 Structure of Wetland Soils

The soil structure underlying an aquatic system can, at its most fundamental level,

be divided into two major divisions: a deeper, bottom soil zone and an upper, top

sediment that forms above the bottom soil. Bottom soils themselves can be

subdivided to include a more shallow layer which is lighter in color, less

compacted, and fairly well aerated and is compositionally a mixture of colloidal

mineral and organic matter. The underlying lower layer of the bottom soil, in

contrast, is generally anoxic, darker in color (e.g., gray or black) due to the resulting

geochemistry (low redox potential, high abundance of ferrous iron and other

minerals), and more compacted than the upper layer. The topmost flocculent

layer (F) and both oxidized and reduced sediment layers (S) of soil profiles have

been emphasized in aquaculture pond because of their roles in nutrient exchange

with overlying water and the influence of interaction on water quality (Boyd 2012).

Further, the proportions of these two layers are also important in regulating the soil

properties and productivity of the ponds. Hence, the top sediment layer of pond is

constantly in direct contact with overlying water and performs the exchange

mechanism.

At some level, the physical, chemical, and mineralogical features of pond soils

are highly similar to those of agricultural soils. Yet, there are specific distinctions

between pond and agricultural soils including the following: (1) conglomeration of

different soil profiles, which are completely waterlogged, devoid of air-filled

spaces, and depleted of oxygen, (2) ponds may have large catchment areas with

input of nutrients and soil particles from the neighboring catchment areas and

runoff water, (3) sedimentation of organic matter on the pond bottom, and (4) the

10–15 cm surface layer of pond soils tends to have a lower bulk density than found

in surface of agricultural soils. Pond soils are also similar to wetland soils, although

high-density aquatic vegetation is generally absent in managed aquaculture ponds,

despite the fact that nutrient inputs in aquaculture ponds are typically much higher

than for pristine wetlands. Wastewater-fed ponds tend to have more sedimentation

or accumulation of organic matter contained in the sewage effluents.

Bottom soils influence a variety of water quality conditions in aquaculture ponds

including pH, alkalinity, hardness, electrical conductivity, dissolved gases, total

nitrogen, organic carbon, available nitrogen, C/N ratio, available phosphorus, and
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exchangeable calcium. The dynamics of nutrient cycling required for maintenance

of these conditions for biological production are controlled through a series of

chemical and biochemical reactions that occur at the soil-water interface. These

reactions result in the release of essential and beneficial nutrients into the overlying

water. The transformation of fertilizers added to aquaculture ponds also influences

nutrient cycling. Moreover, bottom soils act as both nutrient sources and sinks

depending upon their trophic state, and because the organic matter in pond soils

increases over time, the nutrient content is usually higher in older ponds than in

newly constructed ponds. For these reasons, bottom soils have been rightly called

the chemical laboratory or kitchen of the pond. This is particularly true for

wastewater-fed ponds.

Pond soils also impact the bioavailability of heavy metals, toxic elements, and

pesticide residues in the water column by adsorption and desorption processes that

occur in the bottom sediments. For example, toxic metabolites entering the well-

oxygenated ponds may be quickly oxidized and have less toxic effects, but if the

amount of toxic elements exceed the oxidation rate of the metabolites, the equilib-

rium levels of metabolites in the water can have detrimental effects on biotic

community (Boyd et al. 2002).

1.3.1 Soil Formation

The formation of soil in aquatic systems is a dynamic process and depends upon a

number of typical soil-forming factors including weathering, erosion, leaching, sed-

imentation, parentmaterial, etc. Erosional processes (e.g., alluvial, fluvial, or resulting

from bioperturbation) can introduce particulates into a pond. Twomain processes can

then aggregate these small particulates into larger structure: (1) electrochemical

bonding in which the aggregation of negatively charged colloidal clay and/or

humus particles are brought together to bridge water molecules and metallic ions,

particularly calcium (Fig. 1.3), and (2) cementing, which involves the action of

substances adsorbed on the surface of soil particles that effectively glue them together.

1.3.2 Soil Composition

The composition of soil plays a pivotal role in the biological productivity of aquatic

systems. Soil texture is one of the important physical factors, whereas chemical

factors such as soil reactivity (i.e., through pH) and nutrient status determine the

water holding capacity and productivity of a pond. The elemental composition of

various components combined with the organic matter content influences the

chemical and biological properties of the soil.

Pond soils grouped as alluvial, black, red, and laterite soils are known to have

higher amount of clay, silt, cation-exchange capacity, Ca, Mg, P, N, and organic
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matter with higher resulting water retention capacity than comparable terrestrial

soils. Soils dominated by clay and silt tend to have high adsorptive and retention

capacities for moisture, gases, and nutrients due to their large surface areas. Sand

bottom and high clay bottom soils are not preferred for aquaculture because

nutrients are either lost due to heavy leaching (sandy) or because high adsorption

capacity removes nutrients from the overlying water (clay), resulting in poor

recycling to the water column and reduced productivity. Sand and sandy loam

soils are also typically low in colloidal clay and deficient in humus, whereas heavier

soils contain more clay and more organic matter. Laterite soils are poor in phos-

phorus, potassium, calcium, and nitrogen and are usually acidic in reaction.

1.3.3 Clay Particles

Clay particles are generally considered to have a prominent role in maintaining

water levels in constructed pond since layers of clay can vastly reduce water

permeability, allowing water to be retained in a pond. Clay particles form layered

structures typically categorized as a two-layer (e.g., kaolinite) or three-layer struc-

ture (e.g., montmorillonite). These structures are malleable and cohesive, capable

of being molded into highly plastic forms. Water loss through an underlying soil

horizon by seepage is a common phenomenon in pond without clay soil. For
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Fig. 1.3 Electrostatic bonding of clay particles in wet and dry conditions (Source: Boyd 2012)
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instance, Boyd (2012) has estimated that a pond made of fine sandy loam or sandy

clay loam can lose over 14 inches of water a day. While a pond constructed from

clay or clay loam (even if not properly packed) may lose only one inch of water in a

day. Ponds constructed with clay layers which have been properly compacted may

lose as little as ~0.002 inch of water in a day, illustrating the impact clay can have in

physically retaining the water column of a pond (Boyd 2012).Water loss by vertical

seepage through soil horizon is not a problem in wastewater-fed ponds as the pond

bottoms contain large quantity of organic matter and humus as blanket.

1.3.4 The Top Sediment

The top sediment of the pond bottom is a true mud, composed of fine soil particles

and deposits of finer particle organic matter, as well as high molecular weight

humus materials. The topography of the pond changes over time as the topsoil matures

resulting from both sedimentation of organic matters and erosion of pond embankment.

This is particularly true in the shallow zones of large ponds where some areas are

subject to erosion and in the deep central parts of ponds that receive high sedimentation.

Pond bottoms are also subject to accumulation of plant-derived organic matter from

planktonic aquatic vegetation, further enhancing sedimentation rates.

1.4 Sediment Composition

The upper layer of the pond sediment consists of (a) organic matter in various stages

of decomposition and (b) particulate mineral matter, including clays, carbonates,

and non-clay silicates, and inorganic component of biogenic origin. The topsoil

(typically up to 3.5 cm thick) and different layers of the mud affect resident

microbial populations. The superficial layer (up to 1.5 cm thick) of the topsoil is

the major site for active decomposition and remineralization of organic matter due

to the presence of large amounts of relatively labile heterogeneous humus (both

acidic and neutral) compounds. Decomposition occurs mainly at the water-sediment

interface, which is the site of nutrient exchange to the overlying water. Thus, in many

respects, organic sediments in F (flocculent) layer of top sediment are similar to the

uppermost Ao horizon (topsoil rich in organic load) in terrestrial soils.

1.4.1 Organic Matter

In general, a soil is classified as organic if more than 50% of the upper 80 cm layer

is organic soil material. There are three basic types of soil materials: (a) fibric soil

materials or peat soil materials containing mostly plant tissue excluding roots,
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(b) sapric or muck soil materials containing highly decomposed organic matter, and

(c) hemic soil materials that contain plant fibers filling one sixth to three fourths of

their volumes. Wastewater-fed ponds belong to the second category with highly

decomposed organic matter.

Decomposition of organic matter can result in formation of carbon dioxide

(under oxic conditions) or methane (under anoxic conditions) (Sorokin and Kadota

1972). Decomposition can be impacted by soil pH (e.g., organics decompose

more slowly in acid versus neutral or alkaline soils) and recalcitrance of the

dominant organic compound (e.g., lignin decomposes more slowly than cellu-

lose (Sahai 1999).

1.4.2 Humus

Humus refers to the organic matter, compost and complexes formed from a

variety of natural organic substances. Humus materials are a complex aggregate

of brown to dark color materials and formed from plant materials through the

process of humification. Compositionally, humus is a recalcitrant, complex mix-

ture of partial breakdown products of plant compounds. Typical pond humus

contains mixtures of polyphenols, polyquinols, polyuronides, and polysaccha-

rides. Humus is colloidal in nature, containing a high surface area and slow

sedimentation rates. Pond soils with high colloidal content and humus have a

high adsorption capacity for nutrients. Humus particles are closely associated

with mineral particles in soil, which is important in accelerating soil aggregation

and thereby decreasing the permeability of pond soils and enabling the pond to

better retain water (Fig. 1.4). Depending upon the type of soil (e.g., peaty, fertile),

the humus may be acidic, neutral, or alkaline in reaction and contain a mixture of

colloidal acids, lime, and calcium salts. In wastewater systems, the deposition of

humus or sludge is dominated by the input of organic matter. Similar situations

may arise in aquatic systems having large numbers of trees, forests, or vegetation

on the pond embankment. Pond soils can also adsorb phosphorus and potash. Such

properties of humus reflect the chemical characteristics and productivity of

overlying water.

1.4.3 Humic Acid

Humic acid is the principal component of soil humus, peat, and coal and is produced

by biodegradation of dead organic matter. It is among the most biochemically

active materials found in soil and can act both as a weak acid and a weak base.

The base exchange capacity of humic acid is similar to that of inorganic colloidal

clay, but it is three to seven times stronger than colloidal clay. It is made up of

nearly 32% of protein-like material.
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Humic acid has several beneficial impacts on the growth of microalgae and

microbial activity in sediments and particularly in organically deficient soils.

Within carbon-limiting systems, humic acid stimulates microbial activities of

phosphate-solubilizing bacteria and other nutrient cycling bacteria by providing a

needed source of carbon. In a similar fashion, the addition of organically rich

wastewater can be used to stimulate microbial processes to enhance overall

ecosystem nutritional content.

1.5 Acid Sulfate Soils

In some coastal areas, brackish water marshes contain iron pyrite (FeS2) and

become highly acidic upon exposure to air. Aquaculture ponds used mainly for

shrimp farming, for example, are primarily constructed in acid sulfate soils in

coastal areas. The sulfide layer of the soil refers to acidic soils caused by oxidation

of iron pyrite, but pyrite is oxidized slowly in flooded soils. Since unusually high

amounts of lime are required to neutralize the acid sulfate soils in shrimp farming

ponds, a new approach has been developed that incorporates successive stages of

drying, flooding, and flushing (Boyd 2012). However, wastewater-fed ponds

located in acid sulfate soils would have interactions between acidic soils and

organic loadings.

Surface of colloidal
particles of humus

Dissociated hydroxyl,
carboxyl, and phenolic
groups cause charge

Humus

COO–

COO–

O–

O–

O–

O–

Fig. 1.4 Illustration of negative charges on humus (Source: Boyd 2012)
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1.6 Soils in Pond Construction

Soil properties are an important consideration for construction of managed aquatic

systems with properties including soil texture, organic matter content, and sulfide

content often being the primary focus. Soil having at least 20% clay is necessary for

construction of pond embankments and to prevent the seepage of water. However,

ponds can be constructed in any site with modifications of construction, design,

management, or maintenance of water. In wastewater-fed ponds, one of the serious

issues of water loss through vertical seepage of water may be mitigated by gradual

accumulation of organic matter that increases over the span of time.

1.7 Physical Properties of Soil

In general, redox potential decreases with increasing soil depth and vice versa.

Highly anaerobic conditions induce the formation of methane (CH4), nitrogen gas

(N2), or hydrogen sulfide (H2S) and various organic acids that are harmful to

aquaculture ponds (Natchimuthu et al. 2014). In wastewater-fed systems, high

rates of organic matter decomposition at the soil-water interface can lower the

redox potential and allow reduced substances to enter into the overlying water,

which negatively affect aquatic life.

1.7.1 Oxidation-Reduction at Soil-Water Interface

Oxic bottom layers in ponds can provide a major sink for phosphorus and therefore

control excessive phosphate levels in the water column and help prevent undesired

surface eutrophication and algal blooms. Loss of the oxic surface layer (often

resulting from unchecked microbial degradation of organic matter) results in the

release of insoluble ferric phosphate from the sediment and its conversion to soluble

ferrous phosphate in the overlying water column. Therefore, a healthy reducing

state should be maintained in the pond bottom to optimize the water quality

conditions for fish growth.

1.8 Chemical Properties of Soil

Pond soils act as an effective elemental buffer system, providing a source or sink for

nutrients in the overlying waters and helping to maintain relatively stable nutrient

concentrations in the overlying waters despite nutrient-related environmental

perturbations.
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The chemical nature of pond soils is largely driven by (1) the clay abundance

(2 μm) that exists in a colloidal state (1–200 μm), (2) the capacity for ion adsorption

(e.g., to provide binding sites for fertilizer addition to help buffer their aqueous

concentrations), and (3) the origin of charges in soil and ion exchange; electric

charges on soil colloids arise mainly from isomorphic substitution of one ion by

another within the clay mineral structure, the ionization of OH groups, etc.

While examining the physico-chemical properties of soils at nine aquaculture

ponds in Bangladesh, Siddique et al. (2012) observed a remarkable similarity between

systems based on pond age (1.5 years, 6–10 years, and above 10 years). In short, there

was a strong correlation between pond age and clay, silt, organic matter, and organic

carbon content. In contrast, there was no correlation between age and pH.

1.9 Soil-Water Exchange

As mentioned above, pond soil can act as a buffer for aquatic nutrients. The contact

layer between the soil surface and water is the major gateway connecting the

nutritional buffering capacity of soil with the overlying water column. Substances

stored in the pond soil are released to the overlying water through ion exchange,

dissolution, and decomposition processes within this gateway. The exchange or

dissolution mechanisms continue until an equilibrium is obtained between the soil

and the water column. In an experimental study, the decline of phosphorus from the

water column was logarithmic and within 30 days 70–90% of added phosphorus

had been precipitated or bound in the soil (Boyd 2012).

The major factor impacting phosphorous availability in an aqueous system is the

availability of aluminum, calcium, iron, and oxygen which drive the complexation

with phosphorous. The solubility of aluminum, calcium, and iron phosphate is in

turn strongly affected by the soil pH and redox potential. Under oxic conditions,

both iron phosphate and aluminum phosphate behave in a similar manner, but iron

phosphates show increased solubility under anoxic conditions. Therefore, the

control of phosphate concentrations across the sediment-water exchange zone is

sensitive to oxygen levels. This sensitivity highlights one of the connections

between phosphorous and carbon cycling in pond soils where the increase in

organic carbon inputs can drive decreases in soil redox potential and oxygen

content resulting in increased phosphorous solubility.

In aerobic soil, much of the phosphorus is associated with amorphous ferric

oxyhydroxide gels or is coprecipitated in coatings of ferric hydroxide surrounding

silt or clay particles. Under reduced conditions in anoxic soils, ferric iron is reduced

to soluble ferrous iron, and the associated phosphorus is solubilized with phospho-

rous being made more abundant in the overlying water column. Thus, in anaerobic

soil, the pore water phosphorus concentration will typically be much higher than in

pore waters of aerobic soil. The role of oxygen in aquatic soils was demonstrated in

the experimental studies of Mortimer (1971), which revealed that as long as the

oxygen concentration at the sediment surface did not fall below 1 or 2 mg/l, the

14 B. B. Jana et al.



deepwater sediments in Great Lakes appeared to exert a measurable, but quantita-

tively unimportant, influence on the chemistry of the overlying waters. The

sequence of more conspicuous change takes place when oxygen falls below

1 mg/l at the interface. A progressive decline in oxygen concentration from 2 mg/

l to analytical zero at the interface was accompanied by a fall in electrode potential

in the upper few millimeters of sediment, which was correlated with mobilization

and transfer into the water first of manganese and later of iron.

Except under highly acid conditions, most of the inorganic phosphorus in soil is

bound up as insoluble Ca3(PO4)2 and adsorbed phosphate on colloids. Further, the

particulate organic phosphate in the sediment is transformed into dissolved organic

phosphate and finally released into the water phase as dissolved inorganic

phosphate (Fig. 1.5).

1.10 Microbial Activities

Microbial activities housed within pond soils help drive the soil biogeochemical

cycling of nutrients and overall pond dynamics. Different groups of nutrient cycling

bacteria are responsible for mineralization of carbon, nitrogen, and phosphorus,

which are then released into the overlying water where they can stimulate biolog-

ical productivity. Aerobic bacteria use molecular oxygen to oxidizing organic

DISSOLVED   INORGANIC   P   PHOSPHATE
ORGANISM

S E   D I  M  E  N  T

DISSOLVED 
ORGANIC 
PHOSPHORUS

LIGAND EXCHANGE
ENZYMATIC 
HYDROLYSIS

PARTICULATE 
ORGANIC 
PHOSPHORUS DISSOLLUTION

DESORPTION

M  I  C  R  O  B  I  A  L    B  I  O  M  A  S  S

HUMIFIED - PHOSPHORUS

SYNTHESIS

PHOSPHATASE 
ENZYMEWATER

B   O   T   T   O   M    S   O   I   L

Fig. 1.5 Mud-water exchange of phosphorus in a pond system
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matter to carbon dioxide. Wastewater-fed ponds with accumulating organic matter

can have very high biological oxygen demand which can reduce oxygen content or

create anoxic zones within the soil. The anaerobic microorganisms within these

oxic zones rely on a suite of fermentative and anaerobic respiration processes (e.g.,

methanogenesis; iron, manganese, or sulfate reduction; etc.) to continue the

remineralization of organic carbon under anoxic conditions. Anaerobic metabolisms

may rely on direct consumption of organic compounds or be secondarily linked to

degradation of metabolites released by other microorganisms (e.g., organic acids,

hydrogen gas, and/or carbon dioxide). In either case, anaerobic microorganisms use

either direct generation of energy through fermentation or an anaerobic respiration

utilizing suitable substrate as a terminal electron acceptor (e.g., carbon dioxide, ferric

iron, sulfate, etc.). These respirations can drive more than just the carbon cycle by being

linked to nitrogen, sulfur, iron, manganese, or other terminal electron acceptor. In some

cases, the buildup of anaerobic metabolites can be released and harm aquatic life in the

water column (e.g., the release of hydrogen sulfide generated from sulfate reduction can

harm or kill fish). This mechanism is particularly true for wastewater-fed ponds where

accumulation of organic matter predominates resulting in anaerobic state.

Microbiological investigations of bottom sediments in managed ponds are rather

limited. However, available information suggest that the composition and nutrient

status of the sediments play an important role in determining the density of different

groups of biogeochemical cycling bacteria and their activities (Hoellein et al.

2013). For example, field investigations conducted in three farming systems with

differences in species composition and management protocol revealed marked

differences in soil characteristics among the ponds (Table 1.1).

Likewise, marked differences were also observed in the distribution of different

groups of biogeochemical cycling bacteria (Table 1.2) and their activities

(Table 1.3) (Barat and Jana 1987; Jana et al. 1982; Jana and Roy 1983, 1985a, b,

1986; Jana and Patel 1984a, b, 1985a, b, 1986).

The results revealed that the counts of heterotrophic bacteria (HB), nitrogen-

fixing bacteria (NFB), nitrifying bacteria (NB), and denitrifying bacteria (DNB)

were significantly higher in the surface sediments of all the three categories of

ponds located in the site Kalyani compared to their counterparts located 20 km apart

in Naihati, reflecting to the differences in soil profile. This suggests that the location

of farm pond or rather composition and nutrient profile of the farm pond was more

important than the composition of fish and the management protocol (culture

system) used in regulating the N-cycling bacterial activities. However, the plate

counts of ammonifying bacteria (AB) and protein-mineralizing bacteria (PMB) that

occurred in sediments of Naihati ponds were higher compared to Kalyani correlat-

ing to enrichment with organic matter, resulting in reduced level of residual oxygen

that limited nitrification processes. As a result, both the potential and actual rates of

ammonification were higher in Naihati ponds than in Kalyani, implying an unfa-

vorable state for nitrification in the former (Table 1.3). Further, both microbial

population and their activities were distinctly higher in bottom sediment compared

to water column regardless of farm sites suggesting that bottom sediment was

potentially more productive than overlying water.
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Micro- and macroinvertebrates, fungi, and algae that live in and on the bottom

soil are often used as source of food for some aquaculture species. Their roles in the

soil-water exchange of gases by way of burrowing, swimming, and bioturbation or

physical disturbance (Chakraborty et al. 2004) are well documented. Benthic

animals also enhance the rate of decomposition by breaking down the organic

matter and increasing the surface area for microbial degradation (Jana and Sahu

1993). High rates of sedimentation, however, can suppress the productivity of

benthic invertebrates and destroy fish habitats. Suboptimal soil texture and pH

may also limit benthic production and thus food availability of benthivorous fishes.

1.11 Soil and Biological Production

Soils play a crucial role in determining the productivity of aquatic systems. The

seasonal or perennial nature of wetlands is also determined by the water holding

capacity of the wetland soils. Soil quality of fish ponds performs an important role

in determining the biological productivity of fish ponds both in direct and indirect

ways (Vaas et al. 2015). The residues of the feed that accumulate in the managed

pond soils play an important role in increasing the soil fertility and overall biolog-

ical productivity of the fish ponds. The total weight of benthic animal biomass in

fertilized ponds was about 10–12 g/m2 compared to 3–9 g/m2 in unfertilized ponds

(Boyd 2012). However, information about the role of soil quality on biological

productivity of tropical ponds, particularly in wastewater-fed system, are extremely

meager.

Pond soils affect the nutrient level of the overlying water which is responsible

for the fish production through grazing and detritus food chains of ponds. A pond

with fertile soils will have higher fish yield than that of ponds with infertile soils due

largely to the nutrient buffering capacity and intrinsic microbial processes housed

within the soil. Again, fertilized ponds with acidic soils have lower fish production

than the fertilized ponds with near-neutral or slightly alkaline soils. It has also been

found that pH and concentrations of carbon, nitrogen, and phosphate as well as their

ratios in soil affect fish growth. Ponds with high organic matter content develop

anaerobic zones in the pond bottom and produce toxic elements that retard fish

growth. Acidic soils, anaerobic conditions at the soil-water interface, high amount

of soil organic matter, high rates of sedimentation, erosion of pond soils, and algal

bloom and infestations of aquatic weeds are all adverse factors that negatively

affect aquaculture production.

On the basis of the results of soil qualities and nutrient conditions of a large

number of fish ponds under different agroclimatic conditions in the country,

Banerjea (1967) classified these ponds into low, medium, and high productivity

(Table 1.4).

Soil pH is known to have significant influence on inorganic transformation of

soluble phosphate and exchange of essential nutrients at the soil-water interface.

Examination of 90 fish ponds located in different states of India revealed that both
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high acid (pH< 5.5) and high alkaline (pH> 8.5) conditions in the pond soils were

unsuitable for fish ponds. The optimal soil reaction is a near-neutral condition

(pH 6.5–7.5), while average production was obtained from moderately acid

(pH 5.5–6.5) and moderately alkaline (pH 7.5–8.5) soil (Banerjea 1967).

The total alkalinity and total hardness of surface waters are regulated by the kind

of soil. Ponds with low total alkalinity and low total hardness are found on acid

surface soils, peat soils, sandy soils, or sands with high degree of base unsaturation

on cation-exchange sites. Pond water with total alkalinity and total hardness values

below 20 mg/l are usually less productive in phytoplankton following fertilization

than ponds with higher total alkalinity and total hardness concentrations.

The importance of soil phosphorus for increasing the aquatic productivity is also

well recognized. The available phosphate content of bottom soil is known to have a

direct correlation with pond productivity. In fact, it is phosphorus availability that

correlates most closely with the biological productivity of fish ponds. On the basis

of the concentration of available phosphate expressed as mg of P2O5/100 g of soil,

aquaculture ponds have been grouped into four ranges: (1) <3.0, (2) 3.0–6.0,

(3) 6.0–12, and (4) > 12. It is observed that 28 ponds with available phosphate less

than 3 are unproductive. In the range of 3–6 mg of P2O5/100 g of soil, 26 ponds are

average and 1 unproductive, while ponds with >12 mg of P2O5/100 g of soil all are

productive. It is suggested that soil phosphorus levels below 3 mg of P2O5/100 g of soil

are considered unproductive and that between 3 and 6 of mg of P2O5/100 g of soil

average production and above 6 mg of P2O5/100 g of soil are productive (Banerjea

1967). Considering this criterion, wastewater-fed ponds are highly productive.

Likewise, the study revealed that the production was poor in ponds with avail-

able N below 25 mg of N/100 g of soil and those between 25–50 and 50–75 mg of

N/100 g of soil or above 75 mg of N/100 g of soil had average productivity. Though

no definite conclusion was drawn, the range 50–75 mg of N/100 g of soil may be

taken as relatively more favorable. Exchangeable calcium in soil did not show any

correlation with production of fish in ponds suggesting it has little influence on

biological production.

Decomposition of organic matter as well as microbial activity is strongly

influenced by different factors including the C/N and C/P ratios. Bacterial growth

efficiency decreases about 100-fold with increasing C/N and C/P ratios in the

substrate (Goldman et al. 1987). Thus, dissolved organic matter (DOM) loading

can play a crucial role in linking terrestrial and aquatic systems. This physical

connection of soils and surface waters demonstrates the importance of

Table 1.4 Soil qualities and nutrient conditions of fish ponds under different agroclimatic

conditions classified as low, medium, and high productivity

Available N mg/100 gm Available P2O5 mg/100 gm Organic carbon (%)

Low < 25 < 3 < 0.5

Medium 25–50 3–6 0.5–1.5

High > 50 > 6.0 > 1.5

Source: Banerjea (1967)
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understanding fundamental processes such as nutrient cycling, pedogenesis, and

microbial metabolism at a whole-landscape scale (Jansen et al. 2014).

Studies have shown that microbial activity is low when the C/N ratio falls below

10:1 and high for C/N above 20:1. Most of the ponds examined by Banerjea (1967)

showed the organic carbon content to be less than 2.5%, while the range of

0.5–1.5% was considered average and the range of 1.5–2.5% appeared to be

optimal. Ponds with very high organic carbon content may not be desirable for

fish production.

Examination of C:N:P ratio in soils of different water bodies showed that the

carbon concentration averaged 3.758, 1.912, and 5.575 mg/g; the nitrogen concen-

tration 0.390, 0.302, and 0.552 mg/g; and the phosphorus concentration 0.095,

0.032, and 0.096 mg/g (Jana et al. 2001). In terms of fish production, ponds with

C/N ratio of<5 are usually indicative of poor production, those in the range of 5–10

show average production, while the range of 10–15 appeared to be optimal. A ratio

of C/N above 1 appears to be unfavorable. The data of wastewater-fed ponds are,

however, not available for comparison, but the C/N value would be on the higher

side due to nutrient enrichment caused by sewage discharge.

The available phosphate and organic carbon contents of bottom sediment in

three shrimp farming ponds located in coastal areas of Diu (UT) were found to be

positively correlated with primary productivity of phytoplankton of overlying water

(Kumar et al. 2012). The studies by Jana and Das (1980) used correlation of N

content in pond soils and fish yields from five different agroclimatic zones of West

Bengal to identify an inverse relationship between fish productivity and

available N.

1.12 Effects of Aquatic Animals on the Soil

It is well known that the production of aquatic animals is largely influenced by the

soil conditions of ponds. Aquatic animals, on the other hand, also contribute to the

development of pond soils, mediated through the alteration of soil properties of fish

ponds. While performing swimming, burrowing, and grazing activities on the

bottom water and soils, benthivorous fishes, benthos, and other bottom-dwelling

organisms modify the soil texture through bioturbation activities. Organisms such as

annelids, molluscs, chironomid larvae, etc. are known to loosen the soil by burrowing

and mixing the sediment (Biswas et al. 2009). Stirring or physical disturbance of the

pond bottom can resuspend the sediment (Chakraborty et al. 2004).

Burrowing activities enhance the aeration of the upper layers of the soil by

facilitating the exchange of pore water with pond water. This activity is particularly

useful for oxygenation of soil and keeping the bottom soil healthy by the removal of

accumulated noxious gases from the pond bottom. It is evident that the water of

ponds stocked with common carp, goldfish, and other bottom feeding fish are turbid

due to soil particles suspended by the feeding activities of fish (Boyd and Tucker

1998). The concentrations of total carbon, total nitrogen, and calcium increase
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gradually over time in ponds stocked with shrimp L. vannamei in almost all ponds

of Tamil Nadu (Gunalan et al. 2012). In wastewater-fed ponds, culture of hardy

benthivorous fishes is encouraged for maintaining the healthy soil and aquatic

ecosystem for sustainable development.

1.13 Soil Management

Given the wide variety of bottom soil quality associated with different agroclimatic

zones (Koerschens et al. 2013), a soil system-based nutrient management approach

has been developed (Banerjee et al. 2010) to provide target nutrient status levels for

maintaining high rates of overall productivity. While working with primary pro-

ductivity in a large number of fish ponds located in red and laterite soil zones,

Banerjee et al. (2010) observed that pH, phosphorus, and nitrogen of soil contrib-

uted 41%, 26%, and 9%, respectively, of the gross primary production of phyto-

plankton. Estimates of gross primary productivity, net primary productivity, and

fish yield obtained in the soil-based pond fertilization systems were, respectively,

29%, 37%, and 22% higher than that of traditional fertilization systems. Experi-

mental studies further revealed the critical levels of major nutrients to be

200, 13, and 18 mg/g soil for nitrogen, phosphorus, and potash, respectively, in

red and laterite soil zones, indicating target levels for optimizing fish productivity in

an engineered system.

Because fish pond soils exhibit higher amount of organic matter than upland

agricultural soils and as the pH of bottom soil and water remains alkaline, the

availability of potassium in the sediment is high. Hence, potash is not often a

limiting element in ponds except in those located in potash-deficient laterite soil

zones (Das and Jana 1996). On the other side, carbon plays a critical role in these

ponds. Thus, in most cases, the concept of pond fertilization should be based on

NPC rather than NPK as practiced in agricultural soil (Das and Jana 1996).

Turbidity of wastewater-fed ponds may arise from a combination of both

biological and non-biological factors. In either case, this turbidity may have

negative impacts on primary productivity by preventing light transmission through

water column, which limits phytoplankton production and can result in anaerobic

conditions at depth. In the first case, eutrophication-induced massive algal bloom

was responsible for anaerobic state in pond bottom by promoting autolysis of algal

bloom. The impact of clay particle is considered to be less in wastewater-fed

system. However, turbidity caused by clay particles is largely attributed to the

negatively charged clay particles that repel each other and remain in suspension.

The addition of positively charged particles such as limestone, alum, and gypsum

can help remediate the problem by inducing coagulation and precipitation of clay

particles (Fig. 1.6).

Aeration and water circulation devices can be used to improve dissolved oxygen

content of the wastewater pond system. Raking may be practiced to improve the

ecological conditions of pond soils for encouraging healthy conditions and animal
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associations of the pond bottom. Raking has been found to be a useful tool for

increasing fish yields by removing toxic gases accumulated in the pond soil

(Chakraborty et al. 2004). Sedimentation tanks can be used to remove suspended

soil particles from water before it enters into the fish ponds and help retain overall

water clarity.

1.14 Role of Pond Sediments in Carbon Cycle

Many processes in small aquatic ecosystems play a major role in global carbon

cycles (Downing 2010), but they are completely ignored with respect to global

cycling of carbon. Wastewater-fed wetland system, due to nutrient enrichment

syndrome, has been an ideal set of condition for massive growth of diverse

microalgae that capture CO2 from high-CO2 streams (Hsueh et al. 2007) apart

from its resilience to structural and functional integration of the waste stabilization

pond system and may be regarded as carbon cycling hot spots (Koerschens et al.

2013). The role of pond sediments in climate change through carbon sequestration

has been well recognized. The soil carbon sequestration is a truly win-win strategy.

Downing et al. (2008) suggested that small eutrophic impoundments bury carbon at

an average rate of 2122 g m�2 year�1 which is 5 times higher than in large river

impoundments and 30 times higher than in small, natural lakes (Boyd et al. 2010).

Global CO2 evasion rates of 1.8 petagrams of carbon (PgC) per year have been

reported from streams and rivers and 0.32 PgC year�1 from lakes and reservoirs

(Raymond et al. 2013). Under Indian conditions, the carbon sequestration capacity

Fig. 1.6 Clay-humus micelle showing absorbed ions held by attraction of cation to anion charges
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of pond sediments ranged from 0.442 to 1.882 mg C/ha (1 mg ¼ 10 (6) g) with an

average value of 1.018 � 0.447 mg C/ha (Anikuttan et al. 2016).

The role of soils in carbon sequestration of wastewater ponds has hardly been

examined. The studies of Lahiri et al. (2015) and Sarkar et al. (2016) have

revealed distinctly higher values of Shannon diversity index for Myxophyceae,

Euglenophyceae, and Chrysophyceae in facultative pond compared to maturation

ponds, whereas those of Chlorophyceae and Bacillariophyceae were predominant

in later ponds. The sum of total scores for different optimal conditions for fish

growth also increased spatially exhibiting two clear-cut zones: the facultative

pond with dominance of blue-green algae with greater carbon sequestration

potential and the maturation ponds which developed the benign environment for

fish culture mediated through microalgae-zooplankton grazing and microbial

detritus food chain. Though the carbon sequestration potentials of wastewater-

fed ponds have not been studied, the spatial differences of organic matter in the

pond bottom were clearly indicated.

Based on a combined area and average carbon burial rate, aquaculture ponds

sequester an estimated 16.6 MT/year of carbon globally, most of which occurs in

Asia, particularly China, which has 94% of the global aquaculture pond area. It is

estimated that aquaculture ponds bury 0.21% of current annual global carbon

emissions of about 8000 MT/year and represent a small but previously

non-quantified sink of carbon emissions (Boyd et al. 2010). It claimed that ponds

represent a net source of carbon dioxide emission to the atmosphere. Based on the

life cycle analysis, of all aquaculture commodities, shrimp farming consumes a lot

of energy and emits more greenhouse gases such as methane, nitrous oxide, and

carbon dioxide which escape to the atmosphere through diffusion mainly by

methanogenesis, nitrification, and denitrification processes in the pond bottom sedi-

ments. A recent experimental study (Jana et al. 2016) observed contrasting responses of

buffering mechanisms between open and simulated greenhouse conditions. It was

further revealed that the carbon sink in the bottom soil was primarily due to the

allochthonous origin of the former and from autochthonous source in the latter.

1.15 Conclusions

Wastewater resources are of great importance for economic development as well as

for water conservation. Though wastewater-fed systems are generally discarded

due to excessive nutrient input and eutrophication potential in some economically

developed countries, effective management through biological process-dependent

nutrient recovery and reclamation is a wise strategy for harnessing the water

resources for production of value-added cash crops, especially for fish protein in

the tropical countries. Maintenance of healthy soils through understanding of its

functional role, sink of carbon, and interactions with overlying water is most vital

for enhancing the degree of performance in wastewater-fed system and providing

profitable ecosystem services to the society.
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Chapter 2

Biogeochemical Cycling Bacteria and Nutrient
Dynamics in Waste Stabilization Pond System

Susmita Lahiri, Debarati Ghosh, and Dipanwita Sarkar (Paria)

Abstract Wastewater generated from different sources creates environmental

problems after entering the aquatic ecosystem due to its heavy organic load and

other undesirable toxicants. As a consequence, biological and chemical oxygen

demand increases with depletion of oxygen level of water; all the biotic organisms

suffer from stress-related symptoms often reaching to lethal limits. However,

wastewater may become a useful resource for various economic-driven activities.

Wastewater reuse is primarily dependent on the microbial degradation of different

nutrients present in sewage. Thus, biogeochemical cycling bacteria have profound

role on the decomposition, degradation and regeneration of nutrients from organic

sewage water. Thus, the metabolism and turnover of the whole sewage-fed ponds

are regulated by nutrient cycling and energy flow in the trophic level. Waste

stabilization pond has been recognized as effective treatment system with removal

of as high as 90–95% dissolved organic matter and reducing pathogens through

microbial activities under aerobic and anaerobic conditions in trickling filter,

activated sludge processes, etc. Interactions within and between carbon, nitrogen

and phosphorus pools in nutrient cycles of wastewater-fed ponds ultimately result

in nutrient removal from wastewater. A series of waste stabilization ponds (anaer-

obic, facultative and maturation) in which the detritus food chain is dominant over

the grazing food chain is popular. It is evident that microbial activities play a crucial

role in nutrient recovery from wastewater through microbial degradation of organic

load leading to increased biological production while accelerating the enhancement

of water quality through microbial-driven ecological processes.
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2.1 Introduction

A major environmental crisis that made a noticeable impact between pre- and post-

rapid industrialization and urbanization is the sharp rise in generation of various

kinds of anthropogenic wastes such as liquid wastes, agricultural pesticides, deter-

gents, trace metals, pharmaceutical drugs, hormones and other toxic materials. This

is due to discharge of industrial effluents and untreated sewage of most of the cities

and towns. This is particularly true for the developing countries where the facilities

for sewage treatment plants are inadequate due to economic reasons. Following

drainage patterns or sewers, liquid wastes enter neighbouring aquatic ecosystem on

a scale that overwhelms the homeostasis of aquatic ecosystem causing undesirable

deterioration of water quality (Welch and Lindell 2004) either by severe contam-

inations or eutrophication. The discarded materials of the society may become a

resource or wastes depending upon the management (USEPA 2001; Okun 2002).

Due to its immense nutrient potentials, municipal wastewater has been extensively

used for irrigation in agriculture, in horticulture and directly in aquaculture in most

of the countries in Asia (Edwards 1996, 2000). Adequate technologies have been

developed at present to use wastewater as a source of energy by producing

hydrogen gas.

Though there are several methods for wastewater treatment, the waste stabiliza-

tion pond system consisting of anaerobic, facultative and maturation ponds has

been proven to be low cost and highly effective as it relies on functioning of natural

ecosystem and self-purification processes. The sustainable waste management

strategy is based on well-known 4-R concept of ecological engineering (Jana

1998; FNQLSDI 2008). This primary strategy has been aimed to reduce high

organic load coupled with reduction of biological oxygen demand and bacterial

loads. Ecosystem service provided by waste stabilization pond system would be

more focussed towards environmental protection especially with respect to
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wastewater reclamation utilizing the micro-algal biomass in the aquatic food chain

as well as for mitigation of greenhouse gases from the atmosphere through carbon

sequestration.

The waste management strategy of the waste stabilization pond system is

primarily dependent on the microbial degradation of organic matter through

decomposition, degradation, mineralization and stabilization (Bobeck 2010;

Monga et al. 2014; Lahiri et al. 2015). The self-purification processes of the

ecosystem resulted in reduction of biological oxygen demand by 90–95%

(Brassington 1995) leading to augmentation of nutrient-dependent biological pro-

ductive functions.

Microorganisms play a key role in the decomposition and degradation of organic

matter of wastewater and, hence, in the nutrient dynamics and biological produc-

tivity of the system. The cellulose, lignin and hydrocarbons contained as carbon

compounds in the organic waste are degraded by the microbial community (Atlas

and Bartha 1998) and release carbon for growth. The microbial transformation of

ammonia to nitrite and then to nitrate is performed by chemoautotrophic nitrifying

bacteria along with subsequent denitrification process (Nicklin et al. 2001). Micro-

organisms present in the wastewater are responsible for the transformations of

organic to inorganic phosphates or by converting insoluble immobilized forms to

soluble or mobile compounds by production of organic acids (Atlas and Bartha

1998).The basic understanding of biogeochemical cycling bacteria involved in the

nutrient cycle of wastewater pond system has hardly been investigated. The present

chapter attempts to review the subject with respect to reclamation efficiency of

waste stabilization pond citing relevant examples. This will reveal the extent and

nature of nutrient reclamation of the wastewater-fed systems for its proper utiliza-

tion in various anthropogenic activities.

2.2 Characteristics of Wastewater

Wastewater is defined as spent water origination from a combination of domestic,

industrial, commercial or agricultural activities, surface run-off or storm water,

sewer inflow or infiltration having negative impact on water quality of

anthropogenic activities.

Sewage is the term used for wastewater that contains faeces, urine and laundry

wastes. Crude sewage contains 100–700% higher concentrations of biological

oxygen demand, chemical oxygen demand, total organic carbon, suspended solids,

ammonia-N and nitrate-N than in the final effluent after treatment (Tebbutt 1998). It

contains a vast array of microorganisms such as bacteria, viruses, protozoan cysts,

yeasts and other moulds, algae, eggs of helminths, etc. A number of unwanted

elements such as Zn, Cd, Cu, Pb, Cr, Hg, Ag and Ni, pesticides and insecticides are

also present in sewage (Leenheer et al. 2001). Unless source separation facilities are

provided, agricultural wastes and industrial wastes are mixed with domestic sewage

and cause more harmful effects on aquatic environment.
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Comparison of chemical characteristics between domestic and industrial sewage

(Table 2.1) shows higher values of biological oxygen demand and carbon-nitrogen

ratio and the presence of toxic chemicals and obnoxious gases in industrial effluents

(Raizada et al. 2002; Aluko et al. 2003; Rawat et al. 2011).

2.3 Degradation of Sewage in Wastewater System

As defined by Odum (1983), the chemical elements of the protoplasm tend to

circulate in the biosphere from the environment to organisms and back to the

environment in a more or less cyclical manner which is known as biogeochemical

cycles. This cycle is crucial in maintaining the productive cycle of the ecosystem

through food chain and food web mechanism. Thus, the biogeochemical cycles

within an ecosystem reflect the total metabolism of the system, including autotro-

phic and heterotrophic processes and anabolic (assimilation) and catabolic (dissim-

ilation) pathways (Jorgensen and Vollenweider 1989). A steady input of energy is

required to drive the cycles because all changes in the oxidation states of the

elements require energy for transformation so that the elements are available in

proper form for any given group of organisms (Refsgaard et al. 2005).

In a wastewater-fed ecosystem, the autotrophs in the form of algal bloom

maintain the oxygen balance of pond ecosystem functioning through the solar

energy-driven photosynthesis, whereas the heterotrophs affect the turnover and

cycling of matter within an ecosystem; predation by protozoa would interfere in

the food chain transfer mechanism (Rittmann and McCarty 2001).

The decomposition and degradation processes of organic wastes in the sewage

were carried out by a large number of microorganisms leading to a chain of events

that drastically alter the ecology of the environment (Campbell et al. 1991). The

bacteria responsible for reducing the concentration of pollutants and carbonaceous

BOD5 by the coagulation of colloidal solids and the stabilization of organic matter

are Bacillus, Nitrobacter, Pseudomonas (two strains), Aerobacter, Cellulomonas,

Table 2.1 Characteristics of domestic and industrial wastes

Domestic sewage Industrial sewage

Total organic carbon:

80–290 mg/l

Iron and other minerals like copper, zinc, etc.

Nitrogen: 20–85 mg/l Toxic chemicals like polychlorinated biphenyls, polybrominated

biphenyls, chlorinated hydrocarbon insecticides and dioxins

Biological oxygen demand:

110–400 mg/l

High biological oxygen demand, for example, 30,000 mg/l in

sulphite plants

Total solid particles:

350–1200 mg/l

Obnoxious gases like H2S, NH3, etc.

C/N ratio: 3:1 Higher C/N ratio

Source: Raizada et al. (2002), Aluko et al. (2003), and Rawat et al. (2011)
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Rhodopseudomonas (Campbell et al. 1991; Bitton 1999), Flavobacterium sp. or

Achromobacter sp. and Alkaligens sp. (Zinebi et al. 1994). Isolated designed

consortia comprising Bacillus pumilus, Brevibacterium sp. and Pseudomonas
aeruginosa in the ratio of 1: 2 (effluent:biomass) at 200 rpm, 35 �C, were reported
to be a specific strain capable of maximum biodegradation of wastewater (Dhall

et al. 2012) and, hence, responsible for wastewater reclamation.

2.4 Nutrient Dynamics in Wastewater

In a wastewater-fed system, the typical nutrient dynamics in waterbodies involve

different major nutrient cycles such as nitrogen, phosphorus, carbon and other

minor nutrients functioning through respective groups of biogeochemical cycling

bacteria. Since there is heavy input of organic matters in the sewage-fed system,

cyclings of nitrogen, carbon and phosphorus are predominant than others and often

cause nutrient enrichment called eutrophication. Understanding of such cycles is

necessary to explain how the system is functioning for a better management of

eutrophication and ecosystem service mediated through wastewater reclamation.

2.4.1 Role of Heterotrophic Bacteria in Degradation
of Sewage Water

In wastewater-fed system, heterotrophic bacteria, the predominant component of

microbial community, play an important role in the decomposition as well as

mineralization of organic matter (Costa-Pierce and Laws 1985; Fry 1987). They

are the only biological entity capable of significantly altering both dissolved and

particulate organic matter. Because of short generation time and highest metabolic

rate per unit biomass (Barik et al. 2000), their high performances are well recog-

nized. Chemoautotrophic and photoautotrophic microorganisms as well as many

heterotrophs use CO2 as their sole carbonaceous nutrient (Alexander 1991). Out of

two types of heterotrophs, chemoheterotrophs use organic compounds as sources of

energy, hydrogen, electrons and carbons for biosynthesis, and

photoorganoheterotrophs use light energy in addition to other sources of energy.

The photoorganoheterotrophs such as purple non-sulphur bacteria and green

non-sulphur bacteria are common in a wide range of polluted habitats (Prescott

et al. 1999). The physico-chemical milieu as well as ratios for carbon, nitrogen and

phosphorus (Tezuka 1990) and interactions between substrates and bacteria-fungi-

actinomycetes complex strongly affect the microbial activity that finally influence

the nutrient dynamics of wastewater.
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In a study with sewage-fed ponds of the waste stabilization pond systems, the

microbial nutrient uptake was responsible for substantial reduction of organic load

from 55 mg/l in anaerobic pond to 30 mg l�1 in the final effluent (Lahiri et al. 2015)

which was strongly correlated with the gradual decline in the counts of heterotrophic

bacteria (Fig. 2.1).
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Fig. 2.1 Spatial distribution of the mean counts of heterotrophic bacteria occurring in water (a)
and in sediment (b) of different sites of ponds in a WSPs in Kalyani, West Bengal, India
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2.4.2 Nitrogen Cycle in Wastewater

The biogeochemical cycle of nitrogen includes nitrogen fixation, ammonification,

nitrification and denitrification (Fig. 2.2). Currently, the global nitrogen cycle has

dramatically altered the aquatic ecosystem due to anthropogenic input of nitrogenous

materials. This is particularly true for sewage-fed system where most of the nitrogen is

bound with living and decaying organic matters, and the N-dynamics start with the

anaerobic decomposition of organic-N in pond bottom sludge releasing ammoniacal-N

with subsequent nitrification to NO3
� and ammonia volatilization. This is followed by

assimilation of inorganic-N (NH4-N and NO3) into algal and bacterial cells. The process

of denitrification of NO3
� to dinitrogen (N2) and nitrous oxide (N2O) gases takes place

(Figs. 2.1 and 2.2). This nitrification-denitrification process is a responsible mechanism

for nitrogen removal from wastewater (Camargo-Valero et al. 2010). It is estimated that

nearly about 66–67% removal of nitrogen occurs from wastewater anaerobic ponds

(Silva et al. 1995).

2.4.2.1 Nitrogen Fixation

The major source of elemental nitrogen is atmosphere. In aquatic environment,

N-fixation is done by some nitrogen-fixing bacteria; cyanobacteria; aerobic,

anaerobic and facultative bacteria; etc. The elemental N is transformed into an

Fig. 2.2 A generalized nitrogen cycle in wastewater (Source: Nguyen and Davies-Colley 1998)
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inorganic form, largely nitrate and ammonia before it can be trapped into biological

process. Although fixation can occur by electrochemical, physico-chemical and

biological means, the latter is by far the most significant phenomenon in nature. In

this process atmospheric nitrogen is reduced to NH4+ which is subsequently incor-

porated in biomass.

The studies on N2 fixation and new N production to toxic cyanobacteria in

freshwater ecosystems are limited. In N-limited, shallow polymictic lakes, N inputs

can come from regenerated benthic N and heavy precipitation events (Xu et al.

2010). New N can enter the system as ammonium ions (NH4
+) and dissolved

organic nitrogen (e.g. glutamate and glutamine) that leak out of cells during the

fixation process (Capone et al. 1994) or after cell lysis and remineralization. This

input of new N can often support the growth of contemporary phytoplankton

communities and has been suggested in a variety of settings to stimulate subsequent

blooms of benthic algae, non-N2-fixing cyanobacteria and the toxic dinoflagellate,

Karenia brevis (Gondwe et al. 2008; Lenes and Heil 2010). In model simulations,

Agawin et al. (2007) calculated that Synechococcus abundance was four times

greater in competition experiments with the N2-fixing Cyanothece than it would

have been in monoculture. Zuberer (1982) and Duong and Tiedje (1985) demon-

strated nitrogen fixation associated with duckweed covers.

N2 fixation is important in polluted aquatic ecosystems because it often leads to

the production of “new” N. Nitrogen fixation is basically an adaptation to compen-

sate nitrogen deficiency in aquatic environment as nitrogen fixation usually does

not occur if ammonia is present in the environment. In the presence of ammonia,

nitrogenase synthesis is suppressed by a phenomenon called the “ammonia switch-

off” effect (Brock et al. 1991). This is very true for sewage-fed ponds where the

concentration of ammoniacal-N is very high due to the decomposition effect of

organic nitrogenous materials. On the contrary, a massive bloom of nitrogen-fixing

cyanobacteria does occur in the sewage-fed ponds in response to eutrophication

syndrome. Hence, further input of new N in the wastewater-fed system occurs

through cyanobacterial bloom following some ammonia switch-off mechanism. It

is suggested that the amount of new N could potentially supportMicrocystis growth
and the production of toxins in several eutrophic lakes. Duong and Tiedje (1985)

reported a N-input in naturally occurring duckweed-cyanobacterial associations of

1–2 mg-N m�2 d�1. This value is low compared to the total amount of nitrogen fed

to the treatment ponds via the wastewater (possibly 1–2 g-N m�2 d�1). N-fixation

therefore is not likely to affect the overall nitrogen balance in wastewater treatment

ponds.

Though the information about nitrogen fixation in wastewater pond system is

hardly available, the sum total of nitrogen-fixing bacterial population in water and

sediment of three kinds of fish farming ponds in Naihati farm was 384.2� 103 cells/

mL and 562.6 � 103 cells/ g, respectively, while the count in the Kalyani farm was

380.3 � 103 cells/mL and 683.8 � 103 cells/ g, respectively. The mean bacterial

density of water obtained in traditional system remained significantly lower than

the monoculture and polyculture systems (Jana and Roy 1983).
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2.4.2.2 Ammonification

Ammonification is a process of the breaking down or conversion of organic

nitrogen, i.e. compounds containing the amine group (�NH2), to ammonia. This

is fairly done by heterotrophic bacteria. Hydrolysis of urinary urea by urease

enzymes also contributes ammoniacal-N to wastewater (Silva et al. 1995). A

number of microorganisms such as Escherichia coli, Proteus vulgaris, Bacillus
subtilis, Aeriobacter cloacai, Pseudomonas sp., Flavobacterium sp.,

Achromobacter sp. and Micrococcus sp. are capable of hydrolysing proteins into

simpler compounds such as peptides, urea, amino acids, etc. which, in turn, are

metabolized by ammonifying bacteria to liberate ammonia or ammonium sulphate

(Alexander 1991; Kruger 1978). After the incorporation of inorganic (NO3) into an

organic form via protein and nucleic acid synthesis, it is metabolized and returned

to the major part of the cycle as waste products of that metabolism (e.g. urea or uric

acid) or as organized protoplasm in dead organisms which further used as organic

nitrogen-rich substrate by many heterotrophic bacteria, actinomycetes and fungi in

wastewater. The subject of ammonification in aquatic environment has been exten-

sively reviewed by Jana (1994).

Evidences suggest that natural ammonification and ammonifying bacteria are

strongly correlated with each other (Barat and Jana 1987, 1991). In a waste

stabilization pond system, the rate of natural and potential ammonification tended

to decrease by 87–88% and 75–76%, respectively, from inlet to the outlet of sewage

effluents. The rates occurring in bottom water was 30–94% higher than that

occurred in surface water. In sediments, maximum rates of natural

(0.901–0.135 mg/l/4 days) and potential ammonification (285.6–523.4 mg/l/

4 days) were registered at inlet of wastewater-fed pond (Fig. 2.3).

2.4.2.3 Nitrification

Biological nitrification is the microbe-mediated process of oxidizing ammonia to

remove nitrogenous compounds (Fig. 2.4) from wastewaters. The NH4-N can be

transformed to NO2-N and NO3-N through the nitrification process by nitrifying

bacteria (Nitrosomonas sp. and Nitrobacter sp.) in the presence of oxygen. A large

number of heterotrophic nitrifying organisms, such as Pseudomonas sp., Coryne-
bacterium simplex, Nocardia sp., Aspergillus sp. and Vibrio sp. were also respon-

sible for production of nitrite from ammonium (Alexander 1991). In the presence of

oxygen, bacteria will break ammonia down to nitrate. The process of nitrification is

summarized in the following equations:

NH4 þ 3=2O2 ! NO�
2 þ 2Hþ þ H2O

NO�
2 þ 1=2O ! NO�

3

Nitrification plays an important role in the purification of sewage water as majority

of nitrogen in water is transformed with nitrification in sewage oxidation ponds and
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eliminated through denitrification (Painter and Loveless 1983; Wagner et al. 1996).

In wastewater-fed system, the paradigm for ammonium removal from wastewater

has been shifted from removal based on conventional two-step nitrification/deni-

trification to a one-step anaerobic ammonium oxidation system (anammox) in

which aerobic ammonium-oxidizing bacteria (AOB) oxidize part of the influent

ammonium to nitrite (Speth et al. 2016).

Information about the nitrogen transformation process in sewage-fed ponds is

very limited. However, some data are available for waste stabilization pond system

consisting of anaerobic, facultative and maturation ponds in the township of

Kalyani, West Bengal, India. It becomes evident that the rates of natural and

potential nitrification at NO2-N and at NO3-N tended to have sharp rise from the

inlet to the outlet of the facultative pond and then followed a downward trend in the

rest of the ponds tested (Fig. 2.5). The interactions of nutrient concentrations and
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dissolved oxygen were responsible for the increased abundance of ammonia-

oxidizing bacteria in facultative pond inlet as well as in fish ponds. Evidences

suggest that dissolved oxygen affected the density of ammonia-oxidizing bacteria

both in adverse and in a positive manner (Jana and Roy 1985). Significant corre-

lation between the seasonal changes of ammonia-oxidizing bacterial populations

Fig. 2.4 Nitrogen transformation in waste stabilization pond (Source: Nguyen and Davies-Colley

1998)
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and organic carbon and ammonia-N suggests that nutrients were used by ammonia

oxidizers causing nutrient depletion along the sewage effluent gradient.

2.4.2.4 Denitrification

The microbial reduction of nitrate and nitrite with the liberation of nitrogen and

nitrous oxide is known as denitrification. Denitrification (dissimilatory process) is

the major pathway to remove nitrate from wastewater in wetland systems
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(Johnstons 1993; Rittmann and McCarty 2001). It is the microbiologically facili-

tated process where nitrate is reduced and ultimately produces molecular nitrogen

through a series of intermediate gaseous nitrogen oxide products. Basically, deni-

trifiers utilize NO3-N, NO2-N or both as electron acceptor for their multiplication,

reducing each to N2 (Geise 1988; Hoarseley 1979; Hoarseley et al. 1982).

Abundant denitrifying bacterial population occurring in the facultative pond

(Fig. 2.6) with adequate substrate and dissolved oxygen while its decrease in the

remaining sites with less substrate and adequate dissolved oxygen implied that the

interactions between substrate and dissolved oxygen were important in determining

the density of denitrifying bacteria. This suggests that denitrifying bacterial

populations were oxygen dependent at reduced level of oxygen in the presence of
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unlimited nutrients, but became oxygen independent at higher values of oxygen and

reduced amount of nutrients.

2.4.3 Phosphorus Cycle

Phosphorus is an important element for the nucleotides and ATP of living being.

Plants assimilate phosphorous from the environment and then convert it from

inorganic phosphorous to organic phosphorous. Phosphorous can be transferred to

other organisms when they consume the plants and algae. Animals either release
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phosphorous through urination or defecation; dead plants and animals are broken

down by bacteria (Fig. 2.7). It is estimated that about 10% of the fertilizer applied

caused increase in soluble phosphate in the water phase, which is absorbed by the

phytoplankton within few minutes of fertilizer application, whereas the rest is

Fig. 2.7 Phosphorus pools and transformation processes in anaerobic (a), facultative (b) and
maturation ponds (c) (Source: Nguyen and Davies-Colley 1998)
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rapidly precipitated and settled at the bottom and converted into insoluble com-

pounds. Thus, the pond bottom acts as a sink of phosphorus in fertilized ponds

whereas a source of P in unfertilized ponds. Sewage-fed ponds have very high

amount of organic phosphorus settled at the bottom as sludge.

Phosphorus dynamics in wastewater depend on the processes of sedimentation

of particulate-bound P including algal and bacterial biomass along with P release as

dissolved inorganic-P from sludge to pond waters by mineralization. Inorganic-P is

then taken up by algae and bacteria in pond waters (Nguyen and Davis-Colley

1998). Phosphorus may be precipitated in bottom sludges of maturation ponds as

hydroxyapatite [Ca5(PO4)3OH], tricalcium phosphate Ca3(PO4)2 and other insolu-

ble complexes (e.g. magnesium phosphate) because of the high daytime pH

resulting from algal metabolism in maturation ponds (Nurdogan and Oswald

1995) (Fig. 2.3).

3HPO2�
4 þ 5Ca2� þ 4OH� ¼ Ca5 PO4ð Þ3OHþ 3H2O

Solubilization of insoluble phosphate by bacteria is of considerable importance

in the sewage-fed ponds. A large number of phosphate-solubilizing microorganisms

such as bacteria, fungi and cyanobacteria occurring in water and sediments are

capable of assimilating insoluble inorganic phosphate like hydroxyapatite and

tricalcium phosphate and make a large portion soluble by the production of organic

and inorganic acids. Some chemolithotrophic microorganisms such as

Nitrosomonas and Thiobacillus mobilize inorganic phosphates by producing

nitrous and sulphuric acids, respectively (Tiessen and Stewart 1985). Species of

Pseudomonas, Mycobacterium, Micrococcus, Bacillus, Flavobacterium, Penicil-
lium, Sclerotium, Fusarium, Aspergillus and others are active in the conversion

(Alexander 1991). It is reported that amongst the microbes, Bacillus is the most

effective one in respect of phosphate solubilization and phosphate production.

Invertebrates can contribute to the mineralization of dissolved and particulate

compounds in the sediment, and their burrowing activity can affect several

exchange processes by increasing the mixing of the sediment surface. Exogenous

introduction of phosphate-solubilizing bacteria with compost resulted in the highest

concentrations of different species of phosphate in water or sediments amongst all

treatments. This was attributable to the combined effects of the phosphate-

solubilizing bacteria population of both exogenous and compost origin with short

generation time (Jana 2006).

A major share of phosphorus removal (35%) takes place in anaerobic ponds by the

process of sedimentation, while removal in facultative and maturation is as low as 4%

(Mason 1996). Most important P removal process accounting for 62–90% removal is P

precipitation besides biological P uptake. The immobilization of P in aerobic sludges is

attributable to the sorption of P by ferric oxyhydroxide (Richardson and Craft 1993).

Changes in the chemical environment that affect the chemical mobilization of phos-

phorus are largely caused by microbial activity by oxygen and nitrate consumption,

sulphide and methane formation, etc., thus affecting redox potential that is crucial for

phosphate exchange between sediment and water phase (Bostrom et al. 1982).
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In a study of wastewater pond system, spatial and seasonal variability of

phosphate-solubilizing bacterial population were highly correlated with the con-

centrations of organic carbon, ammonium-N, nitrate-N and orthophosphate

suggesting nutrient uptake by bacteria. The spatial distribution of phosphate-

solubilizing bacterial populations was represented by the exponential decay

model from facultative to the last maturation pond. In a domestic sewage-fed

pond in Orissa, Patri (2000) observed the mean counts of inorganic phosphorus-

solubilizing bacteria as 0.16–2.45 CFUs � 103/ml and 0–0.24 CFUs � 103/ml of

water at the inlet and outlet of an aquaculture pond.

2.4.4 Carbon Cycle

Carbon metabolism constitutes an important function of nutrient dynamicity of

wastewater. Although maximum carbon transformations occur under aerobic con-

ditions, biodegradations of hydrocarbons and lignins, methanogenesis occurs exclu-

sively under anaerobic conditions leading to biogeochemical zonation of habitats

(Atlas and Bartha 1998).

Sewage is characterized by the occurrence of carbon cycling bacteria such as

aerobic and anaerobic mesophilic bacteria, filamentous fungi, thermophilic bacteria

and actinomycetes. Cellulolytic bacteria have been distributed widely in compost

(Srinivasan 1987), decomposed reed leaves in a saline lake (Tanaka 1993) as well

as in municipal sewage plant.

The important part of microbial carbon cycling is the biodegradation of plant

polymers such as cellulose, hemicellulose and chitin which are abundant in domes-

tic sewage. Cellulose, the most abundant biopolymer is a carbohydrate consisting of

a linear chain of β-1,4 linked glucose units (Atlas and Bartha 1998). It is known that
both aerobic and anaerobic bacteria, filamentous fungi and actinomycetes are

capable of utilizing cellulose and converting it to simple sugars with the help of

enzyme cellulase. Species capable of decomposing cellulose have been identified as

Clostridium, Pseudomonas and Alkaligenes like Pseudomonads (Alexander 1991),

aerobic gram-negative bacteria such as Cytophaga, Sporocytophaga, Cellvibrio,
Chromobacterium and Pseudobacterium in aquatic habitats (Kuznetsov 1970;

Rodina 1972). It is reported that degradation of organic materials by fermentation

or respiration under anaerobic or aerobic conditions releases methane CH4 and

CO2, respectively (Sorokin and Kadota 1972; Campbell et al. 1991; Bitton 1999).

The spatial variability of cellulose-decomposing bacterial population (Fig. 2.8)

from inlet to outlet of a series of WSPs revealed the maximum abundance in the

inlet of the facultative pond in the presence of sharp rise in dissolved oxygen of

water and nutrient favouring the growth but 45–68%; reduced nutrient at the outlet

of facultative pond resulted in decreased CDB population. Because of accumulation

of cellulolytic substances in the bottom sediment, occurrence of considerable

abundance of cellulose-decomposing bacteria in aquatic system is very common.

Nutrient depletion by 45–66% but substantial increase in dissolved oxygen level at the
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outlet of the facultative pond caused substantial reduction in the counts of cellulose-

decomposing bacterial populations. Cellulose degradation is known to occur at a faster

rate under aerated habitats than in the anaerobic ones (Alexander 1991).

2.5 Facultative Pond Dynamicity

A theory of facultative pond dynamicity has been proposed (Lahiri et al. 2015) to

explain the maximum reclamation capacity of the facultative pond system. A

special design of facultative ponds with an island at the centre for waste
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stabilization and maximum sedimentation of organic load through maximum reten-

tion of water caused reduction of as high as 30–35% of organic load from inflowing

sewage. Energetically, the facultative pond system has become biologically energy

intensive and can mitigate the use of energy-generating mechanical treatment

required in the conventional sewage treatment plant. This was due to increased

level of photosynthetic oxygen production (6.76–9.71 mg l�1) in surface water by

the dense algal bloom caused by nutrient enrichment (phosphate- 0.16–0.37 mg l�1;

nitrate- 0.19–0.27 mg l�1 and organic carbon- 32–39.5 mg l�1). As a result, primary

productivity has been increased by 243–251% at the outlet of the facultative pond when

compared to that of the outlet of the anaerobic pond. High concentrations of nutrient-

dependent dense algal bloom caused not only substantial reduction of nutrients but

were also responsible for die-off of most of the pathogenic bacteria including that of

obligatory anaerobic forms. The highly aerobic condition, in turn, induced the decom-

position rate of sewage effluents through biogeochemical cycling microbial activities.

The responses of biogeochemical cycling bacteria along the effluent gradient further

served as functional indicators of reclamation of the system.

2.6 System Reclamation

It is evident that microbial activities play an important role in nutrient recovery

from wastewater leading to increased biological production. The process of recla-

mation through microbial degradation of organic load was responsible for gradual

improvement in water quality exhibited in terms of increase in dissolved oxygen

(232–256%) coupled with decline in the values of COD (82–86%) and major

nutrient parameters such as organic carbon (75–77%), phosphate (87%), ammonia

(78–88%) and nitrate (61–62%) of water from the source to the final discharge point

of the sewage effluent (Lahiri et al. 2015).

All these factors were responsible for maximal reclamation of about 22–69% of

the total that occurred in the facultative waste stabilization pond system. Removal

of organic matter in the facultative waste stabilization ponds normally follows a

first-order kinetics represented by the equation ds/dt ¼ KpS, where S ¼ substrate

mass and Kp¼ overall substrate removal rate constant per unit time (Arceivala et al.

1970).

It is evident from the study that reclamation of sewage effluents through

microbial degradation resulted in improvement in water quality exhibited in sig-

nificant rise in dissolved oxygen (232–256%) and marked decline in chemical

oxygen demand (82–86%), ammonium-N (78–88%), nitrate-N (61–62%) and

phosphate (87%) level of water. The effluents at the final discharge points have

achieved permissible limits set by ISI standards (Table 2.2). It is evident that the

present system has achieved required reclamation for fish culture. The responses of

biogeochemical cycling bacteria along the effluent gradient further served as

functional indicators of reclamation of the system.
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2.7 Conclusions

In the last decades, sewage water treatment plants have focused on removal of the

nutrients nitrogen and phosphorus from wastewater, and this strategy has been very

successful in preventing eutrophication of surface waters. Based on the conceptual

attributes of the wastewater biosystem, it was hypothesized that reclamation of

wastewater is a function of degradation of organic load attributed to the activities of

certain biogeochemical cycling bacterial population. It becomes, therefore, perti-

nent to consider biogeochemical cycling bacteria as indicators of wastewater

reclamation. However, the challenges ahead require us to rethink these technologies

so that they not only become more energy efficient but also make it possible to

recycle valuable nutrients. This can provide new opportunities to create value from

wastewater, thus creating new business models for the treatment of sewage.
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Chapter 3

Global Prospects for Safe Wastewater Reuse
Through Aquaculture

Stuart W. Bunting and Peter Edwards

Abstract Given the parlous provision of basic sanitation and wastewater treatment

globally, the rationale for safe wastewater reuse through aquaculture is presented.

Wastewater-fed aquaculture-related responses to counteract negative driving

forces, pressures and impacts associated with inadequate sanitation and wastewater

treatment and to enhance the state of systems are systematically reviewed with the

DPSIR framework. Prospects for a rational design-based approach to safe waste-

water reuse using treatment lagoons are discussed. A SWOT (Strengths, Weak-

nesses, Opportunities and Threats) assessment is presented concerning the future

development of safe wastewater reuse through aquaculture. Specific opportunities

for value addition to products through cutting-edge biorefinery approaches are

reviewed, and the need for appropriate hazard barriers is highlighted. Conditions

required to support and promote safe wastewater-fed aquaculture are assessed using

the STEPS (Social, Technical, Environmental, Political/Institutional and Sustain-

ability) framework. It is concluded that reuse using intermediaries and biorefinery

approaches holds great promise. Widespread adoption of wastewater reuse through

aquaculture could contribute to achieving targets specified for sanitation and safe

wastewater reuse by 2030 in accordance with the United Nations’ Sustainable

Development Goals.

Keywords Aquaculture · DPSIR · Safe reuse · STEPS · SWOT · UN · SDGs
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3.1 Introduction

Globally 2.4 billion people do not have basic sanitation (toilets or latrines), and ‘up
to 90% of wastewater in developing countries is discharged partially treated or

untreated directly into rivers, lakes or the ocean’ (WHO 2015). Safe reuse to reduce

the proportion of wastewater discharged untreated is a global priority highlighted in

the Sustainable Development Goals (SDGs) adopted under the United Nations’
2030 Agenda for Sustainable Development (UN 2016). In support of Goal 6 ‘Ensure
availability and sustainable management of water and sanitation for all’, Target 6.3
specifies that ‘By 2030, improve water quality by reducing pollution, eliminating

dumping and minimizing release of hazardous chemicals and materials, halving the

proportion of untreated wastewater and substantially increasing recycling and safe

reuse globally’ (UN 2015).

The practice of wastewater reuse through aquaculture was widespread in the first

half of the twentieth century, with notable examples from China, India, Indonesia and

Vietnam in Asia and Germany and the Soviet Union in Europe (Edwards and Pullin

1990; Edwards 1992; Prein 1996; Little and Bunting 2015). Towards the end of the

last century, traditional systems of reuse through aquaculture, often devised by local

entrepreneurs, were in decline or lost with rapid urbanisation in many developing

countries (Edwards 2005a, b). Conversion of large peri-urban wetland areas used for

wastewater-fed aquaculture to more valuable housing and industrial development

was common. Other reuse systems were abandoned owing to pollution or were

outlawed based on perceived public health risks and the desire to portray a more

‘developed’ image on the world stage (Rigg and Salamanca 2005). Furthermore,

unreliable wastewater flows attributed to either the deliberate neglect or poor main-

tenance of delivery channels and infrastructure, and prioritising direct discharges to

natural waterways to avoid urban flooding, contributed to the demise of wastewater-

fed aquaculture. Adopting conventional wastewater treatment plant designs, with

fixed packages of technology, effectively eliminated any chance of wastewater reuse.

Provision of new wastewater treatment has been wholly inadequate to meet the

needs of burgeoning urban populations, and this has caused widespread environ-

mental degradation and exacerbated public health problems (WHO 2015). The

pressing need to address these issues was again highlighted in the SDGs

(UN 2015). Under Goal 3 ‘Ensure healthy lives and promote well-being for all at

all ages’, Target 3.1 specifies that ‘By 2030, substantially reduce the number of

deaths and illness from hazardous chemicals and air, water and soil pollution and

contamination’. Under Goal 6, Target 6.2 specifies that ‘By 2030, achieve access to
adequate and equitable sanitation and hygiene for all and end open defecation,

paying special attention to the needs of women and girls and those in vulnerable
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situations’. Against this backdrop, it is reasonable to ask whether wastewater reuse

through aquaculture has a role to play in meeting the UN SDGs by 2030.

An assessment of wastewater-fed aquaculture-related responses needed to coun-

ter negative driving forces, pressures and impacts and enhance the state of the

system using the DPSIR framework is presented in Fig. 3.1. This analysis builds on

the DPSIR-based reviews of threats to wastewater reuse through aquaculture in the

East Kolkata Wetlands (EKW) in Kolkata, West Bengal, India (Bunting et al.

2010), and future potential of urban aquaculture to contribute to resilient food

Driving forces
- population growth and economic 
development

- rapid urbanisation and industrialisation

- poor planning and inadequate planning 
control and enforcement locally

- urban expansion and rural-urban migration

- cultural change and changing labour 
markets

Responses
- responsible authorities must meet their 
international obligations, notably SDGs 
specifying safe wastewater reuse
- policy and planning must stipulate safe 
wastewater reuse if feasible
- legislation must be enacted to 
legitimise wastewater reuse and 
safeguards introduced to protect and 
reassure consumers and others

Pressures
- rapid increase in wastewater flows owing 
to population growth, industrialisation and 
urbanisation

- increased industrial effluents lead to 
pollution, environmental degradation, 
contamination and adverse public health 
impacts

- mixing of industrial and domestic 
wastewater heightens risks associated with 
wastewater reuse practices for producers and 
their families, local communities and 
consumers

- rapid expansion of urban areas leads to 
land conversion from agricultural and peri-
urban settlements and natural areas, 
including wetlands, to high density housing 
for more affluent people and industrial 

- with supportive policies and enabling 
institutional environment, entrepreneurs 
could initiate safe wastewater reuse 
through aquaculture that capitalises on 
nutrient and water resources

- safe wastewater reuse through 
aquaculture could reduce pollution of 
receiving waterways and enhance health 
outcomes for local communities
- aquaculture as one element of 
multifunctional treatment and water 
storage strategies could prompt greater 
vigilance and action in response to 
potential contamination of wastewater 
resources

- policies should ensure operators of 
systems reusing wastewater safely 
through aquaculture have security of 

Fig. 3.1 DPSIR framework assessment for wastewater-fed aquaculture globally. Following the

convention established by Bunting et al. (2016) ’Solid arrows indicate the typical cause-and-effect

interpretation of the DPSIR framework and scope for responses across this continuum; broken

arrows indicate that responses must be moderated in light of prevailing conditions’
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developments

- low-lying areas, including lakes and ponds, 
are in-filled so that the land could be sold 
for development at a much greater price

tenure and that there is a strategy for 
‘managed retreat’ in anticipation of 
urban expansion

State
- share of global population living in urban 
areas exceeded 50% in 2007 and this trend 
continues with many hundreds of millions of
poor people suffering as they lack access to 
basic services, such as sanitation, and have 
to live in insecure and polluted 
environments

- surface water quality in many urban 
settings and downstream environments is 
below acceptable international standards 
(and adversley affects human health)

- vast amounts of nutrients are discharged to 
receiving waters (causing eutrophication and
the loss of a valuable resource)

- extent of low-lying areas that could
previously accommodate runoff and flood
water has declined significantly (leading to
substantial financial costs associated with
need to build drainage infrastructure and
heightened risk of flooding in established
and newly urbanised areas)

- wastewater reuse could aid cost 
recovery to subsidise appropriate 
collection and treatment and provide 
income opportunities for poor and 
marginal groups
- appropriate reuse systems could avoid 
capital and O&M costs for conventional 
sewage treatment systems
- wastewater reuse could achieve better 
environmental protection and 
biodiversity conservation and restoration 
of ecosystem services that sustain 
economic and socio-cultural activities
- wastewater reuse could facilitate 
nutrient recycling and added value from 
water appropriated for human use
- production of affordable aquatic plants 
and animals could enhance nutrition and 
food security amongst poor communities
- water-bodies established for 
wastewater reuse could provide 
additional capacity to store urban runoff 
and floodwater

Fig. 3.1 (continued)
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systems (Bunting and Little 2015). The assessment benefitted further from the

addition of cultural and administrative factors identified by Rigg and Salamanca

(2005) concerning the ‘drivers of peri-urban change’ affecting peri-urban aquatic

food production systems in Southeast Asia.

Considering the situation in India, wastewater reuse through aquaculture is still

practised, notably in the EKW (East Kolkata Wetlands). Globally, the practice of

irrigation with wastewater for food production is more common in terrestrial

farming (Strauss 2003), and ‘at least 10% of the world’s population is thought to

consume food irrigated by wastewater’ (WHO 2015). Large volumes of processed

sludge from sewage treatment plants are currently applied to agricultural land in

Europe. The practice is not generally challenged as it is not very visible, occurring

sporadically in rural areas, and no adverse effects have been reported. Furthermore,

the separation of waste inputs to the soil earlier in the growing season, and the

harvest of grains that undergo processing, may psychologically allay any concerns.

There is a degree of trust in the regulatory authorities, whom the public expect

would prevent any unhygienic or unsafe practices.

3.2 Prospects for Rational Design and Participatory
and Integrated Planning

Prominent practitioners and scientists advocated an ecological engineering

approach to wastewater treatment using lagoons and fishponds recalling the exam-

ple set by indigenous reuse practices developed and refined by producers, as with

Impacts
- poor and marginal groups suffer owing to limited employment and income, insecure living
conditions and food supplies, absence of health care and sanitation, air and water pollution,
and flooding

- population pressure leads to informal settlements on accessible areas that are not served by
sewers and consequently discharge wastewater indiscriminately and lead to open defecation
and overhung latrines along canals and over ponds

- discharge of untreated wastewater negatively impacts biodiversity, undermines stocks and
flows of ecosystem services, and increases animal and public health risks associated with
direct and unintentional wastewater reuse through aquaculture

- conflicts between land use activities, with poor communities and agriculture and
aquaculture generating modest financial returns displaced or further marginalised

- financial costs associated with living in urban settings force younger generation to avoid
farm work and seek urban employment

Fig. 3.1 (continued)
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the EKW, and Mudialy Fishermen’s Cooperative Society also in West Bengal,

India (Ghosh 1999; Jana 1998, Jana et al. 2000; Mara 1997; Pye-Smith et al. 1994).

Lagoon-based wastewater treatment and reuse systems were established at Bally

(North Howrah), Nabadwip, Panihati and Titagarh (Mara 1997) in West Bengal,

under the Ganga Action Plan (GAP) initiative. Fish were grown in batch culture in

maturation ponds established as part of a waste stabilisation pond system at the

Kalyani Sewage Treatment Plant (STP) (Jana 1998; Ganguly et al. 2015). A

demonstration system was commissioned to reuse sewage from treatment ponds

in San Juan, Lima, Peru, to test and promote the technology in South America

(Moscoso 2006). A lagoon-based treatment system was established to treat polluted

water extracted from the Kam Tin River, Hong Kong, and trials were conducted to

growing fish in the water following sedimentation and aeration (Liang et al. 1999).

Treatment lagoons are routinely designed to produce water that meets

international standards for safe reuse. This level of treatment, however, removes

significant quantities of nutrients, thus limiting the productivity of the receiving

fishponds. Cognisant of this limitation, a rational design approach was formulated

that capitalises on the rapid die-off of bacteria in aerobic and alkaline fishponds to

compensate for a more moderate treatment phase (Mara et al. 1993). Anaerobic

ponds with a depth of 2 m and retention time of 1 day are followed by facultative

ponds, 1.5 m deep and with a retention time of 5 days. To validate the design, the

volumetric and areal BOD5 loading should not exceed 300 g/m3/day or 350 kg/ha/

day for the anaerobic and facultative ponds, respectively. Fishponds are then

designed based on the optimal nitrogen loading of 4 kg/ha/day (Edwards 1992);

this necessitates calculating the removal of nitrogen in the facultative ponds, but no

loss of nitrogen is expected from the anaerobic ponds.

Faecal coliform (FC) concentrations in the fishponds are estimated using the

relationship established for a continuous stirred reactor (CSTR) defined by Mara

et al. (1993) and based on the earlier work of Marais (1974); thus, Np ¼ Ni/

(1 þ kTOa)(1 þ kTOf)(1 þ kTOp), where Np is the number of FCs in 100 ml of

fishpond water, Ni is the number of FCs in 100 ml of untreated wastewater, kT is the

rate constant for FC removal per day (2.6(1.19)T-20) and Oa, Of and Op are the

retention times (days) in the anaerobic pond, facultative pond and fishponds,

respectively. Subsequent evaluation deemed the CSTR model safer as compared

to the alternative dispersed flow (DF) model proposed by Oakley (1997) as the DF

model tends to overestimate faecal coliform removal rates in ponds with plug-flow

conditions and higher retention times (Buchauer 2007).

Assuming that the rational design approach was adopted to enhance the reuse of

550,000 m3/day of wastewater in the EKW, it was indicated that fish production

could be increased to 45,000 t annually (Bunting 2007). This would, however,

require extensive and costly reconfiguration of the existing pond system and the

creation of 27.5 ha of anaerobic ponds and 182 ha of facultative ponds. Water

entering the fishponds in this case would contain 2.2 � 105 FC/100 ml, thus

exceeding WHO (2006c) guideline targets for wastewater for aquaculture reuse. If

the fishponds were reconfigured so that they were small (1 ha), infrequently loaded with
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wastewater and well mixed, then rapid pathogen die-off in the ponds would ensure the

safety of producers, local communities and consumers (Mara et al. 1993).

Hybrid waste stabilisation pond and storage and treatment reservoirs have been

proposed to store treated water for unrestricted irrigation whilst simultaneously

producing water for restricted irrigation (Mara and Pearson 1999). The authors

calculated that to treat 10,000 m3 of wastewater daily and store water for 5 months

of unrestricted irrigation would require a storage reservoir of 15.75 ha. Following a

1-month rest phase, the faecal coliform count would be below 1000/100 ml of

water. At this concentration, the reservoir water meets the microbial quality target

for wastewater-fed aquaculture to safeguard ‘aquacultural workers and local com-

munities’ (WHO 2006c), and within 4 months a crop of 200 g tilapia could be

produced (Mara et al. 1993). Cages could be used to culture fish in wastewater

treatment ponds to facilitate harvesting and to avoid predation of farmed stock by

larger wild carnivorous fish (Gaigher and Krause 1983).

Opportunistic fish culture in wastewater treatment lagoons has been reported

from several countries including Bangladesh and India in Asia and Ghana, Kenya

and South Africa in Africa (Ampofo and Clerk 2003; Bunting 1998; Kumar et al.

2015; Letema 2012; Prinsloo and Schoonbee 1992). Fishponds were constructed

downstream of the Keshopur wastewater treatment plant, Delhi, to make use of

treated wastewater (Spatial Decisions and Winrock International India 2006),

whilst these authors also noted that untreated wastewater was used for aquaculture

in large slums, such as Yamuna Pushta, Delhi, to produce food and income for the

local community. An urgent need for ‘policy-makers and authorities as well as

donors and the private sector’ to confront ‘the realities of wastewater use in

agriculture [and aquaculture]’ was highlighted by the signatories to ‘The Hydera-

bad Declaration on Wastewater Use in Agriculture’ (IWMI 2002). The declaration

specified the need to adopt appropriate policies and commit financial resources for

implementation and apply ‘cost-effective and appropriate treatment suited to the

end use of wastewater, supplemented by guidelines and their application’. As with
formal wastewater-fed aquaculture, the international guidelines for safe reuse

published by the WHO (2006c) present a sound starting point for responsible

authorities to devise appropriate risk management strategies and implement hazard

barriers that safeguard the health of consumers, as well as producers, their families

and local communities.

3.3 Alternative Reuses Paradigms to Mitigate Health Risks
and Concerns

Ten years on from the publication of revised guidelines by the World Health

Organization for the ‘Safe Use of Wastewater, Excreta and Greywater’ (WHO

2006a, b, c, d), the impact of this major policy development on public health still

demands assessment. A central tenet of the guidelines for ‘wastewater and excreta
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use in aquaculture’ (WHO 2006c) was ‘to ensure that waste-fed aquacultural activ-

ities are made as safe as possible so that the nutritional and household food security

benefits can be shared widely in affected communities’ (pxiii). The urgent need to

tackle untreated wastewater discharges to protect the Ganges River and the commu-

nities it sustains was highlighted by the recent call for innovative solutions (NMCG

2016). The call identified 144 drains across four states (Uttar Pradesh, Uttarakhand,

Bihar and West Bengal) discharging 6614 million litres/day of untreated wastewater

to the Ganges (Annexure VI). A further 853 million litres/day is discharged to two of

the rivers’ major tributaries, and the situation is made worse by non-point source

pollution and open defecation along the river banks.

Wastewater interception and treatment schemes established over 20 years under

the auspices of the Ganga Action Plan (GAP) cost many hundreds of millions of

dollars but did not result in the ecological restoration of the Ganges owing to ‘bad
planning, poor execution, extensive corruption, absence of coordination . . .
delay . . . cost escalation . . . inadequate treatment of effluents, especially in

tackling . . . bacterial load . . . deficient public awareness and participation’
(Dayal 2016). A comprehensive review of 152 wastewater treatment plants

established under the National River Conservation Plan (NRCP) in India noted

that the cumulative design capacity was 4716 million litres/day but that only

3126 million litres/day (66%) was operational (CPCB 2013). Of the 152 plants

surveyed, 31 were WSP systems, and it was noted that associated average

capital costs of Rs. 2.3 million per million litres/day of capacity to achieve

secondary treatment were significantly lower than conventional treatment

technologies.

Nationally the flow of wastewater from class I cities (population above 100,000

in 2001) was estimated at 35,558 million litres/day, but the treatment capacity was

only 11,554 million litres/day or 32.5% of the total. For class II cities (population

50,000–99,999 in 2001), a flow of 2697 million litres/day was estimated, but

the treatment capacity was only 234 million litres/day or 8.7% of the total. It was

noted that inadequate wastewater collection meant the limited treatment capacity

that was available was not fully utilised. Focusing on West Bengal, 34 treatment

plants with a design capacity of 457 million litres/day were surveyed, but the actual

treatment level was 214 million litres/day (46.8% of the total). It was observed

that 13 plants were not operational. One facility operating at its design capacity

of 6 million litres/day and effectively treating wastewater was the Baidyabati

plant (CPCB 2013). This WSP-based system consists of an anaerobic pond,

a facultative pond, an aerobic pond and five fishponds. Revenue generated from fish

culture could provide an incentive to ensure the correct functioning of the plant.

Key to meeting the SDG to ensure sanitation for all by 2030 will be the adoption

of appropriate technologies given the prevailing environmental, social and eco-

nomic setting (Mara 2009). Supporting policies and institutional arrangements are

required to legitimise wastewater reuse through aquaculture. Considering Vietnam,

with its history of wastewater-fed aquaculture in and around Hanoi, it was noted

that ‘although policies, strategies, laws and guidelines support the use of wastewa-

ter in agriculture and aquaculture’, there is a lack of implementation and
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enforcement (Evans et al. 2014). The need for reciprocal arrangements within

agriculture, aquaculture and irrigation policies and regulation concerning health

impacts was highlighted. Consequently, it was noted that ‘small changes could lead

to safe, cost effective planned reuse which would protect the environment and

provide Hanoi with a much needed water supply in the future’.
Cost-effective and easy-to-operate strategies are required as opposed to conven-

tional energy intensive technological packages. Fundamental to the WHO guide-

lines for safe use of wastewater and excreta in aquaculture is that ‘minimum good

practices or health-based targets should be based on local social, cultural, environ-

mental and economic conditions and be progressively implemented over time

depending on the existing reality and resources of each individual country or

region, leading to steady public health improvements’ (WHO 2008). Innovative

financing and management arrangements should be devised that are efficient,

effective and accountable. Waste Enterprisers Ltd. signed a public-private partner-

ship agreement with Kumasi Metropolitan Assembly, Ghana, to operate and main-

tain the waste stabilisation ponds at Ahensan Estate and Chirapatre Estate in return

for access to the maturation ponds to culture catfish (Murray and Yeboah-

Agyepong 2012). Water conditions in the maturation ponds were suboptimal for

fish growth and survival. Poor design, short-circuiting and siltation led to poor

treatment performance; in response stocking advanced fingerlings that had been

acclimatised to wastewater was recommended.

The crux of the matter is finding a balance between wastewater treatment to

make it safe and acceptable to use and optimising the reuse strategy to maximise the

benefits. A distinction is made between safe and acceptable, as practices that

conform to international standards for safe reuse may still be regarded as unaccept-

able by consumers and authorities from a psychological or sociocultural perspec-

tive. Fish raised using wastewater in Egypt were deemed safe for human

consumption based on international guidelines, but were not accepted by con-

sumers owing to cultural barriers (Mancy et al. 2000). To allay concerns over the

reuse of sewage sludge in terrestrial agriculture in the UK, a consortium of

wastewater operators and major food retailers produced the ‘Safe Sludge Matrix’
(ADAS 2001). The matrix summarises what level of sludge processing is appro-

priate for different crop categories and what harvest interval post sludge application

is required. A safe wastewater reuse matrix for aquaculture within the local context

could be developed jointly by authorities, producers and consumer representatives

adopting these principles. Prospects for wastewater-fed aquaculture are critically

reviewed here using the SWOT (Strengths, Weaknesses, Opportunities, Threats)

framework to structure the assessment (Table 3.1).

When an additional degree of separation, whether temporally, spatially or

psychologically, is deemed necessary to allay the concerns of potential consumers

and others, an intermediate production phase could be included. Aquatic plants

could be grown on wastewater-fed lagoons and harvested and processed to feed to

livestock or herbivorous fish in ponds not receiving wastewater (Alaerts et al. 1996;

Edwards et al. 1992). Comprehensive trials growing duckweed on wastewater have

been undertaken, and the optimal conditions to maximise the yield and composition
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Table 3.1 SWOT assessment of wastewater-fed aquaculture

Strengths: existing or potential resources or
capability

Weaknesses: existing or potential internal
force that could be a barrier to achieving
objectives/results

Demand for aquaculture products amongst

burgeoning urban populations and more afflu-

ent middle-class consumers is strong and

increasing

Responsible authorities do not widely recog-

nise wastewater reuse through aquaculture as a

legitimate urban/peri-urban activity or effec-

tive and efficient option for wastewater treat-

ment and management

Wastewater reuse through aquaculture is

recognised in national and international policy

and supported by aid agencies and develop-

ment banks

Widespread discharges of partially and

untreated wastewater from rapidly expanding

urban populations are not safe for reuse

through aquaculture, contaminate surface

waters and cause environmental degradation

Optimal production strategies have been

devised through local innovation by farmers

and extensive programmes of scientific

research

Lack of supportive and coherent policies and

legislation across different sectors, combined

with weak enforcement and insecurity of ten-

ure dissuade entrepreneurs from investing in

aquaculture businesses that could reuse

wastewater

Productive wastewater-fed aquaculture sys-

tems can act as a bioindicator for good envi-

ronmental health, conserve biodiversity,

restore ecosystem services, and notably open

spaces for flood retention and infiltration

Poor urban planning and inertia that perpetu-

ates the selection of inappropriate wastewater

treatment options means that wastewater reuse

through aquaculture is not given equal con-

sideration with regard to cost-benefit analysis

(CBA) or comparative health impact

assessments

Wastewater reuse through aquaculture can

provide income and employment opportunities

for poor and marginal groups and produce

aquatic plants and fish that are affordable and

contribute to the nutrition and food security of

poor communities

Opportunities: existing or potential factors in
the external environment that, if exploited,
could provide a competitive advantage

Threats: existing or potential force in the
external environment that could inhibit main-
tenance or attainment of unique advantage

Perfect storm of population growth, urbanisa-

tion, untreated wastewater flows, water scar-

city, food insecurity and rising energy costs

make the rationale for safe reuse through

aquaculture undeniable

Wastewater reuse through aquaculture

requires more extensive use of land than con-

ventional wastewater treatment systems, a

major constraint in peri-urban areas of rapidly

expanding cities where available land at rea-

sonable cost may be limited

International agreements stipulating the need

for far greater wastewater reuse and supporting

policies and guidelines should legitimise and

encourage adoption of reuse through

aquaculture

Concerns amongst consumers regarding

wastewater reuse practices may be exacer-

bated or made insurmountable through

adverse media coverage of practices and

adverse public health outcomes

(continued)
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of the biomass produced are well defined (Iqbal 1999). Tilapia and small carp

species could be cultured in wastewater-fed ponds for processing to make feed for

other aquatic animals (Edwards 1990). Wastewater could be used to cultivate

aquatic animals, plants and phytoplankton for use as feedstock for industrial

processes and bioenergy production.

The non-use or intrinsic values of ecologically based treatment systems may

justify their establishment when productive reuse of wastewater is not possible.

Treatment wetlands could sustain a broad range of ecosystem services, in addition

to regulating waste discharges, and could provide a valuable habitat for aquatic

species. Reuse through aquaculture of waste not originating from humans, such as

manure from animals, waste streams from agro-industrial processes and food and

drink production, is well established (Little and Edwards 2003). Promotion of such

practices to reuse wastewater, capture nutrients and safeguard the environment

should be less controversial. Ecologically based wastewater treatment should be

integrated with other uses as part of multifunctional floodplains or landscapes to

maximise synergistic effects, but associated public health risks would demand

assessment and appropriate safeguards.

Table 3.1 (continued)

Growing awareness of environmental and

public health impacts of discharging untreated

wastewater and the reality of unintended and

unsafe use for aquatic food production should

shift public opinion favourably towards appro-

priate treatment and safe reuse through

aquaculture

Advocates for conventional treatment prac-

tices, notably engineers and those with com-

mercial interests, may promote inappropriate

technological packages given prevailing

environmental, social and economic

conditions

Abstraction of water from waterways receiving

wastewater for use in aquaculture (with appro-

priate precautions) could promote ecological

restoration whilst mitigating cultural and psy-

chological aversions to direct wastewater reuse

Contamination with industrial effluents and

chemical pollutants and the occurrence of

pathogens, notably trematodes, within the

general population, may make risks associated

with wastewater reuse through aquaculture

unacceptable

Innovative community members and entrepre-

neurs exploit opportunities to appropriate

wastewater (raw and partially treated) flows

and access treatment lagoons to culture aquatic

plants and fish to meet demand from expanding

urban populations

Products cultured using wastewater (directly

or indirectly) must compete with products

from elsewhere, and costs of treating and

conditioning wastewater and elevated land

and labour costs in urban and peri-urban areas

may mean reuse strategies are not financially

viable

Limited information on extent and nature of

wastewater reuse (intentional and

unintentional) in aquaculture means that

authorities do not appreciate the contribution

to livelihoods, nutrition and food security and

economic development, and health risks are

not assessed and managed

Adapted from Bunting and Little (2015)
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3.4 Value Addition Through Cutting-Edge Biorefinery
Approaches

Biorefinery approaches have the potential to add substantial value to plants and

animals cultured in wastewater reuse systems. Plants such as microalgae and

seaweeds and animals such as crustaceans and molluscs could be transformed

through extraction and purification processes to higher-value products. Microalgae

are cultured to produce a range of chemicals, fatty acids and bioactive compounds.

Harvesting microalgae represents a major constraint to commercialisation of pond-

based culture. Culturing fish on algae derived from high-rate algae ponds may be a

viable alternative that could add value to microalgae production using wastewater

(Edwards and Sinchumpasak 1981; de la Noue et al. 1992). Seaweed biomass can be

degraded by bacteria (Alteromonas espejiana) to produce single cell detritus that
can be fed to suspension feeding animals in hatcheries or to Artemia nauplii for

use as fish feed.

By-products from seafood processing, notably crustacean shell material, have

been highlighted as a potential source of nitrogen-rich chemicals, and the develop-

ment of appropriate biorefinery practices could help protect the environment and

generate substantial economic benefits (Yan and Chen 2015). Calcium carbonate

derived from shells can be used in agriculture, construction, paper manufacture and

pharmaceuticals. Protein from shrimp shell could be processed to produce livestock

feed as it contains essential amino acids and is nutritionally comparable to soya

bean meal. Chitin from shells can be used in biomedicine, cosmetics, textile

manufacture and water treatment. Composed of a linear polymer containing nitro-

gen, chitin could be a significant new feedstock for ethanolamine (ETA). Two

million tonnes of ETA, with a value of $3.5 billion, are used annually for carbon

sequestration, household cleaning products, soap and surfactants (Yan and Chen

2015). According to these authors, the refinery of shell-derived industrial feedstock

materials is constrained as extraction methods that are ‘destructive, wasteful and
expensive’. Innovative methods using ionic liquids are being developed to extract

long-chain and high-molecular-weight chitin polymers that can be spun into fibres

and used to produce films, both with excellent potential for commercialisation.

Prospects for reusing wastewater to culture zooplankton (Daphnia magna) in
aerated waste stabilisation ponds were assessed in the Grand Duchy of Luxembourg

(Cauchie et al. 2002). The chitin content of the zooplankton biomass was between

3% and 7% on a dry weight basis. Depending on the processing mechanism, the

average molecular weight ranged from 600,000 to 2,600,000 and had a low nitrogen

content ‘indicating a high degree of acetylation’. Wastewater from the Iztacalco

treatment plant in Mexico City, Mexico, was used to culture four cladoceran

species, and population growth rates comparable to those achieved with green

algae were obtained (Nandini et al. 2004). Comparing different organic wastes to

produce zooplankton (Moina micrura), it was found that diluted human urine was

the best media (Golder et al. 2007). Feeding by zooplankton species can reduce the

bacterial load in wastewater. But prior to using cladocerans grown using
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wastewater to feed fish larvae, it was noted that the risks from transferring bacterial

diseases and the bioaccumulation of toxins must be evaluated. Zooplankton (Daph-
nia carinata) from wastewater treatment lagoons at Werribee, Melbourne,

Australia, had a protein content of 54.8% and when fed to silver perch (Bidyanus
bidyanus) resulted in better growth and feed conversion ratios than a control diet

(Kibria et al. 1999). The authors also noted that heavy metal concentrations in fish

fed zooplankton were very low.

Biorefinery approaches are being devised to add value to small mussels cultured

in suboptimal conditions and low-trophic level species biomass produced from

integrated multi-trophic aquaculture (IMTA) systems. Opportunities to produce

biomass as an industrial feedstock from wastewater reuse through aquaculture

could avoid problems with reuse to produce food for people. Considerable invest-

ment in research and development is required, however, to devise processing

pipelines that are efficient and suitably refined to produce high-quality and high-

value products. Appropriate hazard barriers to safeguard the health of operators,

their families, local communities and those working in biorefinery pipelines will

still be needed.

3.5 Enhancing Prospects for Wastewater-Fed Aquaculture

Problems encountered by operators of wastewater-fed aquaculture systems have

been widely reported, and media coverage has borne witness to the demise of iconic

systems such as Boeng Tompun Lake in Phnom Penh, Cambodia (The Cambodia

Daily 2014), and the EKW, West Bengal, India (The Times of India 2015). Critical

reflection on such experiences can, however, help clarify the conditions required to

successfully implement and sustain the safe reuse of wastewater through aquacul-

ture (Bunting et al. 2010). The STEPS (Social, Technical, Environmental, Political,

Sustainability) framework that cuts across disciplines and sectors is used to struc-

ture such an assessment (Table 3.2).

3.6 Conclusions

Prospects for wastewater-fed aquaculture have been critically reviewed from a

global perspective. Technologies and processes to enable the safe reuse of waste-

water through aquaculture have been established although they require more

extensive use of land than conventional wastewater treatment systems, a major

constraint in peri-urban areas of rapidly expanding cities where available land at

reasonable cost may be limited. Problems concerning the acceptance of food

products from wastewater reuse systems may constitute a fundamental barrier to

future development. Reuse through intermediaries and for biorefinery feedstocks

appears to hold the greatest promise. Research and development must focus on such

3 Global Prospects for Safe Wastewater Reuse Through Aquaculture 67



Table 3.2 STEPS assessment of conditions needed to support and promote wastewater-fed

aquaculture

STEPS element Conditions

Social Acceptance and support for safe wastewater reuse through aquacul-

ture as a legitimate and worthwhile activity

Demand exists for animals and plants grown safely using wastewater

or appropriate intermediaries, and refined materials could be produced

Aquaculture reusing wastewater generates sufficient revenue to pro-

vide attractive employment and income-generating opportunities

Technical Wastewater treatment and conditioning facilities, whether conven-

tional or ecologically based systems, produce water that is safe and of

sufficient quality to stimulate natural productivity in culture ponds

and promote good aquatic animal or plant growth

Practices in which indirect or unintentional wastewater reuse through

aquaculture is occurring identified using appropriate tests and safe-

guards implemented to manage health risks

Monitoring programmes implemented to ensure that systems function

correctly and within permissible limits

Quality inputs, e.g. healthy fish and nutritious supplementary feed, are

available, and employees are sufficiently trained to effectively operate

and maintain the system (including wastewater treatment facilities

where necessary)

Arrangements across product value chains are implemented to safe-

guard the health of workers, the general public and consumers

Environmental Wastewater reuse through aquaculture recognised as an effective and

legitimate element in managing wastewater to protect receiving

waterways and facilitate recycling of resources

Wastewater treatment system components and aquaculture facilities

are designed appropriately given prevailing climatic conditions and

safeguards included to mitigate against extreme weather events,

flooding and climate change

Authorities enforce laws to prevent pollution to safeguard wastewater

reuse through aquaculture practices and products

City planning includes provision for green infrastructure, including

space for appropriate wastewater treatment and reuse through aqua-

culture, as this will help dissipate adverse impacts of urbanisation

such as the urban heat island effect and flooding (within urban areas

and downstream) and provide habitat for biodiversity

Political (institutional) National and international polices explicitly support wastewater reuse

through aquaculture for increased sanitation coverage, public health

and environmental protection, ecosystem services enhancement,

resource recovery and food security

Signatories to the UN 2030 Agenda for Sustainable Development

adhere to their commitments, notably improve water quality and

reduced pollution through safe reuse of wastewater for aquaculture

Municipal authorities and engineers recognise and encourage waste-

water reuse through aquaculture as a legitimate and desirable activity

(continued)
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strategies to ensure that they are cost-effective and appropriate. Responsible

authorities have a key role to play in ensuring that safe reuse through wastewater-

fed aquaculture is regarded not only as a legitimate practice but is championed as a

practical means towards protecting the environment, safeguarding public health and

contributing to food security. Awareness must be raised regarding the risks of

practising aquaculture (either intentionally or inadvertently) in faecally polluted

surface waters and appropriate safeguards implemented to protect the health of

producers, local communities and consumers (WHO 2006c). Widespread adoption

of wastewater reuse through aquaculture is an appropriate strategy for small- and

medium-sized settlements in low- and middle-income countries with tropical cli-

mates and could make a significant contribution to achieving the United Nations’
SDGs by 2030.
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Chapter 4

Waste System: Its Utility and Analyses
in Aquaculture

S. K. Das and A. Mandal

Abstract Importance of nutrient harvesting from liquid wastes through

aquaculture production in vertically integrated systems is well established. Though

wastewater reuse systems in aquaculture widely differ with respect to degree of

pretreatment and its methods which have a direct bearing upon the economic

conditions of the end users, the ecological and socio-economic impact analyses

exhibited overall positivity. Supremacy of heterotrophic microbial pathway

coupled with high fish yield at downstream of the wastewater-fed system testifies

the ecological efficiency of wastewater in the conversion of wastes to wealth

through aquaculture. Urbanization pressure, improved economic condition and

betterment in the health quality standards warranted imposition of different safety

standards in wastewater aquaculture and quality of the produce with respect to

pathogenic load and contaminants. The present paper discussed the waste systems

in aquaculture and their analyses in general.
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4.1 Introduction

Wastewater is the used water generated from domestic, industrial or agricultural

sources. Wastewater is composed of 99.9% water and 0.1% as suspended, colloidal

and dissolved solids. Reuse of wastewater in aquaculture has a long history in the

oriental countries particularly in East, South and Southeast Asia where the

aquaculture production of the world is the maximum. Though in the traditional

method of sewage-fed fish culture, wastewater generated from different sources

was used without pretreatment, recent advances of engineered wastewater

treatment systems incorporated an aquaculture component in the form of

maturation ponds in the waste stabilization pond system for fish raising.

Wastewater has been in use as a source of crop nutrients over many decades

(AATSE 2004; Jiménez and Asano 2008; Keraita et al. 2008) in Mexico, Peru,

Egypt, Lebanon, Morocco and other countries. However, it is relatively less com-

mon in developed countries due to apprehension of environmental and health risk

associated with fish culture practice. The methods of wastewater treatment have

been largely improved to maintain the hygienic conditions of wastewater-fed

aquaculture in many developing countries. Sludge management has only recently

become an issue, even for developed countries as such management is complex and

there is a lack of social support (UNHSP 2008), be it in developed or developing

countries (Snyman 2008).

4.2 Rationale of Wastewater Reuse

Wastewater from domestic and urban sources is inherent with invaluable resources

to waste. It contains the metabolized nutrients of the recently consumed food. The

waste disposal practice is based on the philosophy that the solution to pollution is
dilution. The principal objective of wastewater reuse in aquaculture is to recycle the
inherent nutrients such as nitrogen, phosphorus, potash, etc. through sequential
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biological processing leading to fish biomass. It is established that integrated

resource recovery and institutionalization of urban solid and liquid waste manage-

ment can reduce their cost to municipalities by 30–90% (Gunnerson 1984).

Edwards (1992) pointed out that millions of people in Asia depend on reuse for

treatment of excreta and for food security through agriculture and aquaculture. Such

reuse and recycle approach mitigates environmental degradation and might be a

powerful tool for poverty alleviation through social and economical benefits

including employment generation (Edwards 2000) for the people of tropical and

sub-tropical areas. WHO (1989) advocated that where possible, reuse of wastewater

should be preferred to minimize costs and obtain maximum agricultural and

aquacultural benefits from the nutrients contained in wastewater. In arid and

semiarid areas, water resources are scarce major conflict between urban and

agricultural demands for water can be resolved only by the agricultural use of

pretreated wastewater. One of the most lucrative income-generating activities is the

sale of wastewater and renting of pumps for lifting in Gujarat, which lack alterna-

tive sources of water (Bhamoriya 2004). Moreover, nearly 73,000 ha of peri-urban

agriculture lands in India have been the subject to wastewater irrigation (Strauss

and Blumenthal 1990). Therefore, recycle and reuse of wastewater could be an

effective strategy for water conservation as well.

4.3 Nutrients and Contaminants in Wastewater

The suspended, colloidal and dissolved solids present in wastewater contain major

nutrients (nitrogen, phosphorus and potassium) and trace nutrients (copper, iron and

zinc) as well. Total nitrogen and phosphorus concentrations in raw wastewater are

usually in the ranges of 10–100 mg/l and 5–25 mg/l, respectively, and potassium is

in the range of 10–40 mg/l. Treated wastewater contains less nitrogen and phos-

phorus but approximately the same amount of potassium, depending on the treat-

ment process used. In addition to beneficial nutrients, wastewater also contains

some contaminants and toxins. In developing and underdeveloped countries, regu-

lar use of cheaper detergents loaded with phosphates and polyphosphates results in

excessive phosphorus in domestic wastewater which may result in eutrophication in

confined wastewater-fed aquaculture practice. Even in many European countries,

residues of detergents and pharmaceutical drug residues have been the causes of

negative effects on aquatic organisms (Pettersson et al. 2000). Excreted pathogens

as bio-contaminants in wastewater are highly variable and primarily of four cate-

gories: viruses, bacteria, protozoa and helminth eggs (Strauss 1996). Domestic

wastewater contains some pathogens, but it is much higher in concentrations and

in diversity in developing countries. Further, it may also contain heavy metals and

other toxic elements if the wastewater includes a significant proportion of industrial

effluent and storm water. On the other side, it can be safely reused for crop irrigation

provided the quality of the wastewater conforms to the recommendations of Food and

Agriculture Organization of the United Nations (Ayers and Westcot 1985).
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4.4 Wastewater Systems in Aquaculture

Wastewater-fed aquaculture is most common in Asia. There is a great diversity of

systems currently in use (Table 4.1). The differences in the systems are mainly due

to type of waste, degree of pretreatment, system design of the culture units, species

of culture and integration with crop cultivation. Wastewater is also used for

production of fingerlings or table fish and aquatic plants (e.g. duckweed) that are

fed to livestock or herbivorous fish. Fish may be cultured in pen and cage enclosures

and aquatic plants secured by stakes in ponds. A nongovernment organization

(PRISM) in Bangladesh operates duckweed wastewater treatment systems at Mir-

zapur using wastewater from a hospital, and at Khulna with municipal wastewater,

the harvested duckweed was used to feed fish and poultry and to improve overall

sanitation.

However, there is a risk of using untreated sewage and human excreta in crop

production. It has been estimated that at least 20 million ha in 50 countries is

irrigated with raw or partially treated wastewater (Van der Hoek 2004; Hussain

et al. 2001). WHO and UNICEF (2000) estimated the median percentage of

wastewater treated by effective treatment plants to be 35% in Asia, 14% in Latin

America and the Caribbean, 90% in North America and 66% in Europe. However,

Homsi (2000) estimated that only around 10% of all wastewater are treated in

developing countries where there is a need for scaling up the system for removing

the risks of contamination.

Table 4.1 Types of waste-fed aquaculture system (after UNEP 2002)

Waste type and delivery

system Aquaculture system

Cultured

organism Practicing country

Human excreta Pond Fish China, Indonesia, Viet

Nam

Human excreta Pond Duckweed Bangladesh

Contaminated surface water

(waterborne)

Pond Fish Bangladesh, Indone-

sia, Vietnam

Contaminated surface water

(waterborne)

Pond Duckweed China

Contaminated surface water

(waterborne)

Cage Fish Indonesia

Contaminated surface water

(waterborne)

Stakes in rivers, shal-

low in ponds

Aquatic

vegetables

Wide spread in Asia

Sewage (waterborne) Pond Fish China, Germany,

India, Vietnam

Sewage (waterborne) Pond Duckweed Bangladesh
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4.4.1 Use of Untreated Waste and Wastewater

Sewage-fed aquaculture developed rapidly since its introduction in Wuhan in China

in 1951. Though human excreta was used directly in aquaculture ponds in rural

areas of China, there has been a major decline of such practice at present due to

rapid economic growth and loss of rapid urbanization-driven land. Eutrophication

and industrial pollution caused by rapid urbanization and industrialization had

negative impact on wastewater-fed pond fish culture (Li 1996). Eutrophication

causes mass fish kill in wastewater-fed Donghu Lake in Wuhan during 1998, and

industrial pollution leads to fish with undesirable odour and taste from contamina-

tion with petroleum and phenolic compounds. This is because in China most

domestic wastewater is mixed with industrial wastewater; 75% of the total waste-

water in China is industrial, and only 24% is treated (Ou and Sun 1996). As a result,

it is becoming increasingly difficult to market the produce because of lack of food

safety standards. This warrants the necessity to upscale the involved practices for

the safety of human consumption.

With improvement of economic development and public awareness, there has

been official ban of overhanging latrines on fish ponds in Vietnam, Indonesia, Java,

etc. Urbanization pressure and improved sanitary measures negatively impacted the

traditional practice of wastewater reuse in aquaculture elsewhere in Vietnam. In

Hanoi city alone, the wastewater-fed pond and rice field area have declined by 35%

caused by the breakdown of the communal wastewater distribution system in the

transition to a free-market economy as many farming households are now unable to

obtain a supply of wastewater. In Bangladesh, wastewater-fed aquaculture is not a

traditional activity though practiced in low-lying water bodies in Dhaka that

contains faecal-contaminated water (Rahman 1992). This system is now

constrained by excessively high organic loadings and rapid urbanization.

4.4.2 Treated Wastewater in Aquaculture

Though wastewater-fed aquaculture began in Germany as early as 1887, almost all

have been closed except the system in Munich (Prein 1996). The pond system at

Munich was formerly used for secondary biological treatment but currently used for

tertiary treatment of activated sludge effluent. It served also a bird sanctuary and

recreation area (Prein 1996). Acute shortage of freshwater warranted research on

recycling and reuse of wastewater in aquaculture in Egypt where tilapia was

cultured in secondary treated effluent. Based on microbial and chemical analysis

for heavy metals, fish muscle was found acceptable for human consumption (Khalil

and Hussein 1997). In Suez, tilapia and grey mullet were cultured in a demonstra-

tion treatment/reuse system, and again with secondary treated effluent, fish were

acceptable for human consumption based on bacterial, heavy metal and organo-

chlorine pesticide standards (Shereif et al. 1995; Easa et al. 1995; and Shereif and
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Mancey 1995). In Europe, a sewage-fed system was introduced in Hungary, and

that eventually transformed into commercial practice. Tertiary treated effluents

were tested for tilapia culture in specially constructed research and demonstration

ponds at the San Juan wastewater stabilization pond complex in Lima, Peru

(Cavallini 1996). In this case, fish were also acceptable for human consumption

with respect to standards for viruses, bacteria, parasites as well as heavy metals,

pesticides and PCBs.

4.4.3 Constructed Wetlands in Waste Wastewater Reuse

Constructed wetlands are engineered systems designed to utilize the natural pro-

cesses involving wetland vegetation, soils and their associated microbial assem-

blages to assist in treating wastewater (Vymazal 2010). Waste stabilization ponds

are somewhat modified surface flow-constructed wetlands based on the principle of

applying green technology to partially reclaim wastewater acceptable for fish

culture practices. The wastewater-fed ponds involved a series of 2–3 ponds and

located serially and make use of the inherent capacity of absorbing nutrients and

pollutants by selective macrophytes in primarily treated wastewater having consid-

erably long hydraulic retention time. It is reported that significant reduction of the

load of coliform, faecal coliform, Salmonella sp. and faecal streptococci that

remained within the acceptable levels (Ghermandi et al. 2007).

4.4.4 Macrophyte-Based Reclamation

Macrophytes are known to have high capacity of biological purification of organic

wastewater (Gersberg et al. 1986; Mann and Bavor 1993). Abbasi and Abbasi

(2010) observed that large-bodied floating water hyacinth promoted 50% reduc-

tions in nitrogen and phosphorus from municipal wastewater. Oron et al. (1988)

suggested recycling systems using duckweeds to be a comprehensive solution for

treatment of municipal wastewater. Duckweeds (small free-floating macrophytes)

are promising for use in sustainable wastewater treatment due to their rapid growth

to high biomass, high levels of nutrient removal (Alaerts et al. 1996), ease of

handling, harvesting and processing, tolerance to high nutrient levels of wastewater

and low fibre content (Abdalla et al. 1987; Rodrigues and Oliveira 1987; Santos

et al. 1987). Direct conversion of ammonia into plant proteins in duckweed ponds is

a relatively energy-efficient process compared to other alternate methods (Oron

et al. 1988; Zirschky and Reed 1988). Moreover, macrophytes are often described

as scavengers of contaminants in surface waters as they have the capacity to

accumulate toxic metals and heavy metals like Zn, Pb, Cu, Mg, Mn, Ag, As, Cd,

Co, Cr, Ni, Sn, etc. They are also equally effective in removing pollutants like

pesticides, insecticides, petroleum hydrocarbons, fluoride, hydrogen sulphide and
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volatile fatty acids (Low et al. 1994). Further, the macrophyte-based wastewater

treatment system caused significant reduction in faecal coliforms and other patho-

gens. It is reported that floating macrophytes are capable of removing nutrients

from water phase, whereas emergent macrophytes met up their P requirements

exclusively from sediments (Saha-Das and Jana 2002a, b, c). Rooted submersed

macrophytes absorb most of the P from the interstitial water of the sediments and

also from the surrounding water. Therefore, integration of floating, rooted and

emergent macrophytes is of more use for reclamation of wastewater to be used in

aquaculture (Saha-Das and Jana 2002c). This is almost similar to the performance

of constructed wetlands used for nutrient removal practiced in several countries

including the USA (Poole 1996). Moreover, consumption of aquatic plants is

important towards food security in a number of Southeast Asian countries.

However, edible plants are grown in such aquatic environments; any pathogen

present in the water is likely also to be present on the plants as surface contaminants

particularly on roots and other plant parts.

4.4.5 Indian Wastewater Aquaculture Systems

4.4.5.1 East Calcutta Wetlands Model

There are more than 132 wastewater-fed fish ponds in India, covering an area of

12, 000 ha, of which almost 80% are located in West Bengal. The largest of these is

the Calcutta wastewater fisheries in East Calcutta Wetlands (22�250 to 22�400N;
88�200 to 88�350E), an ecologically important Ramsar site, and this system is also

the classic example of wastewater-fed aquaculture in the world (Edwards 1985)

which is known to be the oldest in the country as it started during 1929–1930

(Ghosh and Sen 1987). Sewage-fed fisheries in Munich, Germany, and in the

bheries of West Bengal, India, are models of such biological treatment systems,

where raw or partially treated sewage is directly fed into the fish ponds (Edwards

1992; Jana and Datta 1996; Jana 1998). The hydraulic regime of the wastewater-fed

fish ponds has unique properties; it is neither lentic nor lotic. Wastewater is

introduced into the fish ponds in batches and is released accordingly. When these

ponds are large, more than 40 ha, the wastewater inflow is almost continuous, and

the water regime becomes lotic. The inlet arrangement in wastewater-fed fish ponds

uses an edge feeding system in which sewage is released in small doses into one

side of the pond during the fish culture cycle. The depth of the ponds varies between

50 and 150 cm. with fairly flat bottom. The photosynthetic activity of microalgae

within these ponds is the basis of natural biological purification (Ghosh 1990)

through oxygenation.

In the culture practice, before stocking, bheries (large culture units) are dried up

and sewage is allowed to enter. After stabilization of effluents and examining the

plankton density, the bheries are stocked with advanced fingerlings at 7000–10,000/

ha. Normally, multiple stocking and multiple harvesting are adopted, and the fish

4 Waste System: Its Utility and Analyses in Aquaculture 79



are reared for 3–5 months, depending on the growth of the fish to reach a marketable

size of 250–400 g. In addition, there is running water fish culture, wherein the water

from hill-streams/rivers is made to flow through a series of dugout embankment

ponds constructed along the course of the stream/river using diversion canals/pipes.

This helps maintain a mild water flow through the culture ponds. Screens of fine-

meshed nets are erected at the inlet and outlet of the ponds to prevent the entry and

escape of organisms to and from the ponds (FAO 2005). Environmental benefits of

this practice include low-cost wastewater treatment, storm water drainage and a

green area as a lung for the city; social benefits include employment for about

17,000 poor people and about 20 tonnes of fish/day for the urban poor (Morrice

et al. 1998).

4.4.5.2 Modified East Calcutta Wetlands Models

The lessons learned from East Calcutta Wetlands (EKW) over the past few decades

have been replicated in other places in West Bengal (Ghosh 1995) though in

comparatively smaller scale and with some improvisation. The design used to

establish new wastewater-fed fish pond systems incorporates anaerobic ponds.

Mudiali Fishermen’s Cooperative Society, a small wastewater-fed fish pond system

in Greater Kolkata that receives mixed domestic and industrial wastewater, has

been upgraded by introducing anaerobic ponds and water hyacinth-filled canals to

pretreat the wastewater before entering into the main fish ponds (Mukherjee 1998).

Wastewater-fed fish farm in a model town Kalyani, West Bengal, has also

incorporated pretreatment of wastewater prior to its reuse in fish ponds (Jana and

Datta 1996; Jana et al. 1996; Jana 1998, Saha (Das) and Jana 2002a, b, c). Partially

treated urban wastewater is sequentially passed through a series of anaerobic,

facultative and fish-growing maturation ponds, and finally effluents are discharged

into the river canal of Ganges. An average retention time of 5 days is maintained

throughout, and a BOD5 level of 10–20 mg 1�1 of pond water should be continu-

ously maintained for better fish growth. It was observed that the facultative ponds

were the most dynamic, accounting to 22–69% of the total reclamation of the waste

stabilization ponds (Jana 2011). Further studies in Kalyani wastewater treatment

plants using waste stabilization ponds have revealed that reclamation of wastewater

was the function of the distance from the source to the outlet (Lahiri et al. 2015) and

that the water quality remained congenial for fish growth at the downstream was

evident from the rising trends of the values of respiratory enzyme SDH in the fish

procured from the first maturation pond to the last maturation pond of the waste

stabilization pond system (Lahiri et al. 2015). This was evident even from the

determination of respiratory enzyme, SDH activity of fishes growing across the

sewage effluent gradients (Mukherjee and Jana 2007).
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Apart from sewage treatment plant developed by the Central Institute of Fresh-

water Aquaculture (CIFA), Rahara, West Bengal, and working for decades,

sewage-fed fish culture system has also been developed in other states of India

such as Maharashtra (Nagpur), Madhya Pradesh (Bhopal), Chhattisgarh (Bhilai),

Tamil Nadu (Chennai) and Haryana (Karnal) (FAO 2005, Kumar et al. 2014).

4.5 Production Pathway in Wastewater-Fed Aquaculture
Systems

As is known, domestic urban wastewater is loaded with organic matter which is

acted upon by the vast array of microbial activity resulting into release of nutrients

required for biological production (Lahiri et al. 2015). Solar energy-driven photo-

synthetic activity of microalgae in the shallow wetlands resulted in oxidative state

that favoured the mineralization process conducive to production of fish food

required for fish growth (Fig. 4.1). Due to shallow nature and penetration of

sunlight at the pond bottom, there develops a massive bloom of blue-green algae.

Excess concentration of phosphate and nitrogen can lead to over-eutrophication and

cause excessive vegetative growth (Jiménez 2006; Qadir et al. 2007). Therefore, in

many cases, large-bodied macrophyte (Eichhornia crassipes) stands are made

along the margin of the culture units in enclosures to absorb excess nutrients and

some pollutants that are present in wastewater. Such approach establish a

Fig. 4.1 Diagrammatic pathway of production in wastewater aquaculture suitable for fish and

production
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competitive inhibition upon the algal bloom and ensures overall environmental

health for production of food chain in right direction. In the partially treated

wastewater fish culture ponds, organic wastes are converted into fish biomass

through grazing detritus food chain mechanism using the ecological principle of

recycling through microbial biogeochemical nutrient cycle and grazing detritus

food web (Jana 2011). Judicious selection of fish species is another key factor for

effective utilization of sewage in fish culture. Omnivorous and bottom-grazing

fishes directly consume the organic detritus of sewage-fed ponds and thereby help

to keep the pond bottom aerobic through bioturbation activity. The suitable species

for culture are Indian carp, Israeli carp, silver carp, bighead carp, grass carp,

common carp, hybrid buffalo, catfish, largemouth bass, tilapia, freshwater prawn,

etc. (Jana 2011). Introduction of herbivorous fish helps in consumption of edible

microalgae and make the system energy efficient due to shorter food chain of fish.

Accumulation of detritus in pond bottom are favourable for detritivores which

directly consume billions of heterotrophic organisms and creates short loop in

energy transfer and enhances ecological efficiency of the system.

4.6 Emerging Areas of Allied Activities in Wastewater
Aquaculture Systems

4.6.1 Biofloc Technology

Biofloc technology (BFT) in aquaculture is the cohabitation of microbial commu-

nities and fish that aims to solve two major issues in fish production – wastewater

treatment and protein addition (Westra 2013). As wastewater is usually rich in

dissolved and particulate matter, it is possible to recover excess nitrogen incorpo-

rated into bacterial cells as microbial protein by manipulating a suitable carbon:

nitrogen ratio (Hargreaves 2013). The technology is based upon zero or minimal

water exchange to maximize biosecurity while minimizing external environmental

factors. Principle of wastewater treatment by bioflocs (BFs) is extensively used in

the treatment of domestic and industrial wastewater (activated suspension systems).

BFs are highly porous, amorphous aggregations of microorganisms, particles and

other constituents held together by extracellular polymeric substances (Chu and Lee

2004). Therefore, biofloc techniques might be a green alternative to capital-

intensive wastewater treatment systems in terms of nutrient recovery and amelio-

ration of the aquaculture environment in situ as well.
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4.6.2 Hydroponics

Integration of hydroponic cultivation into a wastewater treatment system has been

proposed as an ecological alternative, where nutrients can be removed from waste-

water (Norstrom 2005; Bawiec et al. 2016). Hydroponic production systems have

potential for the treatment of domestic wastewater (Vaillant et al. 2003; Rababah

2007) and reuse of wastewater in intensive aquaculture systems (Keeratiurai 2013).

The root system of the aquatic plants changes the living conditions for the micro-

organisms and affects the performance of nitrifying and denitrifying bacterial

activities of the wastewater flowing through the biological treatment system

(Schrammel 2014). More details of the hydroponics system have been discussed

in Chap. 9 of this volume.

4.7 Analyses of Reusing Wastewater

4.7.1 Economic Impact

The safe use of wastewater and excreta also has social equity issues. Wastewater

and excreta are often seen as resources which help to improve food security and

positively impact household nutrition and, thus, health. Wastewater-fed aquacul-

ture ponds provide an economically viable source of high protein through recycling

of organic residues in the eco-friendly balanced system and thus maximizing waste

recycling and reuse and converting wastes into wealth. Moreover, fish grows very

fast in tropical wastewater-fed ponds and thus replaces the expensive supplemen-

tary diet and conventional chemical fertilizers (Jana 2011). Few studies have

quantified the economic gains from nutrients in wastewater under actual field

conditions. At a conservative estimate, 800 mg of sewage can yield an annual out

turn of 60,000 tons of NPK fertilizers. According to studies in Ghana, the greatest

factor influencing farmers’ profits is not so much the yield obtained, but the ability

to produce crops that are in high demand and low supply, at the right time, the result

being that they can be consistently sold at above average prices (Cornish et al.

2001). In the Mezquital Valley, Mexico, the availability of wastewater instead of

freshwater as irrigation water caused land rents to increase from US$170 to

$350–950 per year (Jiménez 2005). In Quetta, Pakistan, farmers paid 2.5 times

more for wastewater than for freshwater (Ensink et al. 2004). With low investments

and quick returns, this practice is lucrative and enables many farmers to leap over

the poverty line (Danso et al. 2002). In manyWest African countries, it is especially

attractive to poor migrants looking for jobs in the city (Faruqui et al. 2004). In a cost-

benefit analysis of grey water reuse systems constructed in residential schools in India,

the internal and external benefits far outweighed the costs (Godfrey et al. 2009).
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4.7.2 Ecological Impact

While the criteria of recycle and reuse of wastewater, sludge and excreta in

agriculture and allied activities differ between regions, their use, be it directly,

indirectly, diluted or not, has a number of advantages alongside the well-known

risks as well (WHO 1989, 2006a, b, c; Scott et al. 2004). The wastewater aquacul-

ture has a unique capacity for reclamation through nutrient recovery thereby

controlling eutrophication. Considerable reduction of organic and BOD loads of

sewage is made before its use in aquaculture. In general, there was about 30%

reduction of the BOD load of raw domestic sewage (120 and 400 mg/l) by the

primary treatment of sedimentation.

Eco-sanitation has been well conceptualized and realized in wastewater-fed

aquaculture. Human urine or faeces obtained from source-separating dry toilet are

profitably recycled for the production of vegetables in agriculture or algal biomass

or fish biomass in aquaculture. This provides double benefits to the society in terms

of protecting the environment from open defecation and pollution and promoting

the philosophy of recycling waste into wealth, in the form of human urine into bio

wealth. It is almost analogous to the second law of thermodynamics at the energy

level, where highly concentrated state is toxic but transformed into more and more

diluted form creating the benign environment for biological production (Jana 2011;

Lahiri et al. 2015).

4.7.3 Analyses of Human Health Issues

At least one tenth of the world population is thought to consume foods produced by

irrigation with wastewater (Smit and Nasr 1992). Among the disadvantages of

using untreated or partially treated wastewater, sludge or excreta, the most obvious

are the health risks from pathogens (WHO 2006a, b, c). Excreta-related diseases are

often approximated by using gastrointestinal illness or diarrhoea as an indicator. A

reference level of risk of 10�6 disability-adjusted life years (DALY) is approxi-

mately equal to a 1 in 1000 annual risk of contracting a mild, self-limiting diarrhoea

with a low case fatality rate (e.g. caused by Rotavirus) (WHO 2004). Moreover,

pathogens may be reintroduced into communities that have no natural immunity to

them, resulting in disease outbreaks (Frost et al. 1995; Kapperud et al. 1995).

Moreover, risks are not limited to farmers but every stakeholders, viz. farmers

and their families, crop handlers, consumers of the produce and those living on or

near the areas where wastewater, sludge or excreta is used. However, observed

responses may vary considerably between developing and developed countries.

This is because pathogen distributions and concentrations, to which these groups

are exposed, are very different, as are the living conditions and the level of

resistance to disease between developing and developed countries (Jiménez 2007;
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Jiménez and Wang 2006). Furthermore, the statistics on food safety are unreliable

because laboratory standards are so low in most developing countries.

The fishermen of EKW have developed empirical skills in handling the waste-

water and optimizing fish production over the years, and estimates of organic

loading rates are 6–22 kg BOD5
/ha giving minimum dissolved oxygen levels of

2.5 – 4.5 mg/1. Total coliform counts of 105–106/100 ml in the influent sewage to

the ponds and 102–103/100 ml in the pond water have been reported. Vibrio
parahaemolyticus, the second most important diarrhoea-causing agent (after

V. cholerae) in the Kolkata area, has been found in the intestines of fish from the

sewage-fed ponds but not in fish muscles. Heavy metals in sewage fed to the ponds

have reportedly been below levels which would pose a risk to the ecosystem, the

fishermen or the consumers (Strauss and Blumenthal 1990). The health of con-

sumers would depend on the microbiological quality of the fish, the extent of

cooking the fish before eating. It is likely that fishes reared in ponds under good

conditions with relatively low levels of total coliforms over the growing season are

of good enough quality for human consumption provided the fish are well cooked

and high standards of hygiene are maintained during fish preparation. On the whole,

the public health effects of sewage fertilization of aquaculture ponds in Calcutta are

not well understood. This warrants the need for further scientific microbiological

and epidemiological studies.

4.7.4 Microbial Analyses of Fish

Information of the microbiological quality of fish raised in wastewater-fed aqua-

culture systems have been used to recommend criteria for acceptable bacterial

levels in fish pond water and fish muscle. For example, Buras et al. (1987) raised

fish (tilapia and silver carp) in experimental ponds over a whole growing season and

concluded that the ‘threshold concentration’ was 1 � 104 bacteria/100 ml based on

standard plate counts (SPC). The role of faecal coliforms as adequate indicators of

fish contamination was questioned, as they were not always detected in the muscles

of fish, whereas other bacteria were recovered; the use of bacteria (SPC) as an

indicator was proposed. However, it is useful to review the level of faecal coliforms

for comparative purposes; the level of faecal coliforms in the water was around

3 � 102 FC/100 ml. Moscoso and Florez (1991), however, found that when tilapia

were grown in a combinedWSP/aquaculture system in Peru, bacteria penetrated the

fish muscle when the water exceeded 105 FC/100 ml and concluded that maximum

level of faecal coliforms in the pond water should be 1 � 104 FC/100 ml. This

would be achievable by a maximum concentration of 1 � 105 FC/100 ml in the

effluent of the WSP used to feed the aquaculture pond.

Current guidelines or standards for the microbiological quality of fish (Strauss

1995; Leon and Moscoso 1996) showed that the standard plate count is used in

conjunction with an E. coli or coliform level in most cases. The rejection levels set

for the quality of fish were 106 SPC/g and E. coli 500/g (ICMSF 1995), 5 � 104
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SPC/g and 0.7 � 103 coliform/g in the USA (Leon and Moscoso 1996) and 105

SPC/g and 101 E. coli/g in Sweden (Strauss 1995). These levels are less strict than

those proposed by Buras et al. (1987) for fish raised in excreta-fed systems, who

recommended that the total aerobic bacterial concentration in fish muscle should

not exceed 50 bacteria/g. This is probably because ICMSF regulations are for fish

contaminated mainly by handling and were not set up to include fish raised in

excreta-fed systems (Edwards 1992).

There are sufficient evidences to suggest that the tentative faecal coliform

guideline of 103 FC/100 ml (WHO 1989) for the fish pond water is the right order

of magnitude and insufficient data to warrant a reduction of this level to 102

FC/100 ml or a relaxation to 104 FC/100 ml (WHO 1989). This implies that the

quality of the water can be around 104–105 FC/100 ml, depending on the size of the

fish pond and the amount of dilution that occurs. However, the water quality should

remain constant over the growing season as fluctuations in the quality of the influent

water would reduce the quality of the fish (Buras et al. 1987). Mara et al. (1993) and

Mara (1997) stated that regular monitoring of water quality be made to ensure that

the fish pond does not contain more than 1000 FC/100 ml. Microbial quality of fish

ponds (Table 4.2) using wastewater from secondary treatment plants has to be

improved by the use of a polishing pond prior to the effluent being discharged into a

fish ponds.

4.7.5 Chemical Analyses of Fish

The health-based targets for chemical contaminants of wastewater usually occurred

in anaerobic ponds in which most heavy metals settle out under anaerobic condi-

tions or by maintaining alkaline conditions in fish ponds, which cause metals to

form insoluble precipitates that settle out of the water column (WHO 2006a, b, c).

There is also a possibility of chelation of different metals that are present in

wastewater. However, WHO (2006a, b, c) guidelines (Table 4.3) are to be followed

for a consistent level of health protection in different settings, vegetables and fish.

Each country may adopt their own standards based on their national environmental,

sociocultural and economic conditions.

4.8 Waste Systems and Safety Issues

The issue of safety including the aesthetics of using wastewater in agriculture and

allied activities has been debated for long, and such debates generated two

contrasting opinions from the developed and developing worlds. Accordingly

several guidelines were framed at different times (AATSE 2004; USEPA 2004;

EPA 1986; Jimenez 2005). Joint efforts by the WHO, FAO and United Nations

Environment Programme (UNEP) to encourage resource recovery resulted in a
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regulatory framework to support worldwide the reuse of wastewater, grey water and

excreta in agriculture and aquaculture (Jiménez and Asano 2008; WHO 2006a, b,

c). The WHO (WHO 1989, 2006a, b, c) guidelines are the most appropriate for

developing countries. These new guidelines are more supportive of the difficult

sanitation conditions in most developing countries and have suggested a multiple

barrier approach for the long-term achievement of a universal health-based target

(Ensink and Hoek 2007). However, they are difficult to apply where treatment is

rudimentary or lacking and when thousands of farmers already use polluted water

sources because they have no alternative. Here, different strategies for health risk

reduction are needed.

Table 4.2 Microbial quality targets for waste-fed aquaculture (after SEEHD 2009)

Media

Viable trematode eggs (including

schistosome eggs where relevant)

(number/100 ml or/ g total solidsa)

E. coli (number/

100 ml or/ g total

solidsa,b)

Helminth eggsc

(number/100 ml or/

g total solidsa,d)

Product consumers

Pond water Not detectable �104 �1

Waste

water

Not detectable �105 �1

Treated

excretes

Not detectable �106 �1

Edible fish

flesh or

plant parts

Infective metacercariae (presence or

absence per fish or plant) or detect-

able or non-infective

Codex

Alimentarius

Commission

specificationsc

Not detectable

Aquacultural workers and local communities

Pond water Not detectablef �105 �1

Waste

water

Not detectablef �104 �1

Treated

excretes

Not detectablef �105 �1

aExcreta is measured in grams of total solids (i.e. dry weight): 100 ml of wastewater/excreta

contains approximately 1–4 g of total solids
bAn arithmetic mean should be determined throughout the irrigation season. For pond water and

product consumers, for example, the mean value of �l04 E. coil per 100 ml should be obtained for

at least 90% of samples in order to allow for the occasional high-value sample (i.e. with l05 or lO6

E. coli per l00 ml)
cApplicable when emergent aquatic plants are grown and when there is high contact with

wastewater, excreta contaminated water or contaminated soils
dAn arithmetic mean should be determined throughout the irrigation season. The mean value of l

egg per L should be obtained for at least 90% of samples in order to allow for the occasional high-

value sample (i.e. with >10 eggs per L)
eThe Codex Alimentarius Commission does not specify microbial qualities for fish flesh or aquatic

plants; rather, it recommends the adoption of hazard analysis and critical control point (HACCP)

principles as applied from production to consumption
fViable schistosome eggs where relevant
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In view of emerging crisis of water in coming years, safe reuse of wastewater in

different sectors of industries, agriculture, street cleaning, etc. has been advocated

in developed countries.

4.9 Conclusions

The importance of recycle and reuse of wastewater in aquaculture has been widely

addressed with achievable consensus among different school of opinions. Though

the reuse systems differ from the developed to the developing world with variable

application of sanitary mechanisms of wastewater treatment, the ecological and

social implications were clearly discernible. The developing countries especially

situated in tropical and subtropical areas are inherently gifted with tropical climate

and abundant sunshine that are conducive to wastewater treatment and beneficial

use. However, with the increasing demand for biological produce through best

management practices, adoption of strict quality control measures for safe human

consumption of wastewater raised fish and vegetables in aquaculture will continue

to be assessed and reassessed.

Table 4.3 Standard for chemical concentrations in fish and vegetables (WHO 2006a, b, c)

Chemicals

Standard for fish and fish

products (mg/kg)

Source of

standard

Standard for

vegetables (mg/kg)a
Source of

standard

Heavy metals

Arsenic NS 0.2 Codex

(2003)

Cadmium 0.05–1.0 EC (2001) 0.2 Codex

(2003)

Lead 0.2 Codex

(2003)

0.2 Codex

(2003)

Methyl

mercury

0.5–1.0 Codex

(2003)

NS

Organics

Dioxinsb 0.0000004 EC (2001) NS

DDT,

TDE

5.0 USFDA

(1998)

NS

PCBs 2.0 USFDA

(1998)

NS

NS no standard
aGeneral standard for leafy vegetables except for arsenic, which is fruit based
bDioxins that bind other polychlorinated, coplanar aromatic compounds with similar properties
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Chapter 5

Recycling of Sewage in Aquaculture: Decadal
Technical Advancement

R. N. Mandal, P. P. Chakrabarti, B. N. Paul, D. N. Chattopadhyay, A. Das,

A. Hussan, and P. Jayasankar

Abstract Freshwater is indispensable for sustenance of life on earth, but is rapidly

becoming a scarce resource. A centre on wastewater aquaculture was established

during the 1970s in Rahara, Kolkata, which initiated research on recycling of

sewage water for production of fish through nutrient recovery. Huge volume of

sewage water has been treated through different convenient modes and monitored

for probable hazards of sewage water before its utilization in aquaculture. Both

chemical and biological contaminants were reduced by 80% by different treatment

methods. Using specialized farming management protocols through a series of

culture trials, it was possible to achieve the fish yield to the tune of around 5.0 t/

ha/year. Different aspects of farming such as species selection, stocking density,

species ratio, choice of species groups, stocking and harvesting relation and

postharvest techniques were considered. Following the WHO guidelines of risk

involved in sewage-fed aquaculture, different parameters such as microbial loads,

heavy metals and herbicides after sewage intake were analysed and found below

safe limits. Using bioassay trials, the impact of sewage with different sewage

dilutions has been optimized. Health and hygiene of handlers were critically

assessed, but no adverse impacts have been observed. Sewage-fed aquaculture

has great potential to develop into an effective alternate system of fish production

in the backdrop of freshwater scarcity and increased farm income, though

consistent monitoring is entailed from the health and hygiene perspectives.
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5.1 Introduction

Water is finite in quantity with unequally distributed both in space and time

(Sharma and Bharat 2009). However, freshwater is always regarded as most

precious renewable resources essential for sustenance of human civilization, though

its supply is steadily decreasing due to increasing population, injudicious utiliza-

tion, human intervention and climate change (Sarala et al. 2009; Mandal et al.

2015). Freshwater is essential for drinking purpose for people and livestock

(Sharma and Bharat 2009), biota and agricultural production. In India, water is

already a scarce resource and will become further scarcer in the foreseeable future.

It is predicted that water availability per capita will be reduced from

1820–1902 m3/year in 2001 to as low as 1401 m3/year in 2025 (Gupta and

Deshpande 2004; Sharma 2005). Hence, there is an urgent need to utilize this

precious resource through proper management and formulation of well-planned

strategy (Mandal et al. 2015). As freshwater allocation for aquaculture is

limited, recycling of already used water like domestic sewage has immense

relevance in utilization for aquaculture. As reported, 100 l of wastewater in the

form of domestic sewage are discharged per person/day in and around Kolkata

(Jana 1998). This appears to be a similar scenario of all the metro cities in India.

Total annual discharge of sewage in the towns and cities of India contains 90 mt

of nitrogen, 32 mt of phosphorus and 55 mt of potassium valued Rs. 6.10 crores

(Chakrabarti et al. 2011). This huge amount of nutrients contained in domestic

sewage needs to be harnessed through the proper treatment; otherwise it would

create water pollution through its drainage into open system. Once sewage is

recycled in aquaculture through its intake under controlled manner from the

sources, it fertilizes water through necessary nutrient input. Transfer of nutrients

occurs among abiotic and biotic components including bacteria, plankton and

heterotrophs in the trophic level.
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Application of sewage is a win-win strategy providing livelihood resources,

abatement of surface water pollution and water conservation. Substantial evidences

(Ghosh et al. 1980, 1985, 1988; Jhingran and Ghosh 1988; Jhingran 1991; Jana

1998; Datta et al. 2000; Ayyappan 2000; Chakrabarty 2002; Bhakta and Jana 2006;

Bunting 2007; Mukherjee and Jana 2007; Dasgupta et al. 2008; Jena et al. 2010)

suggested that recycling of sewage has been beneficial for the production of fish

crop and allied activities. Fish reared in such system has been reported to be safe for

human consumption (Bhowmik et al. 1997). The present chapter attempts to

highlight the involvement of the Central Institute of Freshwater Aquaculture

(CIFA) in the decadal technical advancement of sewage-fed aquaculture by

conducting a series of trials with optimization of dilution of sewage, selection of

species combination and their ratio, hazard analysis, criterion for safe consumption,

etc. in view of fish production for the benefit of both fish farmers and fish eaters.

5.2 A Brief History of Research Activities

Fish farmers around the periphery of the East Kolkata City in India started to use

huge amount of domestic sewage for fish culture as early as the 1930s. Sewage-fed

fishery in East Kolkata Wetlands (EKW) of West Bengal, India, is locally called

‘bheries’ and recognized as potential model of sewage-fed aquaculture (Edwards

1992, 2008; Jana and Datta 1996; Jana 1998; Nandeesha 2002). During the 1970s,

ICAR-CIFRI, Barrackpore, took initiative for starting waste-fed aquaculture

system at Rahara, about 18 km north of Kolkata City (Sahoo et al. 2012). In 1987

freshwater aquaculture unit at Rahara was separated from ICAR-CIFRI,

Barrackpore, and was recognized along with all its facilities as part (Wastewater

Aquaculture Division) of the newly formed Central Institute of Freshwater Aqua-

culture (CIFA). Since its birth as waste-fed system, this centre has been utilizing the

primary treated sewage emanating from sewage treatment plant of the Titagarh

Municipal Corporation under Kolkata Metropolitan Water and Sanitation Authority

(KMWSA) located at Titagarh, 24 Parganas (N), West Bengal. With this long

journey, considerable efforts have been made to assess the potentials of wastewater

for increasing the efficiency of water use in fish farming (Fig. 5.1).

Not that a simple utilization of sewage in fish farming was considered to be its

ultimate destination but that a timely research with major thrust given on sewage-

related issues as classification, characterization, post effect of sewage utility, safe

fish for consumption, health and hygiene of consumers was emphasized through the

critical scientific analyses. Besides, integrated activities such as fish-prawn culture,

agriculture (paddy-cum-fish) and horticulture have been continued as a part of

holistic approach in sewage-fed aquaculture. Low-cost culture systems have been

developed at the farm during the last few decades. By this way the centre is

providing the low-cost technology to fish farmers in our country through sewage

intake as a cheap external input in aquaculture, with the following objectives.
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• To recycle wastewater for development of low external input in aquaculture

systems

• To undertake basic and applied research for evaluation of production perfor-

mance and assessment of quality fish safe for human consumption

• To assess nutrient harvest by application of unit wastewater effluent

• To develop sewage-based agro-/aqua-horticulture integrated farming systems

• To produce fish food organisms by utilizing wastewater

• To act as a nodal centre for training and dissemination of various technologies

related to freshwater aquaculture and also to provide consultancy services on

other related matters

5.3 Treatments of Sewage

Aquaculture generally uses sewage water only when it is found suitable for its

reuse. Direct application of raw sewage is avoided. Therefore, raw sewage was

treated before its utilization in culture ponds for reduction of microbial load and

contaminants (Fig. 5.2).

Several natural, innovative, alternate approaches of wastewater treatment have

been practised over the years in different parts of the world. Efficacy of varying

treatments has been evaluated for their economic viability, operational ease and

system sustainability (Edwards 1992, 2008; Oron 1994; Jana and Datta 1996; Jana

1998; Ayyappan 2000; Jena et al. 2010). Systematic treatments (Fig. 5.3) reduce the

organic load and BOD (biochemical oxygen demand)—the determining factor of

Concerns

WantsProblems

RESOLVE

Water conservation
Food production

Freshwater scarcity
Aquatic pollution

Increasing population 
Decreasing cultivable areas

Water availability through storage
Increasing water use efficiency
Food basket with protein food
Mitigating water pollution

•
•

•
•

•
•

•
•
•
•

Fig. 5.1 There are four avenues interlinked that initiate from ‘Problem’ and ends to ‘Resolve’;
each of all the four avenues represents certain statement that touch human life and sustenance of its

civilization
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the degree of quality of sewage. The reduction of these two factors results in an

increase of DO (dissolved oxygen) and pH, the standard limit of these parameters

essential for survival and growth of fish. Raw sewage emanating after domestic

sources is allowed to pass through a common channel, and then its solid substances

are eliminated through iron-made net sieve, a common practice usually adopted

everywhere. The raw sewage is undergone a distinctive treatment procedures as per

requirements.

5.3.1 Mechanical Treatments

The Regional Research Centre of ICAR-CIFA, Rahara, has been treating sewage

through its own technological intervention. The farm receives primary treated

sewage through 1.5 km-long pipeline by gravity from Titagarh Sewage Treatment

Plant under Kolkata Metropolitan Water and Sanitation Authority (KMWSA). Raw

sewage is mechanically treated through trickling filter. Then a required amount of

primary treated sewage after its discharge of sewage treatment plant (STP) is stored

in a circular cemented pit constructed in the farm. A critical monitoring with

Benefits of
sewage

treatments

Elimination of   
contaminants from sewage

Dilution of microbial load

Harness of potential 
nutrients from sewage

Effective water productivity 
for desirablefish yield

Fig. 5.2 Benefits of sewage

treatment that serve four

important purposes

RAW
SEWAGE

Removal of solid 
substances

AQUACULTURE
a

Oxidation pond

Long traverse

Mechanical treatment Biological treatment 

Trickling filter e b

c

d

f Macrophytes

Raw sewage  removal of solid wastes long traverse aquaculture; b, raw sewage removal of solid wastes long traverse oxidation pond 
aquaculture; c, raw sewage removal of solid wastes long traverse biological treatment aquaculture; d, raw sewage removal of solid wastes 
long traverse biological treatment oxidation pond aquaculture; e, raw sewage removal of solid wastes mechanical treatment long traverse 
biological treatment aquaculture; f, raw sewage removal of solid wastes mechanical treatment long traverse oxidation pond  aquaculture 

Fig. 5.3 Different treatment ways of raw sewage and its utilization in aquaculture
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repeated chemical analyses of available treated sewage is done at this juncture.

Considering the chemical characteristic of treated sewage, it may be incorporated

into rearing ponds directly or kept putting in stabilized ponds temporarily or

undergone a repeated biological treatment.

5.3.2 Biological Treatments

5.3.2.1 By Duckweeds

Different stages of biological treatment using duckweeds are considered to be a

viable technology of sewage treatment (Oron 1994; Ayyappan 2000; Jena et al.

2010) in the perspective of sustainable aquaculture. Raw sewage water is allowed

by gravity to pass through linearly constructed and interconnected ponds covered

with respective duckweeds starting from Spirodela polyrrhiza, then Lemna minor,
toWolffia arrhiza based on their higher efficacy of nutrient accumulation. Retention

period of sewage in each duckweed-covered pond may be for 3–5 days, depending

on the quantity of organic load contained in particular sewage, with provision of

intermittent staggering walls in order to allow longer traverse distance and much

retention time of the sewage. Once the pond is fully covered with weed mat, 50% of

the same would be harvested, allowing growing space for residual weeds

(Ayyappan 2000; Jena et al. 2010).

5.3.2.2 By Macrophytes

Sewage is received from GAP through long pipeline by gravitational force and

entered into fallow wetlands through cemented pipeline before being drained into

aquaculture ponds. Major portion of wetlands is covered with Colocasia sp., an

emergent vegetation which can accumulate contaminants, including heavy metals.

Partially treated sewage is then moved from upward to downward marshy area

covered with Typha sp. dominated vegetation. Partially treated sewage is directed

into aquaculture ponds. Periphery of the pond is covered with water hyacinth. Such

process of bioremediation of sewage water through aquatic macrophytes compris-

ing Colocasia esculenta, Typha angustata and finally Eichhornia crassipes was

operated with three-tier treatments. This ‘biological treatment system’ had been

potentially efficient in reducing the levels of physico-chemical parameters of

sewage water (Mandal et al. 2016).

Waste recycling system that has been evolved in Kolkata is considered to be

unique in the world in transforming waste into consumable products and is involved

in garbage-based vegetable farms, wastewater-fed fish farms and paddy fields. The

Rahara Wastewater Aquaculture Farm of the Central Institute of Freshwater
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Aquaculture (CIFA), Captain Bheri, Mudialy Farm and Kalyani Fish Farm are

some of the few examples of scientifically managed sewage-fed fisheries in and

around Kolkata (Lahiri et al. 2015; Sarkar et al. 2017).

5.4 Optimization of Physico-chemical Parameters

Treatments of sewage reduce unwanted physico-chemical properties in one way

and increase desirable properties in another. However, treatment of sewage depends

upon factors like retention time, temperature, pH, solar radiation and presence of

predators (Rangeby et al. 1996). Biological treatment has an effective role: micro-

bial load may decline remarkably as total coliform and faecal coliform went down

by 87% and 92.5%, respectively. The load of pathogenic bacteria was reduced to

minimum due to provision of staggering walls in the duckweed ponds. BOD, total

ammonia nitrogen and phosphate were reduced by 80%, 88% and 71%, respec-

tively. There was concomitant increase in DO and pH by 10% and 1705%

(Bhowmik et al. 1997; Jena et al. 2010; Mandal et al. 2015). Increasing the traversing

distance may affect the reduction of coliform bacteria to the extent of 60–99.9% of

aerated lagoon system (Fernandez et al. 1992) and 93–94% through facultative, aerobic

and oxidative pond system (Neiwoloak and Tucholski 1995). Garcia and Becares

(1997) reported the removals of total coliforms and faecal coliforms with a hydraulic

retention time of 3 days while treating with macrophytes. Increasing biomass of

macrophytes leads to reduce the BOD load along with nitrogen and phosphorus

amounts proportionately and enhances the amount of DO and pH conducive to fish

growth and development (Mandal et al. 2015). Aquatic macrophytes are known to be

reliable and highly efficient to reduce organic load remarkably (Mann and Bavor 1993)

due to their rapid growth to high biomass by accumulating nutrients. They can also

tolerate nutrient-laden wastewater while growing. Their operational ease of harvesting

and processing afterwards as fish feed due to low fibre content (Naskar et al. 1986) is an

additional benefit. This may be considered a comprehensive solution for the treatment

of domestic sewage (Jena et al. 2010).

5.5 Properties of Sewage

5.5.1 Physico-chemical Properties

Composition and concentration of domestic sewage vary greatly, with times and

places. Used after domestic needs, all the materials are mixed with water and pass

through sewerages. Organic compounds, detergents and mineral elements, along
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with a scanty amount of pharmaceuticals, hormones and other materials, are found

in domestic sewage. Generally, raw sewage comprises about 99% water, and the

rest form solid material, including organic solids (70%), of which protein is 65%,

carbohydrate 25%, and fat 10%. Inorganic solids (30%) include silt and minerals

(Chakrabarti et al. 2011). However, characteristic of domestic sewage which is

eventually used in aquaculture depends upon the source of waste, the process of its

treatment, dilution and distance it runs in an aquaculture system in which it is used.

All these factors lead to the degree of quality of sewage to be purposeful for its

utilization in fish culture. There is great variation of physico-chemical parameters

of sewage in different grades through treatments. The raw, treated and moderate

sewage, with average value of selective parameters (Table 5.1), may be considered

as strong, medium and weak sewage, respectively (Jana 1998). The moderate

sewage undergoes rational treatment unless it is found suitable to be incorporated

in culture ponds with an appropriate ratio of freshwater and sewage water as 4:1or

3:1 (Mandal et al. 2015).

5.5.2 Microbial Load

Quality of sewage depends on the amount of microbes present in it and their degree

of adversity to aquatic biota including fish. Also harmful effect of microbes may

affect human health. Most common microbes present in raw sewage include

Escherichia coli, Staphylococcus aureus and S. epidermidis, with the MPN/100 ml

recorded as 125 � 106, 41.6 � 105and 16.28 � 104, respectively, in raw sewage,

treated sewage and fish-reared pond (Bhowmik et al. 1997). Protozoa, helminthes,

fungi and virus are also noticed, and even quite a large number of bacteria remain

present, though most of them are non-pathogenic (Bhowmik et al. 1997).

Table 5.1 Selective physico-chemical parameters of sewage in different grades

Sl.No. Parameter Raw sewage Treated sewage Moderate sewage Pond water

1 pH 6.1 7.0 7.5 7.5

2 Total solids 720 250 200 80

3 Total Alkalinity 300 240 190 170

4 Total nitrogen 25 15 10 1.0

5 P2O5 08 05 02 0.15

6 BOD5 400 200 80–100 10–18

All the values except pH are in mg/L (Source: Mandal et al. 2015)
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5.6 Sewage Application and Nutrient Recovery

Application of sewage brings changes in quality of water and biological character-

istics of aquaculture ponds. However, appropriate amount of sewage intake is the

hallmark of sewage-fed aquaculture. Uncontrolled sewage intake may damage fish

crops seriously; BOD levels rise suddenly that develops stress to fish crops, leading

to mass mortality of fish (Chattopadhyay et al. 1988; Jana 1998). Application of

sewage into ponds has some limitations. It was concluded that the utilization of

domestic sewage in the range of 8000–19,000 million ha/year may be useful to

supply required nutrients (mg/l) as NH4N (0.1–1.5) and P2O (0.4–4.0), for fish

farming without any adverse impact on fish. Mandal et al. (2015) have calculated

that 1 l of treated sewage may generate an average amount of 0.05 g nutrients in the

form of N and P and conserve 99% of water (Datta et al. 2000). Intake of 1.0 l

sewage effluent has been found to yield an average amount of 0.30 g biomass in the

form of fish reared in such sewage-fed water bodies. Potentiality of sewage is

quantified in terms of nutrients added as fertilizer inputs in culture system. Calcu-

lation shows that 469 kg ha�1 of nitrogen and 62.7 kg/ha of phosphorus in the form

of ammonia nitrogen (NH4-N) and phosphate (P2O5) were available as fertilizer

when an amount of 10.538 � 103 m3 ha�1 sewage effluent was applied in sewage-

fed pond for 8.5-month culture period (Datta et al. 2000). This amount of sewage in

terms of fertilizer input has been responsible for production of fish yield about 3.2 t/

ha/8.5 months (Datta et al. 2000). Others have also reported the relevance of sewage

intake for fish production (Ghosh et al. 1980; Jana 1998; Jena et al. 2010). They

advocated that the incorporation of sewage in fish culture ponds facilitates to

increase water productivity and make aquatic system vibrant through addition of

required nutrients. A comparison of water qualities between a sewage-fed and a

commonly fertilized fish pond has shown that the former exhibited significantly

higher values of BOD, N, P and Cl�1 (Chattopadhyay et al. 1990). In Hungary,

nearly threefold more sewage at 150 m3/ha/day was applied for fish yield (Olah

1990). Zhang (1990) reported that the rate of intake in China varied from season to

season ranging from 1 to 5% of the volume of pond water at an interval of

4–15 days. Usually during winter, some farms used to take wastewater as basal

fertilizer at 10% or more of the total pond water volume. Potentiality of sewage

depends upon the condition of particular water body in which sewage is required as

fertilizer input conducive to fish growth and survival. Fish yield is related to both

gross primary productivity (GPP) and net primary productivity (NPP) of pond

water. An optimal productive pond for aquaculture after intake of sewage should

have GPP values between 650 and 850 mg C/m3/h and NPP between 250 and

450 mg C/m3/h (Saha et al. 2001). This condition is considered to be one of the

suitable criteria that may favour desirable fish production due to sufficient amount

of DO in pond water (Mandal et al. 2015). Nutrient-enriched sewage water results
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in high production of diversified plankton required for favourable growth of fish

(Bhowmik et al. 1993; Boyd and Tucker 1998). Phytoplankton production increases

rapidly due to fertilization through sewage, constituting about 80% of the total

plankton population, ranging between 65,000 and 1,20,000 nos/L. and zooplankton

being about 20%, with the range of 20,000–45,000 nos/L (Mandal et al. 2015).

Three types of algal groups are found prevalent in sewage-fed water; green algae

are the most dominating one compared to blue green algae and diatoms. Diatoms

represent as the major constituent of benthic community. Phytoplankton population

in sewage-fed ponds dominates over zooplankton during most of the culture period.

Zooplankton appears to be visible distinctly with dominance of cladocerans, when

density of phytoplankton population declines (Mandal et al. 2015). The values of

Shannon diversity index for Myxophyceae, Euglenophyceae and Chrysophyceae

were higher in facultative pond compared to maturation ponds, whereas that of

Bacillariophyceae was more dominant in the latter than in the former in Kalyani

sewage-fed ponds. The P/R ratio varied from 1.365 to 5.729 in different ponds

investigated. The sum of total scores for different optimal conditions for fish growth

also increased spatially exhibiting two clear-cut zones: the facultative pond with

dominance of blue green algae with greater carbon sequestration potential and the

maturation ponds with the benign environment for fish growth mediated through

microalgae-zooplankton grazing and detrital food chain (Sarkar et al. 2017).

5.7 Fish Farming

Aquaculture comprises a number of interrelated steps for the cultivation of fish crop

and its desirable yield. A package of practices for sewage-fed aquaculture (Fig. 5.4)

has been developed to benefit fish farmers through scientific interventions, includ-

ing (a) pond environment and (b) biotic components.

5.7.1 Pond Management

Effective pond management leads to an efficient use of nutrients in soil and water,

proper ecosystem functioning and increase in biological productivity. All these

factors regulate the activation of microbes and interaction among biotic and abiotic

components, thus making an efficient ecosystem through dynamics of nutrients,

leading to sustenance of sewage-fed aquaculture (Mandal et al. 2015). Usually, no

supplementary feeding or chemical fertilizer is required during the culture period

since supply of sewage effluents adds nutrients which stimulate the production of

planktons. Sewage-fed ponds require continuous supply of sewage or periodically

depending on pond area, water volume, availability of wastewater, seasonal con-

dition with regard to temperature fluctuations and dilution of pond water due to

monsoon rains (Mandal et al. 2015). Topography of the site should ideally be flat or
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gently sloping towards the outlet so that treated wastewater can be taken into pond

preferably by gravitation to minimize running expenses (Nandeesha 2002). In such

systems freshwater supply to the pond is also required in addition to freshwater

already stored in the pond.

5.7.1.1 Pond Preparation

Pond preparation is a basic requirement in aquaculture practice for production of

the desirable yields (Edwards 1992, 2008; Datta et al. 2000; Nandeesha 2002; Jena

et al. 2010). Sewage-fed fish farm requires a little less depth than that of a normal

freshwater fish farm as sewage tends to increase the turbidity of water (Datta et al.

2000). Ponds are prepared prior to fish culture. Usually initial procedure is

dewatering of pond through machine-operated pump or any other means.

Dewatering of pond means to expose pond bottom to sunlight, and 2–3 weeks

exposure to sunlight leads to a complete drying up of pond bottom. Dewatering of

pond eradicates unwanted fish species and also makes de-siltation easy (Datta et al.

2000; Nandeesha 2002). It has been advocated for tillering the bottom soil up to

6–10 cm through raking after drying, followed by application of lime at

400–500 kg/ha. All these steps are needed for maintenance of proper oxidation,

desired level of pH, eradication of parasite and their cysts and removal of obnoxious

gases from the bottom soil (Nandeesha 2002). Sometimes, mahua oil cake at

2000–2500 kg/ha is applied for provision of developing suitable environment to

Fish farming
Management 

Pond management

Pond manuring

Pond preparation

Intervention to pond 
environment

Intervention to 
Biotic components

Fish culture Natural biotic 
communities 

Plankton

Benthos

Other biota

Species selection

Quality seed

Stocking density

Farming method

Crops production 
& harvest

Fig. 5.4 A diagrammatic view of sewage-fed fish farming management
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increase the availability of food and space necessary for culture species to be

stocked in pond prior to intake of sewage (Datta et al. 2000; Mandal et al. 2015).

5.7.1.2 Pond Manuring

Optimal loading of sewage effluent in aquaculture pond results in effective fertil-

ization of pond water that leads to a vibrant ecosystem functioning of sewage-fed

aquaculture. Sewage intake allows the pond ecosystem to remain aerobic through-

out the day and night during the culture period (Mandal et al. 2015). Generally BOD

level of raw domestic sewage amounts to 400 mg/l (approx.) which comes down in

the range of 40–132 mg/l through simple sedimentation process (Edwards 1992,

2008; Jana 1998; Datta et al. 2000; Chakrabarti et al. 2011; Mandal et al. 2015).

Resultant sewage is known as primary treated sewage water. Recipient aquaculture

pond determines the amount of primary treated sewage and the frequency for

sewage intake required for its system. This is often determined through physico-

chemical analyses of sewage water. Even seeing water colour and fish motility may

also be helpful to guide farmers the requirement of sewage in culture system. Green

colour of water, low transparency and minimal surfacing of fish at dawn to gulp air

are few indicators of hygienic pond condition (Chakrabarti et al. 2011).

Chattopadhyay et al. (1988) reported maintenance of pond water BOD at a range

of 10–20 mg/l to be helpful in maintaining an aerobic condition as well as good

productivity level in sewage-fed fish ponds. Optimal rate of sewage intake is

essential to achieve desirable scale of fish yield. Evidently low production of fish

biomass was recorded from 20 to 5 kg/d/ha, when the amount of sewage intake was

higher than 250 m3/d/ha and below than 150 m3/d/ha (Olah 1990). One study

revealed that net production of 1440–2400 kg/ha was achieved in Hungary when

the ponds were fed with 150 m3/d/ha of sewage water (Olah 1990). Low intake of

sewage creates nutrient deficiency, whereas higher intake than required amount

results in depletion of DO leading to mass mortality.

5.7.2 Sewage-Fed Aquaculture

In sewage-fed aquaculture, water as such is not considered ideal for fish culture.

The wastewater has to get ready for fish farming by the removal of excess nutrients.

In such system, judicious selection of fish species is important for desired results.

Species which are selected in sewage-fed aquaculture need to be adaptable for

effective utilization of natural food organisms (Nandeesha 2002; Datta et al. 2000;

Chakrabarti et al. 2011; Mandal et al. 2015).
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5.7.2.1 Species Selection and Their Food Habits

Four main categories of fish are selected in preference to the feeding habits:

herbivorous, detritivorous feeder, carnivorous and omnivorous (Fig. 5.5). Herbiv-

orous feed on microalgae, including phytoplankton, and are most efficient users of

energy as directly feeding on producers. Detritus feeders feed on dead organisms,

organic and decayed matters at the bottom of the pond. Detritus foods comprise

plants and animal organic matter. Carnivorous fish feed on small-size organisms

including annelid larvae, insect larvae, crustaceans and molluscs. Omnivorous

species feed on both plant and animal matter (Mandal et al. 2015). In sewage-fed

ponds, Indian carps, catfish and prawn have been successfully standardized to grow.

With variable graded levels of sewage concentration, species are tested to tolerate

the limits of sewage grades. Age groups of the same species vary in tolerable limits

of graded levels of sewage. Indian major carps, namely, catla (Catla catla), rohu
(Labeo rohita), mrigal (Cirrhinus mrigala) and calbasu (Labeo calbasu), have been
standardized for rearing in sewage-fed ponds (Ghosh et al. 1980, 1988; Datta et al.

2000). Indian minor carps such as Reba carp (Cirrhinus reba) and bata (Labeo bata)
and minnows like mourala (Amblypharyngodon mola) have also been reared in

sewage-fed system, with intake of low concentration of primary treated sewage in

Rahara Fish Farm. Exotic carps such as silver carp (Hypophthalmichthys molitrix),
grass carp (Ctenopharyngodon idella) and common carp (Cyprinus carpio) have
been reared along with indigenous species with suitable ratio of species and their

stocking density (Ghosh et al. 1988; Datta et al. 2000). Besides, two species of

tilapias (Oreochromis niloticus and O. mossambicus) have remarkably been grown

CARP
1 Catla (Catlacatla)
2 Rohu (Labeorohita)
3 Mrigal (Cirrhinusmrigal)
4 Calbasu (Labeocalbasu)Indian Major Carp

1 Bata (Labeobata)
2 Reba (Cirrhinusreba)Indian Minor Carp

Minnows 1 Mola (Amblypharyngodonmola)

COMPOSITE FISH 
FARMINGIndigenous fish 

species

CATFISH

PRAWN

Exotic fish species

1Magur (Clariasbatracus)
2 Singhi (Heteropneustesfoessilis) 

1 Macrobrachiumrosenbergii

CARP
1 Common carp (Cyprinuscarpio)
2 Silver carp (Hypopthalmichthysmolitrix)
3 Grass carp (Ctenopharyngodonidella)

TILAPIA1 Oreochromismossambicus
2 Oreochromisniloticha

Fingerlings (range):
5000-10000 no./ha

Species ratio1 Catla                 20%
2 Rohu                 25%
3 Mrigal               20%
4 Silver carp        20%
5 Grass carp        05%
6 Common carp 10%

Stocking density

1st - IMC (Catla, Rohu, Mrigal) 
2nd -IMC + Reba bata& Bata 
3rd -IMC + S. carp & C. Carp

4th -IMC + Tilapia
5th- IMC + S. carp & Tilapia

Choice of species group

Fig. 5.5 Composite fish farming in sewage-fed system
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in sewage-fed system. Their efficacy of considerable sewage-tolerable limits has

attracted farmers for their acceptance as one suitable component of fish species in

sewage-fed culture. Both the species of tilapia constitute 5–30% of species stocked

as seen in different sewage-fed farms (Mandal et al. 2015). Some farmers stock

pangas (Pangasianodon hypophthalmus) in the condition of comparatively high

organic loaded water since they are biologically hard organism with capacity of

survival at low DO level, even up to 3.0 mg/l. Indian catfish like C. batrachus and
H. fossilis are also incorporated growing in sewage-fed aquaculture. They are

grown in shallow water body during rainy season as a part of integrated culture

practice in paddy-cum-fish culture system considering their higher market price as

well as consumers’ preference. Attempts were made to culture high-value species

like giant freshwater prawn, Macrobrachium rosenbergii, in sewage-fed ponds and
yields were encouraging.

5.7.2.2 Quality Seeds

Quality of seed has been a matter of concern. Instances of low-quality seed

production for immediate gains are many. For example, hybrid seeds of carps

produced in many hatcheries perform poorly in sewage-fed system. There has

been an attempt to solve the issue in collaboration with respective state fishery

departments. Creation of awareness to produce and use good-quality seeds, along

with regulations like certification/accreditation of hatcheries, would go a long way

to improve quality of seeds produced in the country.

5.7.2.3 Stocking Density and Species Ratio

Fish farming requires appropriate stocking density of fish to be reared either in

monoculture or in polyculture. Every system has its own carrying capacity. Fish

seeds are also stocked within the carrying capacity of sewage-fed aquaculture

(Datta et al. 2000; Nandeesha 2002; Edwards 2008; Chakrabarti et al. 2011; Mandal

et al. 2015). Usually, fingerlings of 10–15 g in size are stocked in sewage-fed pond

culture (Datta et al. 2000), which is comparatively of bigger size compared to those

stocked in normal ponds. However, it may vary depending on fish seed availability,

the size which is amenable to sewage-fed water, carrying capacity of the pond, etc.

(Nandeesha 2002; Edwards 2008). Stocking density may range between 5000 and

10,000 fingerlings ha�1 practised during the months of August and September

(Datta et al. 2000). Datta et al. (2000) established a standard combination and

ratio of species in sewage-fed system for desirable fish yields (Fig. 5.5).
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5.7.2.4 Farming Methods

Two methods of fish farming have been adopted. In the first system fish are stocked

and harvested as a whole after 6–10 months. In the second system, multi-stocking

and multi-harvesting are carried out throughout the culture period as is being

practised in East Kolkata Wetlands (Nandeesha 2002). Both have commercial

importance and economic viability. Nevertheless, the latter system is more respon-

sive to market demand and economically feasible to farming community. Fish is

stocked several times in a year depending on the intensity of operation. Once the

water turns completely green, stocking of fish is initiated. Biological purification of

the sewage occurs due to photosynthetic activity in the pond. Before stocking, fish

are kept in hapas in the pond to test pond condition through survival. If the results

are positive, large-scale stocking takes place. Fish are grown mostly on the natural

food growing in the pond. Sewage is drawn at regular interval at 2–3% of the total

volume of pond water. A dip treatment of potassium permanganate solution would

be given to the fingerlings before releasing them into ponds as remedial measure

against infection since they are grown in sewage-fed water. Composite fish culture

is practised to harness the potentiality of entire pond ecosystem and to make the

pond environment sustainable (Ghosh et al. 1999; Datta et al. 2000; Chakrabarti

et al. 2011). In this practice, right species with proper size suitable to sewage-fed

culture is required. Also maintenance of distinct ratio of different species is

considered based on their appropriate niche (Fig. 5.5). IMC is adopted well growing

in this system with production of desirable yields. Exotic species may also be

combined with IMC in composite culture practice. Silver carp is the proper candi-

date to maintain pond ecosystem when algal bloom is excessive. Release of silver

carp in sewage-fed pond helps in controlling algal bloom, which otherwise can

grow excessively and results in oxygen depletion in ponds. Tilapia is also suitable

for monoculture practice; even in high organically loaded pond, tilapia is able to

survive and is beneficial to farmers. In some farms, both L. bata and C. reba are

cultured as a part of monoculture practice and their growth was found remarkable

(Ghosh et al. 1985, 1999; Datta et al. 2000).

5.7.2.5 Fish Production and Harvest

With a view to achieving sustainable aquaculture system, the researchers have

standardized fish production in sewage-fed system over the decades (Table 5.2).

In sewage-fed pond, five species of indigenous carps, namely, catla, rohu, mrigal,

reba and bata, and two species of exotic carps, such as silver carp and common

carp, are preferred. Sometimes, grass carp is released in specific condition. Other

important species include Amblypharyngodon mola, giant freshwater prawn

(Macrobrachium rosenbergii) and catfish like magur (Clarias batrachus) and
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singhi (Heteropneustes fossilis). Repeated stocking and multiple harvesting prac-

tices are adopted to fetch higher yield with better returns. Monoculture of freshwa-

ter prawn in wastewater-fed system also revealed tremendous potentiality. The

growth pattern of different cultivable species in wastewater-fed system varies

according to the species ratio and pond productivity (Sahoo et al. 2012). Generally

it is observed that silver carp grows fastest among the carps.

Comparison of fish production between sewage-fed culture and feed-based

practice revealed that fish production from feed-based practice was recorded to

be 15.5% more than that in sewage-fed system, with same species combination and

duration (Datta et al. 2000; Mandal et al. 2015). Freshwater composite carp culture

system using feed, lime and fertilizers in different regions of India revealed the

production in the range of 1988.44–5250.66 kg/ha/year (Routh and Tripathi 1988)

which is quite compatible to this low-cost production system (Roy and Ghosh 1987;

Rai et al. 1996). Jhingran and Ghosh (1990) reported the higher fish production in

the range of 5002.4–6791.0 kg ha�1 year�1, with stocking density ranging between

10,000 and 24,000/ha in sewage-fed ponds. Zhang (1990) documented net fish

production of 700–11,963 kg/ha/year from waste-fed aquaculture in China. Harvest

takes place twice a month to obtain table size fish for consumption after 3 months

from stocking of fingerlings. After completion of one cycle of harvest, fish are

restocked at 1.0 kg of fingerlings for every 5 kg of fish harvested. Fish are left

undisturbed for the subsequent fortnight, and harvesting will start again after that

period.

Human health and the environmental issues are the most important concerns in

the use of sewage water in aquaculture. Harvested fish are kept in clean freshwater

ponds for 2 weeks or more prior to marketing or consumption, as to get rid of any

possible contamination of xenobiotic compounds. Depuration helps in reducing

possible microbial accumulation in fish tissues. Harvested fish usually undergo

rechecking with certain features: coming out of foul smell, faded lustre of skin, dull

appearance and slow movement. Harvested fish with these features need to be kept

in depuration for 24–72 h in freshwater ponds. Depuration helps to instill freshness

and attractiveness in the fish produced. Fish grown under this kind of culture system

remains safe for human consumption as evident from several analyses of edible

muscle tissues of cultured fish. More and above, washing of dressed portions of fish

fillet during processing and a normal procedure of cooking result in complete

elimination of any possible microbial load.

5.7.3 Biotic Communities

Sewage-fed system constitutes a variety of organisms, all of which are not required

for fish consumption. However, organisms which serve as food contents need to be

estimated as they are related to the growth of reared fish. The nutrient-rich status of

sewage water favours high production of natural fish food organisms. Among
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different kinds of fish food organisms, phytoplankton production is generally high,

and they also form the base trophic level of any food chain (Bhowmik et al. 1993;

Mandal et al. 2016). Phytoplankton constitutes about 80%, and zooplankton

forms about 20% of total plankton population. Microcystis, Scenedesmus,
Ankistrodesmus, Nostoc and Chlorella are the dominant species among phytoplank-

ton. Phytoplankton bloom develops, and consequently Brachionus, Daphnia,
Moina and Cyclops also flourish as they directly feed on phytoplankton. These

planktons serve as food organisms and favour the fast growth of Indian major carps

and exotic carps. Bottom biota of sewage containing small worms and insects serve

as excellent food for some catfish species as well as for common carp and Java carp.

The most common microbes present in raw sewage include Escherichia coli, other
coliform species and Staphylococcus aureus. The MPN counts of coliforms in raw

sewage varied between 108 and 109/100 ml. The permissible limits of microbial

load for fish culture range between 1� 103 and 1 � 104/100 ml. Protozoa,

helminthes, fungi and virus are also noticed, and even quite a large number of

bacteria remain present, though most of them are non-pathogenic.

5.8 Risk Assessment

WHO (2006) recommended the bacterial quality standards and threshold concen-

tration for fish muscle. This may be considered to be the standard precautionary

measures for aquaculture practice until any other guidelines from authentic body/

organization are issued:

1. A minimum retention period should be 8–10 days for raw sewage.

2. The maximum of total bacterial population should be 1 � 105/ml sewage-fed

water.

3. Fish ponds should be free of viable trematode eggs.

4. Sewage effluent should be suspended 2 weeks before fish harvest.

5. Harvested fish should be held for few hours to facilitate evacuation of gut

contents.

6. A total bacteria population should be <50 no/g of fish muscle and no

Salmonella.
7. There should be good hygiene in handling and processing of sewage-fed fish,

along with cooking well.

Pal and Das Gupta (1992) reported that microbiological quality of fish in

sewage-fed water bodies is better than that of freshwater fish from many other

water bodies polluted unintentionally. It may be argued that fish grown in sewage-

fed water under strict monitoring is safer for human consumption than wild fish

caught from polluted and unregulated water surface (Edwards 2000). In this

connection, risk assessment includes following conditions in view of safe fish for

consumption.
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5.8.1 Microbial Load

Microbial load is considered an important factor in sewage-fed aquaculture for risk

assessment. There have been many studies on sewage-fed systems including raw

sewage, primary treated sewage and sewage-fed water. Different strains of

microbial loads (cfu � 100/ml) were recorded from the raw sewage (Bhowmik

et al. 1997, 2000), with the following range: total coliform, 30.0–180.0 � 106;

faecal coliforms, 6.2–59.0 � 106; faecal streptococci, 61.0–110 � 106; total pseu-

domonads, 35.0–120� 106; and heterotrophic bacteria (cfu� 1/ml), 9.0–13.8� 104.

When that raw sewage was added into fish pond water, these bacterial loads were

found very low in quantity (cfu � 100/ml), with the following range: total coli-

forms, 16.28–47.4 � 104; faecal coliforms, 1.3–10.29 � 104; faecal streptococci,

3.0–9.3 � 104; total pseudomonads, 49.7–92.0 � 104; and heterotrophic bacteria

(cfu � 1/ml), 7.8–24 � 104. The reason for reduction of bacterial loads may be due

to long distance traverse of raw sewage from its source to the eventual destination

of sewage-fed pond via stabilized pond. Sometimes, stabilized ponds covered with

macrophytes are found much effective for reducing microbial load (Mandal et al.

2015). Microbial load was examined in different organs of fish reared in sewage-fed

system, which indicated the following status: gut > slime > gills > muscle.

Different strains of bacterial load (cfu � 100/ml) as total coliforms, faecal coli-

forms, faecal streptococci, total pseudomonads and heterotrophic bacteria (cfu� 1/

ml) have been recorded as 1.8–5.4 � 102, nil, 1.7 � 103–9.3 � 102, 2.6–4.1 � 102

and 2.4–4.4 � 103, respectively, from 1.0 g of muscle (Bhowmik et al. 2000). Fish

muscle used for human consumption exhibits minimal microbial load or nil as

considered to be safe for human health, even though this negligible amount may be

killed by culinary process (Mandal et al. 2015). In practice fish muscles are used for

human consumption, which in fact exhibits the lowest amount of microbial loads

among other organs. However, there are measures such as long traverse of raw

sewage, bioremediation (mainly use of macrophytes) and short deposition in

stabilized pond which are altogether beneficial ways to reduce microbial loads

from predominant population to suitable limit, not to be harmful in fish culture (Buras

1988). Also, biological treatment system through phytoremediation, involving different

ponds in the series, could reduce microbial load up to 99% as reported (Rangeby et al.

1996; Bhowmik et al., 1997, 2000; Jena et al. 2010). The reduction of bacterial load in

stabilization and facultative ponds, in turn, facilitates to the growth of different

phytoplanktons that leads to oxygenation in culture ponds (Ghosh et al. 1988).

5.8.2 Heavy Metals and Toxicity

Sewage is mostly rich in organic substances which are released after domestic uses.

Nevertheless, domestic sewage has been examined repeatedly for assessment of

heavy metal concentration. The analysis showed that different concentrations
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(ppm) of heavy metals like Mn, Cu, Cr, Pb and Zn vary in the range of 0.05–5.0,

apart from As (ppb) and Cd (ppb) with <1.234 in primary treated sewage water.

When muscle and gills of four species such as catla, rohu, mrigal and bata are

examined, concentration (ppm) of Mn, Cu, Cr, Pb and Zn remained in the range

between 0.063–2.092 in gills and 0.015–0.109 in muscles against the permissible

limit in the rage of 0.2–5.0 (Mandal et al. 2015). Primary treated sewage water

contained very negligible amounts of heavy metals far below than permissible

limit. Fish reared in such sewage-fed water is found safe for human consumption.

Moreover, bioremediation through macrophytes has been tested as proven tech-

nique to remove heavy metals from sewage water, if any (Sengupta et al. 2012;

Raychoudhury et al. 2007). Nevertheless, fish reared in sewage-fed water bodies

need to undergo repeated analyses that can ensure its acceptability to consumers in

respect of safety issue.

Eight common agricultural pesticides such as alpha-endosulfan, beta-endosul-

fan, endosulfan sulfate, chlorpyrifos, monocrotophos, malathion, mancozeb and

carbaryl were analysed from fish samples reared in sewage-fed aquaculture. How-

ever, no residues of these pesticides were detected at the limit of 0.01 mg/kg of fish

sample (Mandal unpublished). Bioassay trial has been conducted to examine the

toxicity levels of sewage on fish and its intake in aquaculture for fish rearing. LC5,

LC50 and LC95 values of wastewater for the fish on 96 h of observation were

24.35%, 52.88% and 70.0% mortality, respectively. Acute toxicity values of

domestic wastewater were measured using different species of fish as test organ-

isms at different times (Sarkar et al. 1993; Bhowmik et al. 1995). The 96 h LC50 for

fry of Cyprinus carpio was 34% in domestic wastewater (Ghosh et al. 1985). Lower

range of LC50 values (31–33%) was reported for fry of Labeo rohita (Sarker et al.

1993). Survival of IMC fingerlings exposed to 96 h LC50 was found to be about

50% mortality (Mandal unpublished). When fingerlings were exposed to 40%

concentration, survival record was 80% for 96 h observation (Mandal et al.

2013). Factors like maturity, physiology and genetic configuration vary species

wise to respond to toxicity; nevertheless, less than 50% dilution of primary treated

sewage was suitable for rearing fish subject to incorporation of moderate sewage

effluent. The fish exposed to such sewage water was found active and behaved

normally (Mandal et al. 2015).

5.9 Conclusions

Recycling of wastewater can provide plenty of freshwater available for aquaculture.

There is an increasing concern about freshwater shortage in the context of global

warming and climate change. Global warming may cause changes in the rainfall

pattern and disrupt freshwater supplies in the foreseeable future. Recycle of treated

sewage effluent in aquaculture has been tested as an instance to enhance water

productivity of the system. Use of domestic sewage is of a high relevance to provide
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nutritional as well as livelihood security for the farmers. Quality and fish-rearing

practices in such waters are evaluated considering an important environmental issue

and found safe for health and hygiene of handlers and fish consumers. Utilization of

sewage in aquaculture serves two important purposes: (1) transformation of

misplaced nutrients into fish biomass and (2) water conservation in the context of

increasing freshwater scarcity. Through prolonged research activities, it has been

possible to establish the sewage-fed aquaculture as a reliable and responsible

system to both fish farmers and consumers through its relentless scientific inter-

ventions and uncompromising commitment.
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Chapter 6

Wastewater-Fed Aquaculture in East Kolkata
Wetlands: State of the Art and Measures
to Protect Biodiversity

Sasidulal Ghosh

Abstract East Kolkata Wetlands (EKW) have been recognized internationally as

an important Ramsar Site with its long history of metamorphosis from saltwater

area to freshwater aquaculture system fed with wastewater. It has been rendering

livelihood opportunity to a large number of people in and around Kolkata through

production of cheap protein source of food fish. This large-scale wetland system is

utilized for wastewater treatment cum fish farming. The chapter attempts to focus

important facts relating to wastewater-fed aquaculture, along with unique features

that characterize such wetlands sustainable over the times. Nevertheless, this

wetland system is now facing concerns which need to be resolved for benefits of

fish farmers and fish consumer as well. Some measures have been addressed for

sustainable management of the wetland system that would provide ecosystem

service to cater the benefit of protein food production for present and future

generations.

Keywords Wastewater · EKW · Aquaculture · Biodiversity
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6.1 Introduction

The world is now in a critical phase with increasing population over decreasing

resources. The developing world as a whole has been predominantly rural but is

rapidly becoming urban. In 1975 only 27% of people in the developing world used

to live in urban areas, whereas in 2000 it became 40%. Projected prediction

suggests that developing worlds will turn to be 56% urban by 2030. The urban

populations will face two major challenges: (1) supply of protein foods and

(2) disposal of human waste. A study conducted in Kolkata Metro, India, shows

that for every 115.6 l of potable water supplied to households, 92.5 l become

wastewater. This shows that more is the urbanization; much is the wastewater

generation leading to excessive pressure on urban sanitation and threat to open

water pollution. The cumulative effect may also threaten biodiversity in general,

particularly sustenance of human life. The Millennium Development Goals

(MDGs) formulated some measures in terms of respective ‘GOALS’ to mitigate

the concerns as much as in the use of wastewater in agriculture. The important goals

with respect to wastewater use in agriculture are as follows:

Goal 1: ‘Eliminate extreme poverty and hunger’ – fish raised in waste-fed system is

contributing to human nutrition through protein supplementation.

Goal 7: ‘Ensure environmental sustainability’.

Wastewater treatment through aquaculture in East Kolkata Wetlands (EKW) has

been an innovative approach practised by local fish farmers. The recycling of

wastewater in aquaculture has its potential of resource recovery in terms of
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nutrients utility through food chain of fishes. This is a proven and an age-old

alternative low-cost sanitation system that is linked to livelihood option and

nutritional security of common people. The present chapter highlights the facts

and features with respect to concerns and possible measures.

6.2 Facts

6.2.1 Location and Weather

The EKW lies between the river Hooghly on the West and the Kulti Ganga in the

East, with geographical location: lat. 22� 250N–22� 400N and long. 88� 200E–88�

350E. Three major seasons as winter, summer and monsoon are recognized. Tem-

perature ranges between 12 and 40 �C, and rainfall recorded between 150 and

200 cm, with humidity 80% as an average and wind speed ranging from 2.9 to

7.0 km ph. Solar radiation varies between 150 and 250 Langley/day. This tropical

location has been suitable for trapping a huge amount of solar radiation that helps in

treating wastewater through ecological functions and improving wastewater quality

for fish farming.

6.2.2 Genesis

The East Kolkata Wetland is a part of the mature delta of the river Ganga, its

tributaries and distributaries. Since the early fifteenth century, the river Ganga

changed its main course from the Bhagirathi to the Padma River. This eastward

shift in the course of the main flow of the river Ganga brought metamorphic

changes in the process of delta building in the lower Gangetic plain. As a result, a

number of distributaries and tributaries were cut off from upland flows. The mouths

of some small distributaries opened directly into the Bay of Bengal and were

influenced by tidal action. One such tidal channel has been the Bidyadhari River

that used to deposit silt in this area. Since then, the process of natural deposition and

raising the level of the spill area ceased to function, and this incomplete process of

delta building did not allow the low-lying areas behind the Hugli levee, to the east

of Kolkata, to rise higher. The East Kolkata Wetlands now remain as remnants of

the vast stretches of the salt lakes, which once extended beyond the present

international boundary of Bangladesh. The land to the east of Kolkata in general

slopes to the east and south-east, with the natural drainage in those directions.
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6.2.3 Metamorphosis of EKW: From Brackish to Freshwater
Aquaculture

Prior to 1830, the low-lying region with saltwater lakes acting as spill reservoirs for

the Bidyadhari was utilized for farming of brackish water fish such as bhetki (Lates
calcarifer), parse (Liza parsia), bhangar (Mugil tada), prawns (Macrobrachium
rosenbergii), etc. The area was gradually rendered derelict on account of the

receding Bidyadhari spill channel. The poor upflow of the Bidyadhari and the

cessation of tidal flow converted the entire area into a vast derelict swamp. The

diversion of city wastewater and storm water into the Salt Lakes caused a gradual

change in the aquatic environment from saline to nonsaline. This led to the changes

in the culture of fish in the region, especially in terms of species. In 1929, a leading

fish producer of this region successfully experimented with the process of farming

fish in wastewater-fed ponds. Gradually, the wastewater-grown fish became prom-

inent with species such as rohu (Labeo rohita), catla, (Catla catla), mrigal

(Cirrhinus mrigala) and exotic ones such as silver carp (Hypophthalmichthys
molitrix), grass carp (Ctenopharyngodon idella) and common carp (Cyprinus
carpio) along with tilapia (Oreochromis mossambicus), walking catfish (Clarias
batrachus), etc.

With drying up of the tidal flow, subsequently intake of city wastewater was

introduced into this wetland – an innovative approach to keep EKW continuing

alive from being wasteland. The intake of wastewater was not only used for fish

culture but also used for irrigation of crops and vegetables cultivated in this region.

This practice saved the livelihood of thousands of fishermen, which was threatened

by the drying up of brackish water fisheries of EKW. In 1992, a case study on the

East Kolkata Wetlands was presented in the expert committee meeting of the

Ramsar Convention, the only example of ‘wise use’ of wetland from India, which

included one important wetland among 17 other case studies selected from all over

the world. That was the beginning of an effort which led to the declaration of the

East Kolkata Wetlands as a Ramsar Site, a new dimension in the EKW conservation

strategy. The resource-recovery system created and developed in East Kolkata

Wetlands by the local innovators through the ages is the largest in the world. It is

also the only wetland area by the side of a metropolitan city where the government

has introduced development controls to conserve the water bodies and plans to

develop it as a unique urban facility for environmental improvement.

6.2.4 Potentiality of EKW

The production of fish in EKW varies from 3.0 to 6.0 tones/ha/year, thereby

creating eco job 2 to 2.5 person/ha/year directly and 1–1.5 person/ha/year indi-

rectly. Blending of local wisdom with scientific knowledge of aquaculture, the yield

can be increased up to twofold more without supplementary feed and aeration. In
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this case, the fish pond serves as stabilization pond, and the self-purification

capacity enables to reduce the chemical and biological toxicity of urban

wastewater. The current land use pattern includes the following:(a) 5852.14 ha

corresponding 46.82% of a total land areas used for fisheries and aquaculture,

(b) 5852.14 ha as 37.75% of a total land areas used for agriculture, (c) 602.78 ha

as 4.82% of a total land areas used for garbage dumping including farming and

(d) 1326.52 ha as 10.61% of a total land areas used for human settlement.

6.3 Features

6.3.1 Characteristics of Wastewater in EKW

Wastewater is the main potential ingredients for pisciculture in EKW. The

characteristics of wastewater is not uniform round the year, it actually varies not

only place to place but also from hour to hour at the same place depending on the

climate conditions, availability of water, dietary habits, social customs, etc. The

average values of some parameters are given in Table 6.1.

6.3.2 Aquaculture in EKW, Known as LEISA

In EKW the conventional option in wastewater treatment has been replaced by an

ecological design of wise use of wetland. The relook of wetland utility aims to

reduce pollution and reuse nutrients that have ensured enhancement of food

production and livelihood security of the local community through both aquaculture

and agriculture. The high organic load of wastewater-fed fishery is degraded by the

microbial-algal-animal complex activity that enables organic wastes to recycle into

fish biomass through ecosystem dynamics. This ecological process that is the basis

of resource recovery from organic wastes has enabled farmers to be capable of

growing fish at higher yield with minimal production cost, known as LEISA (low

external input sustainable aquaculture).

6.3.3 Different Models of Wastewater-Fed Aquaculture

Based upon the physico-chemical characteristics of wastewater, climatic condition,

land availability, etc., different models or designs (Table 6.2) are available for

wastewater treatment through aquaculture to achieve the desired reduction of pollutants

and harnessing the potential nutrients in economic-driven activities (WHO 2005).
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6.3.4 Status of Wastewater-Fed Aquaculture in EKW

The total area of EKW comprises 5852.14 ha, including 3200.55 ha for a total

perennial aquaculture wetlands, 698.22 ha for a total non-operating area and

1953.37 ha for a total non-functional area. On the other hand, wastewater flow

released daily to EKW from Kolkata City accounts 1300 mld (approx.), and

wastewater availability for aquaculture is 320 mld (approx).

The wastewater management strategies vary depending upon wastewater avail-

ability, carrying capacity of pond, market demand, operational cost, work culture of

the workers/member of piscicultural unit, etc. The farmers fill up ponds with

wastewater, which is then left for 2 weeks for natural purification and stabilization

before introduction of fish. Subsequently, ponds may be topped up with wastewater

Table 6.1 Physico-chemical parameters of aquaculture ponds of East Kolkata Wetlands (EKW)

Parameter

Raw sewage

to fishery

Sewage-fed

culture water

Outlet water for

agriculture

Effluent standard for

inland surface watera

Temperature

(�C)
32.0 29.27 29.0 40

pH 7.2 7.70 7.5 5.5–9.0

Transparency

(cm)

Nil 15 10 10

Total dissolved

solid (ppm)

675 455 130.0 2100.0

TSS (ppm) 211 123 65.0 100.00

BOD (ppm) 128.4 25.0 17.9 30.0

DO (ppm) Nil 3.9 4.5 4.0

Alkalinity (ppm) 273.7 130.0 130.0 83.0

Phosphate (ppm) 2.94 0.8 0.8 0.2

Nitrate (ppm) 3.7 2.41 2.41 0.8

Free ammonia

(ppm)

40.0 1.04 0.5 1.2

Lead (as Pb)

(ppm)

0.57 Trace 0.09 Trace 0.1

Cadmium

(as Cd) (ppm)

032 Trace 0.12 Trace 2.0

Chromium

(as Cr) (ppm)

5.80 Trace 0.08 Trace 2.0

Zinc (as Zn)

(ppm)

0.56 Trace 0.44 Trace 5.0

Coliform

(cfu/100 ml)

104.5 101.5 101.5 <5000 cfu/100 ml

Faecal coliform

(cfu/100 ml)

103.5 101 101 <5000 cfu/100 ml

Salmonella
sp. (cfu/100 ml)

105 101 101 <5000 cfu/100 ml

aCPCB, Govt. of West Bengal
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continuously or periodically depending on availability of wastewater and season.

Farmers have learned by experience the methods of culturing herbivorous and

omnivorous fish such as Chinese carp, Indian major carps and tilapias. Using

traditional methods, the quality of wastewater-fed ponds is assessed by observing

water colour, light penetration in water and fish surfacing behaviour in the early

morning when dissolved oxygen level of pond water declined to their lowest level

after respiration of aquatic organisms during the night. This lesson led to conceive

the idea of wastewater-fed aquaculture.

6.3.5 Aquaculture Strategies

Farmers of EKW usually adopt a specific aquaculture practice using traditional

knowledge by the way of their experiences which is as follows:

• Obstructed flow-through system with multiple stocking and multiple harvesting

(Fig. 6.1)

• Water column – 0.6–0.8 m generally, except ponds de-silted when water column

is more than 2 m

• Wastewater intake – 50–200 m3/ha/day (100–200 days/year) due to lack of

wastewater

• Species cultured: seven to eight species. Catla catla, Labeo rohita, Cirrhinus
mrigala, Labeo bata, Hypophthalmichthys molitrix, Cyprinus carpio,
Oreochromis mossambicus and Oreochromis niloticus in different ratios, basi-

cally depending upon wastewater availability and water column and size of

fingerling at the time of introduction 5–20 g

• Stocking density: 500–1200 kg/ha

Table 6.2 Different models or designs of wastewater utility and their features

Design Features

Obstructed flow system Wastewater directly received by fishes; land is not a constraint

Waste stabilization system Wastewater stored in oxidation ponds in order to suspend

organic load and growth of plankton followed by its release to

aquaculture ponds

Flow-through system Wastewater treated through series of ponds and then used for

fishes

Dilution of wastewater If the BOD level of wastewater is more than 50 mg/l, then it is

necessary to dilute by adding freshwater

Duckweed culture In absence of sufficient quantity of water and land to reduce

BOD level below 50 mg/l, ‘duckweed culture model’ is a good
option. Duckweed helps in reducing the pollutant level in

wastewater and also serves as food for fishes

Effective microorganism

(EM)-based system

In extremely land scarce situation, wastewater can be treated by

microorganism-based system [consisting of lactic acid bacteria

(aerobic and anaerobic), yeast and Actinomycetes, etc.
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• Harvesting throughout the year (100–300 days/year)

• Harvesting size – 50–250 g for IMC and 200 g to 1 kg for exotic crap

• Production: varies from 3–6 tonnes/ha/year depending on availability of

wastewater (Table 6.3)

Farmers generally follow a few specific tips for wastewater-fed aquaculture in

EKW as:

1. Desired inflow rate of wastewater is 150–200 m3/ha/day (not 400 m3/ha/day that

may create eutrophication).

2. Added wastewater should not consume more than 1–2 mg/l of dissolved oxygen/ hr.

3. Avoid hot and cloudy day for intake of wastewater.

4. Transparency limit – 25 to 35 cm should be maintained.

5. Algal count – at least 100 million cells/l.

6. Polyculture, multiple stocking and multiple harvesting policy.

Pond preparation

Dewatering of pond

Sun drying of pond

Ploughing of pond bed

Stabilized fish pond water suitable
for release of fish seeds

Intake of sewage (30-40cm)

Application of lime

Intake of sewage (70-100cm)
with subsequent phase

Release of fish seeds 50%

Release of fish seeds 50%

Management of fish foods

Periodic limingChecking of disease 
and health

Growth rate
Regular intake of sewage

Soil & water parameter
Checking regular basis

Harvest of fishes Avoiding of repeated netting
Release of seeds every month
(remaining 50% within same
calendar year)

Harvest of fishes Avoiding of repeated nettingRelease of seeds every month
(remaining 50% within same
calendar year)

Sale of fish and
maintenance of accounts

Sale of fish in living
condition

Fig. 6.1 Method of wastewater-fed aquaculture, including multiple stocking and multiple

harvesting
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6.3.6 Marketing and People Participation

Generally fishes are sold in living condition to get better realization. About 90% of

the harvested fishes were marketed in the morning and the rest in noon (Ghosh

2004). There are seven auction centres for sale of fishes. The total quantum of fish

sold through these auction centres is 19,135 tones/year, of which more than 80%

fish is supplied from EKW. Average sale price varies from Rs. 70–80/� per kg in

auction market. A total work force comprises 17,000 people out of almost 72,000

inhabitants residing around 12,500 ha as per 1991 census.

6.3.7 Environmental Benefit

Not only that aquaculture practice in EKW produces fish by utilizing organic-laden

water, but also it renders unbelievable environmental benefits to the entire vicinity

and its people; otherwise, it creates both aquatic and land pollution that could

hamper normal health of residents. The summary of benefits is mentioned below:

• Each hectare of shallow waterbody can remove about 237 kg of biochemical

oxygen demand/day.

• Organic loading rate in fishery is 20–70 kg/ha/day. It is a source of nutrients for

plankton production, and it reduces the siltation rate in river mouth.

• Support biodiversity.

• Ecological environmental value of EKW is around Rs. 3030 million/year (for

flood control, siltation, extensive food chain, livelihood support, carbon seques-

tration and sanitation).

Table 6.3 Intake of wastewater and fish yield in East Kolkata Wetlands (WKW)

Different

waterbodies

Water depth

(m)

Intake of wastewater

(%)

Fish production (tonnes/ha/

year)

Gravity

flow Pumped

1 2 50 Nil 6.00

2 1.5 20 40 5.50

3 1 30 20 4.50

4 1 25 15 4.00

5 0.7 20 10 3.50

6 0.65 20 Nil 3.00

Source: (24-Parganas Fish Producer Association)
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6.4 Concerns

6.4.1 Poor Infrastructure

Despite a Ramsar Site recognized worldwide as its utility for fish production and

livelihood option, still EKW suffers from poor infrastructure for optimal uses of

resources. These are:

1. Lack of sufficient wastewater supply from Kolkata Municipal Corporation to the

fisheries sector of EKW.

2. Lack of up scaling of aquaculture facilities.

3. Lack of government policy and implementation measure to support wetland

practice encourages ecological sound design for environment protection.

6.4.2 Safety of Fish Yield

In aquaculture, a product-oriented practice being, public health concerns have been

raised with regard to the suitability for consumption of fish/shellfish from such

system. The level of heavy metals, antibiotic residue and microbial counts are

reported to be less than the permissible limit.

6.4.3 Threats to Fish Diversity

In EKW, there were as high as 80 species of fish during the 1960s. Later, it

was identified 32 fish species. Further, Jalabhumi Bachao Committee recently

surveyed fish species diversity in EKW during submission of proposal for protec-

tion of endangered fishes of EKW and identified 45 species (Table 6.4). The rich

fish germ plasm resources of EKW have been suffering from various serious

anthropogenic stresses leading to overall exploitation of genetic resources. The

reasons which are responsible for such destruction include habitual destruction,

over-exploitation, aquatic pollution, disease, introduction of exotics and alien

species, lack of awareness about the importance of biodiversity and lack of proper

policy implementation to restore it. Out of 45 species, 11 species are generally

cultured on regular basis, and 7 new indigenous species were introduced for

culture during the last 2 years. Three species of exotic crocodile fish by accident

were introduced in EKW, and successful populations are now found in enormous

quantity. Some species such as Nandus nandus (meni), Xenentodon cancila
(kakila), etc. were available in EKW in the 1980s, but now these species are not

available. In the present scenario, it is essential to conduct a detail survey of EKW

for up-to-date information about species diversity and categorize their scale of
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threat as per availability, somewhat in the lines of IUCN, AFS and NBFGR such as

extinct, critically endangered, endangered, vulnerable, near threatened, lower risk,

remote risk and no risk.

6.4.4 Major Events Causing Concerns to EKW

Aquaculture as well as an entire EKW is under tremendous anthropogenic pressure

leading to actual tenure problem. The cumulative effect of these pressures including

Table 6.4 Diversity of fish species in East Kolkata Wetlands (EKW) and their status

Species Status

Catla catla (catla), Labeo rohita (rohu),

Cirrhinus mrigala (mrigal), Labeo bata (bata),

Labeo calbasu (calbasu)

Commonly cultured Indian carps (5)

Hypophthalmichthys molitrix (silver carp),
Ctenopharyngodon idella (grass carp),

Aristichthys nobilis (big head carp), Cyprinus
carpio (common carp), Oreochromis
mossambicus (tilapia), Oreochromis nilotica
(Nile tilapia)

Commonly cultured exotic species (6)

Lates calcarifer (bhetki), Liza parsia (parse),

Mystus gulio (nona tengra)

Brackish water species reintroduced in EKW

by some farmer (3)

Ompok pabda (pabda), Chitala chitala (chital),

Cynoglossus cynoglossus [baspah (flat fish)],

Piaractus brachypomus (rupchanda)

Some farmers introduced to culture in recent

years (4)

Pangasius pangasius (pangus), Mystus vittatus
(tengra)

Traditionally culture by some farmer of EKW

(2)

Clarias gariepinus (African catfish/Thai

magur), Pangasianodon hypophthalmus
(hybrid pangus), Puntius javanicus (Javaputi)

Some farmers used to culture these species,

though they are negative culture species (3)

Amblypharyngodon mola (morula), Puntius
ticto (tit punti), P. Sophore (sarpunti),
Salmostoma bacaila (chela), Colisa fasciata
(boro kholisha), Aplocheilus panchax
(techaka), Mastacembelus pancalus (pacal),
Pisodonophis boro (kuchia), Notopterus
notopterus (Pholui), Clarias batrachus
(Magur), Heteropneustes fossilis (singhi),
Channa striatus (shol), C. punctatus (lata/taki),
C gachua (chang), Mystus armatus (ban),
Anabas testudineus (koi)

Species endangered in EKW (16)

Chanda nama (chanda), C. ranga (ranga

chanda), Glossogobius giuris (belay)
Small species available in good number in

EKW (3)

Crocodile fishes: Pterygoplichthys disjunctivus,
P. anisitsi, P. multiradiatus

Accidentally introduced in EKW. From the

last 4–5 years, these fishes were recorded in

good number (3)
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government agencies and private entrepreneur who does not consider its ecological

importance due to short-sight short-term planning has led to the shrinkage of these

wetlands. The natural state of this low-lying area was interfered with expansion of

the city of Kolkata with necessities of drainage and waste disposal and later also

reclamation for city extension at different times (Table 6.5).

During 2000, Jallabhumi Bachoo Committee was formed with members of

10,000 local people to protect destruction and felling of wetland. One major

event they resisted was the formation of Asian Gateway which they won eventually

by the verdict of honourable High Court. Another upcoming threat to this wetland is

the proposed ‘Eastern Link Highway’. The plan is to start the highway from the

Barasat bypass which run through Rajarhat Township and back site of Kolkata

Leather Complex and connect with National Highway 117 at Shirakol. If the road

goes through the wetlands as it is planned, then the EKW will be at a serious stake.

Table 6.5 Chronology of major events of concerns to East Kolkata Wetlands (EKW)

Year Project Result Remarks

1896 Cross damming of one of

the most powerful tidal-

spill channels of the

Bidyadhari River

Silting aggravated in the

Bidyadhari River

–

1897–1898 Canalization of the

Bhagore Khal and con-

struction of the

Bamanghata lock to

facilitate inland

navigation

Further deterioration of

the Central Lake Channel

Around 1900 saltwater

fisheries existed in the

Salt Lakes. In 1904, a

warning was given

regarding alarming dete-

rioration of the

Bidyadhari River

1910 Construction of

Krishnapur Canal –

shooter route joining the

New Cut Canal with the

Bhangore Khal

More than 78 Sq. km of

the spill area of the

Bidhyadhari River was

out off

In 1913 a second warn-

ing was given. In 1928

the Bidyadhari River

was officially declared

as dead by the govern-

ment of Bengal. During

1930, first wastewater

feed fisheries was started

and proved successful

1940 Wastewater outfall of the

city was changed from

south-east to east, to the

Kulti Gong or Kulti River

This was a necessity as

the Bidyadhari River had

died

–

1962–1967 Salt Lake reclamation for

the extension of the city

Huge conversion of wet-

land into urban areas.

Aggravation of drainage

problems of the city dur-

ing the monsoon

–

1980s Construction of Eastern

Metropolitan Bypass

–
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6.4.5 Some Constraints to EKW

In August 2002, Institute of Aquaculture, University of Stirling, Scotland,

published ‘Situation Analysis in Peri-urban Kolkata’. The paper summarized

some constraints in EKW through response of correspondence of EKW community.

The results are summarized in Table 6.6.

6.5 Measures

It is realized that conservation measures are essential to protect such important

wetlands from further degradation (Ghosh 2005). Conservation is to be encouraged

for the existence of species that includes some steps such as identification, catalogu-

ing and prioritization of species as per their RED data categories. Some measures

are to be taken as:

Table 6.6 Constraints to peri-urban (PU) aquaculture based on the perception of firm managers

(n ¼ 56)

Constraint

Respondents

affected (%)

Mean rank assigned by

participants

Overall ordinal

rank

Uncertain wastewater

supply

86 1.1 1

Financial problems 25 2 2.5

Declining wastewater

quality

9 2 2.5

Poaching 34 2.5 4

Labour problem 30 2.6 5.5

Siltation 23 2.6 5.5

Management problem 5 3 8

Poor road infrastructure 5 3 8

Poor seed quality 2 3 8

Limited access to

electricity

9 3.2 10

Disease 29 3.3 11

Threat from land

developers

7 4 13

Law and order problem 4 4 13

Inundation during

flooding

2 4 13

Declining production 5 4.3 15

Transport pTransport

problems

2 5 16
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6.5.1 In Situ Conservation

In situ conservation of fish can be done through the maintenance of fish germ plasm

resources in their natural habitat or man-made ecosystem in which they occur.

Major advantages of in situ conservation include (1) continued co-evolution

wherein the wild species may continue to co-evolve with other forms, providing

the breeders with a dynamic source of resistance that is lost in ex situ conservation,

and (2) national parks and biosphere reserves may provide less expensive protection

for the wild relatives than ex situ measures. In situ conservation can be achieved

through the following practices: (1) ranching, (2) protected areas (sanctuaries,

biosphere reserves, etc.), (3) conservation aquaculture, (4) threatened or endan-

gered species designation and (5) restoration of damaged and degraded habitat.

6.5.2 Ex Situ Conservation

The threatened species are conserved outside their natural habitats. The two main

pillars of the ex situ conservation programme are (1) live gene bank or resource

centre and (2) gamete bank. A mini gene bank with cryopreserved milt of several

threatened and commercial species presently exists at the National Bureau of Fish

Genetic Resources (NBFGR), Lucknow, India. Other ex situ conservation programmes

include tissue banking, registration of germ plasm,and DNA barcoding.

6.5.3 Some Specific Recommendation for Enhancing Fish
Biodiversity in EKW

With a view to save the world’s largest wastewater recycle region, it is urgent to

adopt proper and balanced methodologies for enhancing fish diversity (Ghosh and

Ghosh 2003). The endangered species of EKW can be divided into two broad

groups, viz., (1) candidate species having economic importance for culture and

(2) fishes having ornamental values. Out of the 27 endangered species in EKW,

15 species can be selected as candidate species for culture and the remaining 12 as

ornamental fish, especially for export. Besides culture of economically important

fishes, standardizing and transferring the captive breeding and seed rearing tech-

nology of ornamentally valued small fishes of EKW are common among fishers.

This will open a new avenue of employment in EKW and also play a role in

restoration of fish biodiversity. Some measures are:

1. As most of the endangered fish species in EKW are smaller in size, mesh-size

regulation during harvesting of fishes from grow-out pond is a suitable option
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for protection against random catching of endangered fishes. Mesh size should

be more than 4–5 cm for harvesting of marketable fish.

2. Total restriction on use of insecticide, pesticides and other harmful chemicals

in pisciculture in EKW.

3. Strict monitoring to restrict the entry of heavy metals and other harmful

chemicals in city wastewater and thus reducing the pollution load of incoming

wastewater to the fisheries of EKW.

4. Over-removing of earth from the bed of pond by Rajarhat New Town Authority

be restricted, and it should be limited as per suggested cutting depth of 0.80

metre (average).

5. Restrict fragmentation of bigger pond into small ponds.

6. Restrict unapproved exotic species culture and if so should be declare as

punishable offence.

7. During liberation of fish seed, certain unwanted and exotic variety of fishes are

coming from different places of West Bengal and entering into EKW system.

Establishment of a fish seed centre within EKW can resolve this problem.

8. Protect existing natural habitat of endangered species of EKW. Government

should take initiative to declare some bio-protected zone for endangered

species.

9. Captive breeding and seed production of endangered fishes of EKW.

10. Awareness amonglocal people related to EKW regarding importance of endan-

gered species for biodiversity and environment. Policymakers and implementer

agencies also be educated about the biodiversity importance for our world.

6.5.4 Marketing Chain in EKW

The postharvest scenario in the fisheries unit in EKW and its distribution system

play an important role in completing economic cycle. Daily harvested fish is

brought to auction centre usually in the morning and also in noon/afternoon through

carriers/packers. Generally quantity of fish carried by carriers per consignment is

12–16 kg live fish or 20 kg dead fish. The rate of carrying fish by carriers is varying

between Rs. 4.00 and Rs. 7.50 per kg depending upon sale price of fish, distance,

etc. Farmers have no free access to sale the product where they get maximum; they

have to engage carriers for selling fishes. Out of total production, the fisher/

producer sells 97% and 3% disposed of by way of subsistence payment to labourers,

consumption by residential staff and charity/donation made during festivals. The

operating chain may be represented diagrammatically as follows (Fig. 6.2).

In auction market, the aratdars (i.e. kata owner) charge commission to seller as

well as from buyer (wholesaler/retailer). The commission is charged as a percent-

age of cash sales, and the rate varies between 1% and 2% for buyer and 2% and 5%

for seller. The peak business month is between April and September; remaining

months are lean period of culture and production. More than 19,235 tonnes of fish

per year are sold through seven auction centres of this region. Out of the entire fish
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sale through these centres, more than 15,592 tonnes (>81%) from EKW and the

remaining of about 19% fishes come from adjoining area of EKW. The locations of

the auction market are at seven strategic points catering to diverse retail market

mentioned in Table 6.7.

Major fish supplies to Kolkata City from EKW are mainly through aratdars. The

aratdars in their turn put the fish for auction to retailers and lot retailers. The lot

retailers take the fish to retail market and put the same for auction again to a section

of retailers. A portion of the daily supply (very small) also goes directly to retailers

from the collectors or ‘beparies’ who purchase the fish at fishing sites. The retailers
purchase the fish and sell the same to consumers in market.

Due to monopolistic control of fish trade in different stages by a handful of

middleman, the producers receive low prices for their products while consumers

have to pay high prices for what they purchase. In general the producer in recent

year gets around Rs.70.00/kg (average) of live fish, but in fish market, consumer

purchases it not less than Rs. 120.00/kg. The middleman consume 40% margin,

whereas the producers hardly get margin during course of production. Day by day

the economic viability of fish production in EKW is reducing due to higher

production cost in compare to selling price. It is the middlemen who are absorbing

the margin of profit by depriving the producers.

PRODUCERS
(Fisheries unit)

ARATDARS 
(Auction centre)

LOT RETAILERS

BAPARIES

CONSUMERS  
RETAILERS

Fig. 6.2 Marketing chain

in East Kolkata Wetlands

(EKW)

Table 6.7 Auction centre and total quantity of sale/centre/day

Sl. no. Auction market Nos. of stalls Police station Total quantity of fish sold (kg/day)

1. Bamanghata 60 Bhangor 9000

2. Bantala 55 Bidhannagar 11,000

3. Chowbhaga 75 Teljala 6750

4. Krishnapur 54 Rajarhat 8100

5. Gangajoware 25 Sonarpur 3250

6. Chingrighata 42 Tiljala 12,600

7. Garia 25 Garia 2000
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6.5.5 Measures for Protection of EKW

Some recommendations for maintaining good ecosystem health and quality fish

(Saha 2004):

1. Follow site selection and standard design norms (site specific).

2. Follow guidelines for use of domestic wastewater in aquaculture.

3. Follow management practice of wastewater feed aquaculture.

4. Use settling ponds, before intake of wastewater to culture ponds, and velocity

of outflow water from settling ponds should be ‘silting velocity’. It is observed
that disease is less in obstructed flow system compared to flow-through system.

5. Treat seed of fishes before liberation in ponds (dip treatment with NaCl

solution at 2.5% for 3–5 min, formalin treatment at 250 mg/l, group treatment

with KMnO4 (at 5 kg/ha for 48 h). Outsourced seed first should be released in a

hapa/pond and keep for 2–3 days, and after treatment, it may be released to

grow-out pond.

6. Avoid overstocking.

7. After every crop, sun-dry the pond bed if unit is small (below 1 ha), once in a

year for big pond (below 10 ha) and once in 4–5 years if size of the pond is

above 10 ha. Plough the pond bottom and apply lime after drying.

8. Apply lime in regular interval especially during change of monsoon.

9. Application of chlorine at 1 ppm or iodine in regular interval.

10. Regular inspection of soil and water quality parameters, fish health and growth.

Different measures and incident to protect wetland and fisheries in EKW:

1. PUBLIC (People United for Better Living in Kolkata) is responsible for 1993

Kolkata.

2. Fisheries department, Govt. of West Bengal, formed institute of wetland man-

agement and ecological design during 1987–1988. This was the first step to

highlight EKW in international level.

3. Jallabhumi Bachoo Committee (10,000 member local people) movement during

2000 against extension of urbanization and implementation of different project

in EKW and finally won over such step.

4. Government’s declaration of ‘East Kolkata Management Authority’ in 2002 for

the conservation and sustainable uses of EKW.

5. Fisheries department, Govt. of West Bengal, has organized 8 fisheries

co-operatives and 24 fish production groups in EKW to improve physical

structure and culture of fish through different government programme and

soft-term loan, viz., NCDC loan etc.
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6.5.5.1 Physical Improvement of EKW

Physical improvements of EKW were started on and from 1999 to support fisheries

units and waste recycle region.

1. In 1999, HIDCO de-silted Nalban Fisheries as trial basis to till up low-lying area

of Rajarhat Township. Since 1999 to up to date, HIDCO (2003) (West Bengal

Housing Infrastructure Development Corporation Ltd. 2003) de-silted more than

150 lakh cum earth from approx 800 ha fish pond.

2. The West Bengal housing board constituted a committee under notification

No. 86/HI/NTP/IM-3/99(pt) dated 18 February 2003 for ‘physical development

of bheries within EKW and waste recycling region (WRR)’. The committee

suggested design of fish pond and wastewater supply (72 million litre/day (mld)

to the northern part of waste recycling region (WRR) from New Township,

Rajarhat. Accordingly works on wastewater supply structure are under process.

This will feed wastewater where wastewaters supply from KMC in very low.

600 ha of pisciculture area of EKW will be benefited and existing production

will be enhanced by 60 to 100%. The committee also estimated an expenditure

of Rs. 251 crore for physical development of much required 2500 ha

piscicultural area of EKW (USAID, INDIA 2006).

3. In 2007 EKWManagement Authority de-silted different wastewater feed feeder

canal, as a result the existing area are getting more wastewater related to

Vidhyadhar Channel No. 1 and 3 and new area (which was previously converted

to agri-land from fishery) came under piscicultural activities due to supply of

wastewater.

4. Under MGNREGA (Mahatma Gandhi National Rural Employment Guarantee

Act) scheme through South 24-Parganas District Administration the EKW

Management Authority de-silted 3 km of Bidhyadhari Fishery Feed Canal

(Bantala to Saintala).

Requirements to enhance production from EKW (Ghosh 2007):

1. Inflow of wastewater is required at 320 million litres a day (mld) at existing

condition of piscicultural area and will be required at 869 mld in the future after

enhancement of water column to 1.5 m for the entire piscicultural area of EKW.

This needs to be ensured first. In dry season GTS level 9 needs to be maintained

after Bantala site and in rainy season use proposed pumping system for feeding

wastewater to piscicultural units.

2. De-silt all feeder canals and strengthen all dykes of fisheries to support 1–2 m

water column.

3. Infrastructure, viz., road, electricity, freshwater supply, etc., needs to ensure

better operation and scientific culture.

4. Technology up-gradation along with species diversification is required for

quality fish production based on market demand.
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5. Refresher training of fisher/producer of EKW.

6. Financial support and insurance facility which are lacking required utmost.

7. Land policy should be on stream lined.

8. Overall management and work culture; for that support from local leader to

farmer/producer community is essential, besides government support.

6.6 Conclusions

FAO estimated that an additional 40 million tonnes (world demand) of aquatic food

will be required by 2030 just to maintain current level of consumption. Recycling

and reusing of water is one of our prime necessities to cater future demand of

freshwater and food. WKW is a striking example of low external input sustainable

aquaculture and agriculture site. Sewage is well known as a readily available

biodegradable nutrient-rich resource, and aquaculture provides an opportunity for

not only converting this waste into valued protein food but also a biological means

for wastewater treatment which is most important in the context of current fresh-

water scarcity scenario.
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Chapter 7

Fish Diseases in Wastewater Aquaculture
and Remedial Measures

Manas Kr. Das

Abstract Water quality and biological factors strongly affect the growth of fish in

aquaculture ponds. Deterioration of water quality and adverse biological factors,

regardless of the nature of aquaculture ponds, would cause poor ecosystem

health and disease occurrence in the cultured fishes. Wastewater-fed aquacul-

ture is a well-established climate-resilient practice that contributes substan-

tially to inland fish production in India and elsewhere. Enhancement of fish

production in such systems is, however, limited by suboptimal conditions of

water quality and disease occurrences. Investigations in wastewater fish culture

wetlands revealed various stressors that affect fish growth and production.

These stressors are (1) suboptimal diurnal as well as seasonal water quality with DO

level fluctuating from 0 to 18.0 mg/l, high CO2 (nil–16.0 mg/l), high unionized

ammonia (0.11–0.42 mg/l) and low transparency (<14 cm) throughout the culture

period and (2) biological stressors manifested by the abundance of urceolariid ciliates

(Trichodina, Tripartiella spp.) in the hyper-mucus-secreting fish gills. The stress caused

by the multiple stressors are physiologically manifested in the resident fish populations

by significant changes in the levels of stress-sensitive blood parameters such as

haematocrit, plasma cortisol, cholesterol, glucose, chloride and lactic acid levels.
Morphological alterations are exhibited in the form of hyperplasia, hypertrophy and

oedema in the gills, proliferation of mucous cells and decrease in chromatophores in

fish skin. These factors affect the growth of fish as reflected by the reduced condition

factor. Stressed fish in such systems become prone to various infectious and

noninfectious diseases such as fin and tail rot, dropsy, bacterial gill disease,

saprolegniasis, trichodiniasis, myxosporean diseases, dactylogyrosis, argulosis,

ergasilosis, hypoxia and algal toxicosis. Rapid assessment of the fish health needs to

be conducted using the health assessment index (HAI) method and necessary remedial

measures be adopted.
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7.1 Introduction

The production of fish in ponds fertilized with wastewater is a common practice in

many parts of Asia. Nowadays the sewage-fed fishery is well established because it

is more attractive than that of the intensive fish farming practices using supplemen-

tary feeds (WHO 2006). The biodegradability of these wastes forms the basis for

sewage treatment converting waste into economic resource for recycling. The

tropical climate is ideal for the conversion of human wastes into high-protein

microalgae due to favourable temperature and light throughout the year. The

sewage effluents in fish ponds mediated by diverse groups of microorganism act

in the manner as organic fertilizers and liberate nitrogen, phosphorus and trace

elements which stimulate the production of fish food organisms in the aquatic

systems. It is estimated that at present there are more than 130 wastewater aqua-

culture units in India covering above 10,000 ha water area. Almost 80% of these are

located in West Bengal where sewage is extensively used as fertilizer for fish ponds

(Bhowmick et al. 2011). One of the major sewage-fed fisheries is the East Kolkata

Wetland (EKW) fisheries . In this system of culture, domestic sewage and storm

water within the city of Kolkata are mostly carried through combined sewers, and
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nearly 4000 ha of wetlands (bheries) are used for aquaculture (Jana 1998; Das

2002). Normally, multiple stocking and multiple harvesting are adopted, and fishes

are reared for 3–5 months, depending on the growth of the fishes to reach market-

able size. However, deterioration of water quality and adverse biological factors are

frequently encountered in these wastewater-fed aquaculture ponds rendering them

prone to occurrences of fish diseases. The fish health problems limit the fish yield

ranging from 1500 to 2000 kg/ha in EKW systems. Therefore the major manage-

ment constraint in such system is to maintain optimal water quality for reducing the

stress-induced disease outbreak. The present chapter is an attempt to highlight the

causes of different fish diseases encountered in wastewater-fed systems and their

remedial measures for development.

7.2 Fish Habitat Characteristic and Culture Practices
in Wastewater Farms

Habitat characteristics of sewage-fed waterbodies are important for the culture

practices adopted by fish farmers. In general culture operations commence with

the entry of initially screened raw sewage into the ponds. This effluent requires

stabilization for a few days (5–7 days), and after 12 days the pond contents are

disturbed by repeated netting and manual agitation with split bamboos for oxida-

tion, mixing for quick recovery of desirable water quality for fish farming. After

25 days of initial filling with sewage when sufficient plankton population is

observed, the bheries are stocked at 7000–10,000/ha with fingerlings (10–25 g) of

catla (Catla catla), mrigal (Cirrhinus mrigala), rohu (Labeo rohita), common carp

(Cyprinus carpio) and tilapia (Oreochromis mossambicus). Thereafter, sewage is

applied 7 days/month for 3 h during morning hours to fertilize the ponds at an

estimated rate of 130 m3 sewage/ha/day. In low and medium saline bheries, Liza
parsia and Mugil gulio are also cultured. In some bheries, where scientific method

is followed, stocking density may go up to 15,000/ha. Intermediate harvesting is

done after 120 days of rearing and continued up to pond draining after 300 days in

March and April.

The water quality parameters in wastewater-fed waterbodies are subjected to

diurnal and seasonal variations during the year. These variations often act as

stressors of short or long duration and cause physiological and morphological

deleterious changes in fish, predisposing them to disease outbreaks. In studies

conducted year round in a typical wastewater-fed East Kolkata Wetland (EKW),

the Kantatala bheri revealed clear-cut diurnal and annual variations of water quality

(Dutta et al. 2005).The physico-chemical parameters recorded in this wastewater

system (Table 7.1) showed that the variations of total alkalinity, hardness,

dissolved oxygen, unionized ammonia and pH are in the range of

175–204 mg/l, 180–210 mg/l, 2.3–8.6 mg/l, 0.11–0.42 mg/l and 7.8–9.2,

respectively. Diurnal study of these parameters exhibited high fluctuation in
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pH (6.7–8.5) during the post-monsoon period. The 18 h cycle exhibited a wide

difference in dissolved oxygen (nil–18.0 mg/l), pH (6.7–9.0) and free CO2 (nil–

16.0 mg/l).

The average transparency of 13 cm recorded is lower than the optimum require-

ment of 15–40 cm for fertilizer-based aquaculture systems (Boyd 1982). High

organic loadings of sewage resulting in massive algal bloom are responsible for

low transparency throughout the culture period. Accumulation of carbon dioxide

recorded after sunset is an important factor causing stress to fish. High concentra-

tion of carbon dioxide causes the lowest values of DO available to the fish

particularly during the early morning when highest concentration of carbon dioxide

is accumulated. High levels of unionized ammonia (0.11–0.42 mg/l) present in

these culture ponds throughout the year are sufficient to cause gill damage and

retard fish growth. Boyd (1982) suggested that free ammonia concentration of

0.52 mg/l would cause 50% reduction in fish growth.

The bacterial load at bottom soil ranged from 105/g to 107/g. This is due to

higher concentration of nutrients of soil water interphase. The comparatively high

bacterial load in the soil and water is an indication of eutrophic condition. The high

microbial consumption of dissolved oxygen (1.8 mg/l/h) observed by Das et al.

(2002) in sewage-fed bheries indicates exhaustion of DO for a few hours at night,

creating stressful conditions for fish.

7.3 Fish Stress in Wastewater Aquaculture

Stressors in wastewater-fed fish ponds are manifested by the abiotic as well as

biological stressors, and their interactions have pronounced detrimental impacts

on fish.

7.3.1 General Impact on Stress-Sensitive Haematological
Parameters of Fish Population

Extensive studies on the impact of various abiotic stressors of low dissolved oxygen

and high unionized ammonia on the stress-sensitive physiological parameters of

fish (Labeo rohita) reared in wastewater system (Table 7.2) conducted by Das et al.

(1999) and Dutta et al. (2005) reveal that the fishes in sewage-fed bheries are

exposed to long-term hypoxic condition due to low dissolved oxygen levels espe-

cially during the nightfall. As a result, the haemoglobin and haematocrit levels in

fishes increase to cope with the stressful conditions. It is suggested that the

reduction in fish growth in the wastewater systems was due to an increase in energy

expenditure for ventilation that decreases the amount of energy available for growth

(Soivio and Oikari 1976; Kramer 1987). The increase in the blood sugar level of
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L. rohita in such system could be the effect of decrease in oxygen percentage of

water and increase in ammonia levels (Hattingh 1976). It is known that low oxygen

might considerably increase the toxicity of ammonia to fish, probably by its effect

on respiratory flow, and ammonia reduces the oxygen-carrying capacity of the

blood which increases the overall oxygen consumption (Lloyd 1961; Sousa and

Meade 1977; Smart 1978). In such systems fishes are frequently subjected to

concentrations higher than the optimum limit. Elevated CO2 levels reduce the

oxygen affinity and oxygen-binding capacity of the blood (Basu 1959) resulting

in a reduced efficiency of oxygen uptake from the environment, thereby inhibiting

fish growth (Klontz 1973).

It is evident that in sewage-fed waterbodies, considerable scope exists for

interactions between reduced dissolved oxygen, elevated CO2 and ammonia on

respiratory physiology of freshwater fish (Pickering and Pottinger 1987). High

plasma cortisol level recorded in the fishes enhanced their disease susceptibility

by decreasing lymphocytes (Pickering 1984). Correlation between unionized

ammonia and fish length and weight indicates that presence of high ammonia

level in sewage fertilized wetlands adversely impacted on the growth of L. rohita.
Reduced condition factor (0.7–1.3) of the reared L. rohita indicated poor health

condition of fishes in these wastewater fish culture systems.

7.3.2 Effect of Ammonia and Crowding Stress on Fish Skin
in Wastewater Ponds

The fish skin is multifunctional and involved in excretion, osmoregulation, defence

against disease and adjustment of fish to a wide variety of environmental factors. It

is therefore vulnerable to damage caused by water quality changes and infection. It

is observed that the fishes from wastewater-fed farms have excessive secretion of

slimy mucus on the surface. Examination of the skin revealed a proliferation of

mucous cells in the epidermis indicating a stress condition. Fishes in such culture

systems are subjected to sublethal concentrations of ammonia more so under high

stocking densities.

L. rohita fingerlings exposed to unionized ammonia level of 0.13 mg/l for 24 h

and crowding for 4 h showed a gradual increase in the number and decrease in the

area of the chromatophores, whereas the mucous glands gradually decreased in

their number and increased in area during the experimental period (Figs. 7.1 and

7.2). It indicated that the morphological changes of mucous glands and chromato-

phores resulted in excessive mucous secretion in Labeo rohita in response to the

stress. Further studies revealed the activation of the hypothalamic-pituitary-

interrenal (HPI) axis with increase in the hormones prolactin and cortisol. Pickering

et al. (1982) showed that handling, confinement and water quality deterioration

could all stimulate the HPI axis in teleost fish.
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7.3.3 Morphological Impact on the Gills of Fish

As the gills of fish serve as good indicator of water quality status of the habitat, alteration

in the histological structure of the gills of cultured L. rohita serves as a good indicator for
assessing health status of fishes in the wastewater-fed culture system. Investigations

conducted by Das et al. (1994) and Acharya et al. (2005) on cultured L. rohita exposed
to high ammonia and low oxygen levels in such systems showed varying degree of

histological damage in the gills. Hyperplasia was more pronounced at the bases of

secondary lamellae which led to formation of interlamellar bridges. Hyperplasia of the

distal ends was also visible. Oedema was found at the bases of some secondary lamellae

as respiratory epithelium of lamellae got detached from underlying tissue resulting in a

space filled with fluid. Some swollen tips of secondary lamellae with leucocytic

infiltration of matrix of primary lamellae were also observed. The presence of

haematoma was found where pillar cell system was completely broken down and the

epithelium enclosed a disorganized mass of cells and erythrocytes. Generally the

epithelium remained intact but in some instance had ruptured and haemorrhage occurred

(Figs. 7.3, 7.4 and 7.5).

Fig. 7.1 A normal skin of

L. rohita showing Alcian

blue-stained mucous cells

and dark branching

chromatophore

Fig. 7.2 Increase in area of

mucous glands and decrease

in area of chromatophores
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Fig. 7.3 Hyperplasia at the

bases of secondary lamellae

with interlamellar bridges

Fig. 7.4 Some swollen tips

of secondary lamellae

Fig. 7.5 Presence of

haematoma in a fish raised

in wastewater-fed system
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A comparative assessment of fish cultured in a waterbody with optimal water

quality condition and fish cultured in wastewater-fed wetlands revealed pronounced

histological alteration in the gill structure of L. rohita in the latter. The suboptimal

water quality prevailed in wastewater-fed wetlands affected higher percentage of

cellular alterations such as hypertrophy, hyperplasia and fusion of lamellae in gills

compared to the fish cultured under optimal conditions (Table 7.3).

7.3.4 Biological Stressors and Impact on Fish in Wastewater
Fish Farms

Fishes cultured in wastewater ponds recorded high infestation of urceolariid ciliates

of the genera Trichodina and Tripartiella in the gills of fish tested. The suboptimal

water quality in such aquatic systems mainly due to high levels of ammonia acceler-

ates the amount of mucous production from fish gills and causes changes in its

consistency. As a result, greater amount of mucous substrate is available as feed for

the ciliate parasites and consequently their number increase. Das et al. (1997) observed

that the presence of trichodinids above 20 numbers in 1 drop (0.05 ml) of pooled fish

gill mucus is indicative of suboptimal water quality and stress to fish.

7.3.5 Stress Due to Fish Cultural Practices and Impact
on Fish in Wastewater Fish Farms

Fishes cultured in wastewater-fed aquaculture system are subjected to the stresses

caused by handling, crowding and transportation. These effects often become

additive or synergistic with those of other stimuli (low unionized ammonia and

Table 7.3 Percentage-wise alterations in the histological structure of gill tissues of L. rohita

Characteristics Waterbodies

Suguna beel (normal) Kantatala bheri (sewage fed)

Hypertrophy 1% 5%

Epithelial lifting – 2%

Hyperplasia 2 15%

Fusion of lamellae – 6%

Mucous hyper-secretion 5% 25%

Haematomona – –

Formation of aneurysm – 1%

Proliferation of chloride cells – 4%

Formation of interlammelar bridges – 5%

Leucocyte infiltration of gill epithelium – 4%

Necrosis – –
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dissolved oxygen) already existing in the wastewater farms and can place a stress of

considerable magnitude on the homeostatic mechanism of fishes (Wedemeyer et al.

1984). By conducting an experiment with crowding, handling and transportation

stress on L. rohita, Dutta et al. (2002) observed gradual depletion of dissolved oxygen
from initial 6.8 mg/l to 1.8 mg/l, UIA from nil to 0.1 mg/l and CO2 from 2.0 to 6.6 mg/l

resulting in hypoxia and ammonia toxicity during transportation. These stressors

significantly altered the blood parameters creating stress to fish (Table 7.4). It is

important that fish farm managers should understand the severity of stress due to

cultural practices and the period needed for recovery in fish (Das 2011).

The plasma cortisol and plasma glucose levels increased significantly after 1 h of

stress and continued to be so up to 24 h of recovery period. After 48 h, regulation of

cortisol values occurred. On the other side, a significant decrease in plasma chloride

was observed after 1 h of stress and continued up to 24 h of recovery period. Both

glucose and chloride recovered its normal values within 48 h of recovery period. Thus

the cultural practices of handling, crowding, transportation or a combination of all the

three factors act as stress on the fish. It is suggested that for proper fish health

management, fishes subjected to such stresses should not be further stressed within

48 h for metabolic recovery and then stocked into wastewater ponds (Das 2011).

7.4 Fish Diseases Encountered in Wastewater Fish Farms

Health problems arising due to stress in fishes cultured in sewage-fed wetlands are

very common. Though mortality of fish may not always be encountered, physio-

logical disorders would occur. This resulted in retarded growth and serves as a

predisposing factor for various disease outbreaks. Investigations conducted in

sewage-fed waterbodies recorded predominantly six types of disease (Das et al.

1994; Das 2011).The incidence of fish diseases in these waterbodies is higher in

comparison to normal intensive fish-rearing farms using inorganic and other

organic fertilizers and supplementary feeds. A comparison (Table 7.5) showed

higher incidence of disease occurrence in the fishes reared in sewage-fed ponds

than in fertilized composite fish culture ponds.

7.4.1 Infectious Diseases

7.4.1.1 Fin Rot and Tail Rot

Fin rot and tail rot diseases are very common in sewage-fed ponds. The tail and fin

get necrosed and discoloured in affected fishes. This is mostly caused by mixed

infections with Aeromonas hydrophila and Pseudomonas fluorescens. Improve-

ment in water quality and reduction in stocking density are essential for long-

term management of the disease.
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7.4.1.2 Dropsy

Dropsy is frequently encountered in late winter. Clinically, there is abnormal

reddish fluid accumulation in the abdomen and in scale pockets leading to enlarge-

ment of the abdomen, ruffled loose scales, lethargy, pinpoint haemorrhages on the

skin, etc. There may be terminal septicaemia. It is caused by virulent Aeromonas
hydrophila and few other motile Aeromonas species. Remedial measures that

reduce the morbidity are bath treatment to fish in 5 mg/l potassium permanganate

for 2 min and application of 1–3 mg/l KMnO4 in pond water.

7.4.1.3 Bacterial Gill Disease

Gills of Indian major carp cultured in wastewater ponds are affected by a number of

bacteria, but Flavobacterium branchiophila is the most important one. Gills of

affected fishes become discoloured, and gill fringes become uneven or torn, with

grey patches of necrosis (Fig. 7.6). Morbidity and mortality go up to 100% and

50%, respectively. To control the disease problem, avoid overstocking and give

aeration. Careful bath treatment with 1–2 mg/l KMnO4 can control the disease.

7.4.1.4 Saprolegniasis

Saprolegniais is caused by various Saprolegnia species and is one of the major

health problems in young carps cultured in wastewater. This disease in fish is

characterized by a white to brown cotton-like growth consisting of colonies of

Table 7.5 Comparative prevalence of major fish disease in normal composite fish culture and

sewage-fed fish culture facilities in North 24 Parganas, West Bengal

Disease Host

% incidence

Normal composite fish

culture ponds

Sewage-fed

bheries

Gilldisease/gill

rot

Labeo rohita,Cirrhinus
mrigala

14.6 16

Dropsy/gas bub-

ble disease

Catla catla, Labeo rohita,
Cirrhinus mrigala

7.2 15

Tail and fin rot Catla catla, Labeo rohita,
Cirrhinus mrigala

4.6 15

Trichodiniasis Cirrhinus mrigala, Labeo
rohita

6 30

White gill spot

disease

Catla catla, Cirrhinus mrigala 3 6

White scale spot

disease

Catla catla, Labeo rohita,
Cirrhinus mrigala

4 10

Source: Das et al. 1994; Das 2002 and Paria and Konar (1999)
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mycelium and filaments which appear as small to large patches on various parts of

the body like fins, gills, mouth, eyes or muscle which can be treated by bath

treatment with 3–4% common salt or 1:2000 CuSO4 daily for 3–4 days or 1:1000

malachite green for 30 s.

7.4.1.5 Trichodiniasis

Various life stages of Indian major carp are frequently affected by this disease.

Affected fishes exhibit pale-coloured gills with a creamish coating due to excessive

mucous secretion and mild hyperplasia. Fishes loose condition and gasp for air on

surface. The causative agents are urceolariid ciliate species of the genera

Trichodina (Fig. 7.7), Tripartiella and Trichodinella. The treatment methods

adopted are (1) water quality improvement, (2) diminishing stocking density of

fish and (3) bath treatment of fishes with 2–3% NaCl or 100 mg/l formalin (4) pond

treatment with 4–5 mg/l KMnO4 or 25 mg/l formalin.

7.4.1.6 Myxosporean Disease

Myxosporean disease is most commom in wastewater aquaculture. Indian major

carp gills are infested with white to creamish cysts ranging from 1 to 4 mm or more

(Fig. 7.8). In heavy infection, the cysts assume a cauliflower shape blocking the

entire respiratory surface of gill with excessive mucous secretion and hyperplasia.

The causative agents are the encysted spores of Myxobolus bengalensis, M. catlae,
M. hosadurgensis and Thelohanellus catlae. Besides the gills, scales and body

surfaces are also heavily infected with the cysts in C. mrigala and L. rohita. The
infective stage of the myxosporeans is the mature spore which is ingested by the fish

from the waterbody. The spore though exposed outside is very resistant to

chemicals. Thus the control measures are limited to prophylactic measures like

Fig. 7.6 Bacterial gill

disease in L. rohita raised in
wastewater-fed system
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(1) control spores from entering fish ponds and (2) segregation of age groups as fry

and juveniles are more susceptible. Therapeutic measures done are disinfections of

pond after dewatering with calcium oxide and drying for a month.

7.4.1.7 Dactylogyrosis and Gyrodactylosis

Fingerlings and adults of the cultured fishes are affected by trichodinids in general,

and there are growth reduction and morbidity in affected fishes. The parasites can

be controlled by therapeutics: (1) bath treatment with 3–5% NaCl for 10–15 min or

100 mg/l formalin with aeration and (2) pond treatment with 25 mg/l formalin or

5 mg/l KMnO4.

Fig. 7.7 Gill-infesting

Trichodina sp. in a fish

raised in wastewater-fed

system

Fig. 7.8 Myxosporean gill

spot disease in a fish raised

in wastewater-fed system
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7.4.1.8 Argulosis

The disease is quite common in wastewater ponds. Indian major carps are often

affected by this parasite. The causative agent is the branchiuran parasites (Fig. 7.9)

Argulosus foliaceus, A. bengalensis and A. siamensis in Indian fishes. The minimum

period required for completion of the life cycle of Argulus sp. varies between 3 and

6 weeks. Argulosis occurs when parasitized fishes enter unaffected water areas. It is

controlled by (1) bath treatment with 3–5% NaCl or 100 mg/l KMnO4 or 2000 mg/l

lysol for 5–10 s, (2) pond treatment with KMnO4 at 5 mg/l and (3) mechanical removal

of Argulus sp. sticky eggs by hanging bamboo mats or corrugated sheet in the water

area and its removal and drying in the sun after a week for killing the eggs. Pesticides

are generally used by farmers, but it is often not advisable.

7.4.1.9 Ergasilosis

The predominance of the disease is witnessed in L. parsia cultured in low-saline

sewage-fed bheries and less frequently in Indian major carps. Infestation occurs in

gills, buccal cavity, operculum and gills. The parasitic copepods look like white

bodies less than 2 mm long. Surfacing, lethargy and restlessness occur in affected

fish. Infection increases with size of the fish causing damage to the gill tissue and

retardation in growth. The causative agent is the species of genus Ergasilus. The
parasites are controlled by pond treatment with potassium permanganate at 5 mg/l

or bath treatment of affected fish with 2–3% sodium chloride. Bath treatment with

1:1000 glacial acetic acid for 5 min immediately followed by dip in 1%NaCl for 1 h

is also effective.

Fig. 7.9 Argulus sp. in a

fish raised in wastewater-

fed system
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7.4.2 Noninfectious Diseases

7.4.2.1 Hypoxia or Oxygen Deficiency

Sewage input, algal bloom, excess presence of organic matter, high stocking

density, etc. often lead to serious oxygen depletion and surfacing, gasping and

mortality of fish stock in wastewater bheries. The remedial measures are aeration of

water by beating water surface, use of aerator or throwing water into waterbody

from heights.

7.4.2.2 Gas Bubble Disease

The gas bubble disease is very common in wastewater bheries caused by excess

nitrogen and oxygen. Small fry and fingerlings of C. mrigala and L. rohita are

frequently affected by the disease. The abdomen is swollen. The balance of the fish

is lost due to accumulation of large gas bubbles in the intestine. It indicates that the

environmental factors act as a predisposing factor for disease outbreak.

7.4.2.3 Algal Toxicosis

There is clogging of the gills by the algae causing respiratory distress and mortality

to fish in sewage-fed ponds. The causative agent is the bloom condition of blue-

green algae,Microcystis and Anabaena spp. It is often encountered under eutrophic
conditions. The dead and decomposing cells release enough breakdown products or

toxins harmful for fish. The bloom condition can be controlled by (1) copper

sulphate application at 0.5 mg/l and (2) sprinkling cow dung at 200 kg/ha over

the surface of water or covering it with water hyacinth, thereby blocking sunlight.

7.5 RapidMethod for Evaluation of Fish Health in Sewage-
Fed Fish Farms

The effect of stress and disease on the general health of fish population is evaluated

by a variety of approaches. Each type has its own advantages and disadvantages,

but most of them cannot be rapidly and inexpensively applied to field studies. The

HAI (health assessment index) developed by Adams et al. (1993) allows a statistical

comparison of fish population health. The method was applied by Das (2005) to
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comparatively assess the health condition of fish population (Labeo rohita) in a

wastewater bheri and found that conditions are suboptimal (Table 7.6).

7.6 Emerging and Persistent Issues Related to Fish Health
Management in India

7.6.1 Environmental Aspects

Environmental deterioration as a result of pollution and other anthropogenic activ-

ities has been one of the major causes of fish kills, public health problems,

limitations on aquaculture development and declining production. These problems

and inevitable and future conflicts and competition for aquatic resources should be

solved as a matter of urgency.

7.6.2 Public Health and Aquaculture Products

Public health issues very often get associated with aquaculture production espe-

cially in wastewater aquaculture and the treatment of disease in fish. The problems

arise from contamination of products as a result of pollution or risks to consumers,

farm workers and the environment posed by some of the chemicals present in

wastewater or the chemotherapeutants used to control disease in fish farms.

Table 7.6 Health assessment index (HAI) values for L. rohita from three waterbodies along with

their water quality parameters

Environmental
quality

Static freshwater

pond (S1)

Freshwater

wetland (S2)

Freshwater sewage-fed

pond (S3)

Transparency(cm) 28 59 14.0

Alkalinity mg/l 200 170 194

Hardness mg/l 187 160 182

Dissolved oxygen

mg/l

6.0 6.5 4.2

pH 8.2 8.0 8.2

Unionized ammo-

nia mg/l

0.03 Nil 0.2

HAI 17.3 29.3 51

SD 20.8 25.3 31.4

CV 120.0 86.4 61.6

Source: Das (2005); the average HAI values for the sewage-fed bheri (S3) were high (51) indicat-

ing that the health of L. rohita population was in a relatively poor condition compared to S1 and S2
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7.6.3 Use of Drugs, Chemicals and Antibiotics

Use of antibiotics in aquatic environments poses serious threats to the consumer and

to the sustainability of the aquaculture system. In natural environment bacteria

rapidly develop resistance to the antibiotics. Many of the human pathogenic

bacteria like Aeromonas, E. coli, Samnonella, Vibrio and Listeria are often present

in aquatic environments, and these pathogens may develop resistance to antibiotics

very fast. Development of resistant strains implies that newer and newer antibiotics

need to be developed to control resistant bacteria, which is an expensive and never-

ending process.

7.6.4 Impact of New Fish Culture Methods on Fish Health

The native aquatic habitat like river harbours many parasites of fishes in apparently

harmless condition. These parasites very often convert into causative agent of

serious epizootics to the same host when cultured in closed waterbodies.

L. parsia extensively cultured in sewage-fed bheries (wetland) are attacked by the

disease ergasilosis in epizootic proportion causing growth retardation and mortal-

ity. It is therefore essential that each new species of fish proposed for cultivation in a

new culture system ought to be studied from the epizootical point of view and

estimation of parasites infecting it in the natural waterbodies be done.

7.6.5 Introduction of Exotic Fishes

Introduction of exotic carps has enhanced fish production significantly, but serious

attention needs to be given to the possibility of introduction of new pathogens.

Introduction of various exotic fishes in wastewater-fed culture ponds needs to be

taken care for avoiding unintended introduction of pathogens.

7.6.6 Development of Disease Surveillance Mechanism

Surveillance is an integral component of aquatic health management for early

warning of risk factors and disease onset, emergency disease preparedness includ-

ing health advice to farmers, monitoring of disease control measures, health

certification for freedom from infection and reporting to national and international

organizations on fish/animal health. Efforts have been taken to strengthen the

aquatic animal disease surveillance mechanism through general and targeted sur-

veillance in wastewater-fed system.
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7.6.7 Quarantine and Certification of Fish

Quarantine and certification of fish stocks as a means of preventing the spread of

pathogens are becoming important. The existing legislation and quarantine system

are very weak and do not act as a deterrent against introduction of serious pathogens

especially in wastewater-fed system. Legislation must be realistic and should be

based on adequate diagnostic facilities in the country.

7.7 Conclusions

Wastewater use for agriculture and aquaculture is practised in many countries. The

major limitations to its reuse in aquaculture are (1) accumulation of silt and high

organic matter in pond bottom, (2) incidence of pathogen and fish diseases,

(3) possibilities of pathogens being transmitted to human beings and (4) accumula-

tion of heavy metals in the ecosystem. There is an urgent need for concerned

government agencies to restrict unplanned wastewater reuse in aquaculture by

putting in place adequate health safeguards and environmentally sound aquaculture

practices. Wastewater-fed aquaculture in a scenario of imminent water crisis should

be part of an integrated water resource management plan of the government.
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Chapter 8

Ecosystem Resilient Driven Remediation
for Safe and Sustainable Reuse of Municipal
Wastewater

B. B. Jana, Johannes Heeb, and Shamik Das

Abstract Municipal wastewater poses a win-win strategy toward environmental

protection as well as for water conservation through its reuse in various economic-

driven activities. Wastewater reuse reduces the demand for conventional freshwater

resources and provide enormous nutrients for biological production. Sewage sludge

is also well recognized for its special role in soil conservation and enhances soil

fertility and helps soil loss through erosion. Safe reuse of wastewater has thus

become inevitable. Sewage effluent and sludge must be treated and managed

properly to avoid any adverse impacts on the environment and human health.

Though conventional sewage treatment plants and recently developed bioreactors

are used to treat municipal sewage for improvement of water quality for reuse, the

waste stabilization pond (WSP) system has gained considerable importance as an

integral tool for treating wastewater as well as for closing the loop between

sanitation-driven nutrient source and culture of fish and vegetable crops in

aquaponics. The concept of engineered resilient ecosystem is being applied to

reclaim the partially treated municipal wastewater for ecosystem service. Macro-

phytes, microalgae, probiotics, annelids, mollusks, crustaceans, fishes, etc. have

been rightly designated as living machines due to their immense beneficial biofilter

potentials for reclamation of eutrophicated water bodies, heavy metal-contaminated

perturbed aquatic systems, etc. Wise use of ecological principle, traditional knowl-

edge, right selection of biodiversity, design of sustainable ecosystem, appropriate
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eco-technology, and patience for development are required where all aspects of

technological, economical, legal, social, environmental, public health, and institu-

tional are considered. A successful wastewater management decision requires a

comprehensive, impartial evaluation of centralized and decentralized treatment

systems.

Keywords Ecosystem resilient · Remediation · Wastewater · Safe reuse ·

Sustainable
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8.1 Introduction

Water is the matrix of life. There has been increasing demand of water due to rapid

population growth, urbanization, rising standards of living, increasing economic

activities, and expanding areas of irrigated agriculture and aquaculture activities.

Because of the threat of environmental pollution imposed on natural ecosystem and

human health, a conscience has been developed worldwide for protection of

environment, conservation of water and aquatic resources, mitigation of global

warming and climate change, rehabilitation of degraded habitats, and restoration of

biodiversity from extinction. Safe reuse of wastewater has, therefore, become

inevitable to meet the increasing demand of wastewater in the future.

Municipal wastewater poses a win-win strategy toward environmental

protection as well as for conservation of water through its reuse in various activities.

Due to its immense nutrient potentials that would otherwise cause eutrophication of
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open water and loss of biodiversity, it is an immense nutrient resource for biological

production. Eutrophication syndrome resulting from excess nitrogen and phospho-

rus favors the selection of cyanobacterial bloom and other specialized organisms

known as bioindicator which are well acclimatized and adaptive to perturbed

habitats. Hence, management plays a critical role in utilizing the nutrient resources

of household wastewater. In the planning and implementation process, the intended

wastewater reuse applications often determine the extent of wastewater treatment

required or vice versa. It is obvious that despite its enormous benefits, some

precautions and remedial measures must be taken to avoid health risks of the

users, groundwater pollution, and contamination of surface waters. Some studies

(Abdel-Shafy et al. 2008) have cautioned that groundwater system used for

drinking purposes should be protected from sewage contact. Also, there should be

clear-cut distinction between potable and non-potable groundwater. Important

distinction has also to be made between indirect (surface spreading) and direct

(injection wells) recharge. In the context of regional planning for efficient

management of water and wastewater, it is most important to consider the specific

local condition of which cost-benefit analysis comprises an important component

(Otterpohl 2008).

In general, water reuse projects are often underestimated because the reuse

benefits have been not properly focused with respect to watershed protection,

local economic development and public health improvement, etc. Information

about the strategies for ecosystem resilient-based reclamation of municipal waste-

water is extremely scarce particularly under Indian scenario. The present chapter

attempts to highlight the reclamation of wastewater using the engineered sustain-

able ecosystem for reuse of wastewater in aquaculture and other allied economic

activities and providing ecosystem service to the society.

8.2 Potentials of Wastewater

Potentials of municipal wastewater can be assessed in terms of its volume generated

as well as nutrient load. India with its more than 130 million population is

experiencing high risk of water pollution mostly due to discharge of untreated

municipal wastewater directly into the inland waters, rivers, and lakes causing

disastrous effects on ecosystem health and human being. In India, 38000 million

litre of sewage is generated per day and out which nearly 31% of sewage is treated

and the rest is released to the environment without treatment. Earlier studies have

shown that Calcutta city with its urban areas having more than 11 million inhab-

itants discharges an average of 1100 million of municipal sewage every day through

more than 14000 km of drains and canals (Jana 1998). The population has now

reached over 14 million and would have more disastrous effects on water bodies.
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8.3 Characteristics and Nutrient Potentials of Municipal
Wastewater

Sewage is defined as a cloudy fluid containing mineral and organic matter either in

solution or particles of solid materials floating or in suspension or in colloidal or in

pseudocolloidal form in a dispersed state. Among its organic and inorganic con-

stituents, sewage contains living matter, bacteria, and protozoa. Water content is

more than 99.9%; the rest is dried solid matter and may be different kinds of

minerals, pesticides, insecticides, and other toxic substances.

Though the composition varies from place to place, municipal wastewater in

general contains 250–400 mg/l organic carbon, 80–120 mg/l nitrogen (C/N ¼ 3:1),

300–1200 mg/l solid particle, 100–400 mg/l BOD, 20–96 mg/l CO2, and pH

ranging from 6.9 to 7.3. It is suitable for direct use in fish farming after proper

treatment and suitable dilution. In most countries, the waste disposal practice is

based on the philosophy that the solution to pollution is dilution. As a rule, organic
and bacterial loads are substantially reduced in the sewage treatment systems for

effective use of sewage. Often sewage and sullage are used synonymously, but

sullage is the wastewater resulting from personal washing, laundry, food prepara-

tion, and washing of kitchen utensil but excluding human body wastes. Industrial

sewage comes from industries and contains unhygienic water; obnoxious gases like

H2S, NH3, and iron; and other minerals. Therefore, it is higher C/N ratio than ratio

of domestic sewage and hence is generally not suitable for direct use in fish

farming.

8.4 Potentials of Sewage Sludge

The nutrient potentials of sewage sludge are equally prudent. Experiences in China

revealed that 1 ton of pond humus is equivalent to 6 kg of ammonium sulfate.

Intensively cultured pond produces about 52.5 tons of humus and silt/ha/year which

is equivalent to 225 kg of urea. Moreover, sewage sludge is extensively used in soil

conservation and soil fertility enhancement.

8.5 Wastewater Recycling

Water is a renewable resource within the hydrological cycle that involves the

pathway between evaporation and precipitation. In view of the present and future

crisis of water predicted, both groundwater and surface water resources should be

protected from pollution, and at the same time wastewater generated should be

reused for water conservation. The water recycled by natural systems provides a

clean and safe resource for use, but once used, it is deteriorated in quality creating

environmental pollution depending on the type and extent of use. Hence,
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wastewater reuse plays an important role in water management as the domestic

wastewater streams are available throughout the year. The reclaimed wastewater

can be reused for the benefit of our society. There are also changes in micronutrients

in water and wastewater as it undergoes use, reuse, treatment, and further treatment

processes (Fig. 8.1). Effective management would enable to reduce the pollution

load of water, thereby making it useful resource for use.

8.6 Rationale for Wastewater Reuse

It is right to conceive that wastewater is a resource out of place in the form of

storehouse of fertilizers. The rationale for reuse of domestic wastewater in biolog-

ical production has been on the fact that municipal wastewater contains immense

nutrients such as nitrogen, phosphorus, potassium, carbon, and other elements. This

is the foundation for realizing the concept of wastes into wealth. At a conservative

and earlier estimate, 800 mg d of sewage can yield an annual outturn of 60,000 tons

of NPK fertilizers. It is estimated that about 800 � 106 gallon day�1 of sewage and

sullage can yield an annual outturn of 60,000 t of NPK and irrigation water

equivalent to the performance of 1600 tube wells each having one cusec capacity

(Roy et al. 2000). It is further projected that 90 t of nitrogen, 32 t of phosphorus, 55 t

of potassium and 1340 t of organic matter valued at Rs. 61 million that could be

recovered from country’s domestic sewage daily (Ayyappan 2000). According to

an earlier estimate, Calcutta sewage effluent with proper treatment could produce

5 tons of nitrogen, 1.5 tons of phosphorus, and 3 tons of potassium per day worth of

Fig. 8.1 Grading of wastewater in different stages of treatment
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5 million rupees. This amount is still higher at present in view of increased

population and wastewater treatment scenario. This huge sum of money could be

recovered daily only from India’s domestic sewage. Hence, it is a right approach to

make use of sewage as an ideal source of liquid fertilizer for aquaculture and

agriculture practices.

Basically, sewage containing dissolved organics undergoes decomposition pro-

cess participated by microorganisms which participate in two ways: (a) hydrolytic

breakdown of the organic high polymers which constitute the major parts of plants

and animal tissues into compounds of low molecular weight and (b) nonhydrolytic

breakdown of the resulting small organic molecules, generally accompanied by the

consumption of oxygen. Through this mineralization process, organic molecules

are converted into inorganic compounds (Fig. 8.2). In this process, excreta, night

soil, or organic-rich wastewater is decomposed and mineralized into inorganic

minerals and induces the production of natural food for fishes.

8.7 Technologies for Municipal Wastewater Treatment

8.7.1 Sewage Treatment Plants (STPs)

Conventional sewage treatment plants consisting of primary, secondary, and ter-

tiary treatments are the common method for the treatment of municipal sewage. The

basic function of primary treatment is mainly to remove solid materials, whereas

the secondary treatment is meant for digestion of dissolved and suspended organic

matter as well as for killing some pathogenic bacteria to some extent. The tertiary

treatment processes are mainly for polishing methods used following sewage

treatment sequence using microfiltration, synthetic membranes. However, lack of

adequate infrastructure to treat municipal wastewater resulted in deterioration of

existing water resources as well as pollution in inland waters, even in seas and

oceans in many regions of the world.

Fig. 8.2 Decomposition and mineralization process in pond environment
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8.7.2 Bioreactors

Several bioreactor-based techniques have recently been developed for enhancing

the efficiency of treatment plants used to treat municipal wastewater. There has

been a paradigm shift toward the implementation of latest technologies in the form

of fluidized aerobic bioreactor (FAB) or moving bed bioreactor (MBBR), mem-

brane bioreactor (MBR), SAFF-based treatment plants for sewage water, etc.

Though these latest technologies are highly effective, these are highly expensive

and are not affordable for the developing countries where maximum quantum of

wastewater is generated due to increasingly high anthropogenic pressure and

pollution.

8.7.3 Ecological Resilient Driven Reclamation

8.7.3.1 Waste Stabilization Ponds (WSPs)

Among different methods of wastewater treatment, waste stabilization pond (WSP)

system has emerged as reliable, cost-effective alternative means to treat either raw

domestic sewage or partially treated sewage. The performance of solar-driven,

energy-saving, eco-friendly waste stabilization pond systems consisting of anaero-

bic, facultative, and maturation ponds are well recognized for the treatment of

municipal sewage. It utilizes the principles of multidimensional ecological

processes that create a benign environment required for farming of fish or other

aquatic animals. Hence, they are equally effective in turning the so-called wastes

present in the form of fertilizer storehouse into a useful resource conducive to

biological production. In this process, the nutrients inherent in the domestic waste-

water and animal wastes are recycled into economic resource of fish biomass

mediated through food chain and food web. The philosophy of solution to pollution

is dilution is used for turning the source of pollution into a resource. This is almost

analogous to the second law of thermodynamics at the energy level, where highly

concentrated state is toxic and transformed into more and more diluted form

creating the benign environment for biological production (Jana 2011; Lahiri

et al. 2015; Sarkar et al. 2017). Apart from substantial reduction in the cost of

fish production, the wastewater aquaculture has a unique capacity for reclamation

of wastewater and nutrient recovery through fish biomass. For this reason, WSP

system has become very popular and is being extensively used in many countries of

the world. However, fish farming has been incorporated as a beneficial input in the

maturation ponds (Fig. 8.3) of WSP system in India and some other countries.
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The Structural Design

The structural design of the WSP has been to maximize production of microbio-

logically safe fish with minimal treatment of wastewater as the aerobic conditions

prevailed throughout the system, and that promoted the rapid die-off of both fecal

coliform and pathogens occurring in household sewage.

The oxygen required by the pond bacteria to oxidize the organic load of

wastewater is provided by the microalgae that grow profusely in the facultative

pond in response to nutrient enrichment of the system (Fig. 8.4). It is ensured that the

partly reclaimed water in facultative ponds is further improved by the solar energy-

driven algal-microbial mutualism in aquaculture ponds and achieves the standard water

quality before being discharged into the inland waters. Hence, the degree of reclama-

tion is function of the distance from the inflow of sewage (Lahiri et al. 2015).

Mara (2008) has suggested some modification in the structure of waste

stabilization ponds wherein rock filters were used instead of maturation ponds

and they can be aerated to remove ammonia for improving biochemical oxygen

demand and suspended solid removals. Thus, the effluents of properly designed

WSP system can be safely used for both restricted and unrestricted crop irrigation.

Rana et al. (2011a) observed about 30% reduction of cadmium from the inflow to

outflow point of the sewage effluent gradient in the wetlands of Kalyani waste

stabilization pond system.

Fig. 8.3 A waste stabilization pond in Kalyani sewage-fed farm
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8.7.4 Constructed Wetlands

Constructed wetlands have been frequently used for wastewater treatment in many

countries of the world due to low maintenance and operation costs in comparison

with conventional systems. The design criteria of constructed wetlands and their

efficiency vary depending on the purpose and location and evidently their perfor-

mance. The constructed wetlands have shown a high rate of efficiency in the

removal of organic content (BOD, COD) nitrogen, total suspended solids and

pathogens (Masi et al. 2008), pharmaceutical drugs, etc. The uses of constructed

wetlands for the treatment of wastewater are in experimental stages in India.

Recently, the performance of constructed wetlands for the treatment of municipal

wastewater is being extensively evaluated in India through a DST-EU collaborative

SWINGS (Safe Guarding Water Resources of India using Green and Sustainable

Technologies) project (Álvarez et al. 2017).

The constructed wetlands were divided into free water surface system and

subsurface flow system. All these systems are primarily based on the concept of

either monoculture or polyculture of vascular plants in shallow eutrophic water

bodies receiving wastewater with a long residence time. Constructed wetlands were

also found highly effective in treating raw household wastewater, thus eliminating

Fig. 8.4 Algal-bacterial

mutualism in facultative

and maturation ponds
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the need for septic tank (Chiarawatchai and Otterpohl 2008). In order to control the

clogging in constructed wetlands, earthworms were incorporated into the system for

enhanced efficiency (Chiarawatchai and Otterpohl 2008). Because of the benefits

attributed to integrated anaerobic and aerobic wastewater treatment which reduces

energy consumption, operation costs, and increased treatment efficiency, it has

been recommended as a sustainable treatment option for the Middle East countries

(Al Baz et al. 2008).

8.7.5 Engineered Ecosystem Conceptualized

In the developing countries, industrialization is promoted by replacing natural

ecosystems with the main objective of production for a short-term and local-scale

benefits. The mutual benefits of industries and environment can be achieved by

employing ecological engineering approach which is of great use in developing

nations where people have to focus more on environmental issues for their subsis-

tence. It can speed up their economic and ecological development and march

toward sustainable wealth, health, and faith.

Ecological engineering is the design of sustainable ecosystem that integrates

society with natural environment for the benefit of both and thereby mutually

symbiotic. The fundamental principles of ecological engineering are holism, har-

mony, self-resiliency and circulation, and multilayer and multiuse system. Self-

resiliency includes self-regulation, self-reproduction, self-purification, etc. The

ecosystem components are interconnected and interdependent causing multiple

interactions among themselves. Ecosystems are rich in information networks com-

prising the physical and chemical communication flows that connect all parts and

steer or regulate the system as a whole. Thus, ecosystems are considered

cybernatics in nature, but control functions are internal and diffuse involving

interaction between primary and secondary subsystems.

The nonteleological systems like ecosystems basically differ from mechanical

systems in terms of self-resiliency which indicates the ability to recover when

systems are disturbed by a perturbation from outside. Self-resiliency includes

self-regulation, self-organization, self-regeneration, self-reproduction, self-

purification, etc. This dynamic homeostasis can promote sustainable development

and evolution of an ecosystem. This beautiful integration and excellent

coordination among different subsystems of ecosystem through chemical mes-

sengers have led to develop sustainable ecosystem that may provide service to

the society. The collective efforts are greater than the sum total of the compo-

nents that comprised the ecosystem. This signifies the holistic effects of the

ecosystem. The design of ecosystem is, therefore, primarily human engineered

biotic component dependent. The fish biomass as an output provides the eco-

system service to the society.
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In the wastewater pond, the design of sustainable ecosystem is the basic criteria

for treating, cleaning, and utilizing the waste resources into wealth. The design

criteria are most important because it relies on the structural composition and

functional performance of the system in question. The ecosystem management is

based on the premises of interdependence and symbiotic relationships among the

component members of the ecosystem such as microalgae; probiotics; floating,

rooted, and marginal weeds; herbivorous, carnivorous, and omnivorous fishes;

mussels; benthic animals; etc. Due to relatively high toxic tolerance and rapid

turnover of high organic loading, the so-called living machines develop self-design

and regulation in functional process leading to system reclamation and provide

ecosystem services.

The innovative approach in designing the sustainable ecosystem has been to

consider the responsiveness of the local species in selecting the species for culture

that would suit with the habitat in question. The resilient capacity, self-purification

properties, and self-design character of the ecosystem have to be prioritized for

choosing the specific economic-driven activities. In the aquaculture ponds,

different species of fish that occupy the different ecological niche and graze upon

different trophic niche of the pond ecosystem are of much importance in utilizing

entire food spectrum of the pond in a balanced manner.

8.7.5.1 The Living Machines

Though heavy metal and other xenobiotic chemicals should not be a potential

source of contamination under ideal domestic sewage systems, sometimes

intermixing of domestic and industrial effluents in many developing countries

results in a potential threat to the environment and human health. Aquatic macro-

phytes are often described as scavengers of contaminants in surface waters as they

have the capacity to accumulate toxic metals and heavy metals like Zn, Pb, Cu, Mg,

Mn, Ag, As, Cd, Co, Cr, Ni, Sn, etc. As a result, floating, emergent, and rooted

macrophytes have been used as living machines for eutrophication control of

wastewater system (Jana and Datta 1996; Saha and Jana 2002a; b). They are also

effective in removing pollutants like pesticides, insecticides, phenols, petroleum

hydrocarbons, fluoride, hydrogen sulfide, and volatile fatty acids. Macrophyte-

based wastewater treatment system also indicated significant reduction in fecal

coliform and other pathogens.

It is known that free-floating macrophytes remove nutrients from the water,

whereas emergent macrophytes met up their P requirements exclusively from

sediments. Rooted submersed macrophytes absorb most of the P from the intersti-

tial water of the sediments and also from the surrounding water. In order to promote

the cycling of substances in eutrophic and wastewater systems and to achieve

environmentally sustainable low-cost technique, the potentials of different macro-

phytes have been examined using the application of eco-principle operating through

integrated biosystem (Jana et al. 1996; Saha and Jana 2003). Likewise, freshwater

bivalves have also been used and were demonstrated to be highly effective for the
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removal of cadmium from wastewater pond system (Das and Jana 1999, 2003,

2004) and herbivorous fishes for the control of algal bloom under experimental lake

conditions (Datta and Jana 1998).

8.7.6 Wastewater-Fed Aquaculture System

Wastewater-fed aquaculture is a unique integrated biosystem having at least two

subsystems in which the wastes generated by the first system are used by the next

biological system to produce cash crops using the well-known 4R concepts of

eco-principles. It provides an economically viable, environmentally sound,

low-tech source of high protein through recycling of organic residues in the

eco-friendly balanced system.

Wastewater-fed aquaculture offers means to treat wastewater with integrated

material-flow recycling; concurrently, there are several benefits such as production

of foodstuff, cash crops, animal feeds, raw materials, ornamental plants, and fish

food organism; fishes are obtained on one side and converting the unsuitable form

to a usable form on the other side. Therefore, it has a win-win strategy by serving as

a natural means for converting wastes into wealth and conserving water resource.

Scientific and wise use of wastewater in aquaculture starts after tertiary treat-

ment when organic-rich wastewater has been substantially decontaminated with

drastic reduction of organic load, pathogens, etc. There appears a difference in the

approach for utilization of this treated wastewater between the developing and

economically less developed countries. While this is considered as a discarded

waste in rich countries, it is considered as a resource in the economically poor

countries. However, acute water crisis in recent years has forced some rich coun-

tries to consider wastewater as a possible source for drinking water. In economi-

cally less developed countries where there is dearth of protein with malnutrition,

there has been a constant search for alternative source as if “hunger knows no

boundary,” and many innovative ideas are applied in a traditional way to make use

of vast array of the so-called discarded materials of the society. As a result,

traditional reuse of sewage through agriculture, horticulture, irrigation, and aqua-

culture has in vogue in many Southeast Asian countries. Therefore, reuse of

wastewater is most pertinent with a view to conserve water and to recover nutrients

from wastewater. Logically, considerable efforts have been made toward the reuse

of wastewater in different countries of the world especially in the developing world

and focused on the positive impacts of wastewater and sludge reuse on soil and

plant production. In India, West Bengal is a pioneering state to adopt the wastewa-

ter aquaculture in a large scale using the ecological principles and implementing

through ecological engineering.
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8.7.6.1 Microbiological Considerations

Usual load of bacteria in raw sewage ranges between .108 and .109 MPN/100 ml or

above. There are also some nonpathogenic bacteria which contribute in the nutrient

cycle of phosphorus, nitrogen, and carbon. The ponding system not only reduces the

nutrient and organic loads to 50–90%, but the bacterial loads are also reduced by

2–3 log units at 100 kg COD ha/day. The fecal coliform concentrations were

reduced by 4 log units within 24 h of retention. Research have shown that the

values of fecal coliform were relatively less than total coliform, and a downward

trend in the values of fecal coliform was noticed across the sewage effluent gradient

(Patra et al. 2010). Cadmium tolerance and antibiotic resistance properties of

Pseudomonas (Patra et al. 2010) and E. coli (Patra et al. 2012) were also investi-

gated in waste stabilization pond. Computation of ecological signature using

aerobic mineralization index for heterotrophic and ammonifying bacteria revealed

steady increase across the sewage effluent gradient of the waste stabilization pond

system in Kalyani used for batch culture of carps in maturation pond (Lahiri et al.

2015).

Direct use of municipal wastewater is mostly through fish culture for human

consumption. Because of economic advantages, wastewater-fed aquaculture has

been extensively developed in many Asian countries including India, China,

Bangladesh, Thailand, and Vietnam and in many parts of Europe, Middle East,

and Far East Asia (Jana et al. 2000) for the production of aquatic plants and live

feed for fish and livestock. In India, wastewater-fed aquaculture dates back to 1940s

when the world’s single largest wastewater-fed aquaculture complex known as East

Calcutta wetlands developed with fish culture facilities. There are 130 sewage-fed

fish farms covering an area of 4000 ha and supply more than 8000 tons of fish per

year to city consumers. A large number of people find their livelihood from this

aquaculture using the principles of systems ecology and applying it through eco-

logical engineering (Jana 1998). This practice has been well extended to semiarid

and arid countries such as Egypt and Peru where there is increasing pressure to

reuse wastewater for different activities (Edwards 2000).

Studies conducted at wastewater aquaculture substation in Rahara, 24 Parganas,

for utilization of sewage and sludge for composite carp culture, vegetable and fruit

cultivation with sewage irrigation, paddy cum fish culture with sewage irrigation,

and mixed carp culture with sewage showed that fish production using municipal

wastewater ranged from 1.95 to 8 t /ha/year under different treatment conditions,

whereas the same from vegetable cultivation ranged from 85.9 to 120 t/ha/year

(Roy et al. 2000). Comparative evaluation of sewage-fed and feed-based aquacul-

ture further revealed that the fish yield (4862 kg/ha/year) was higher in the former

than in the latter treatment (3371 kg/ha/year) (Datta et al. 2000).

A productive, attractive, and economical aquaculture-based sewage treatment

system has been employed to treat and also to utilize domestic sewage by
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employing duckweed and fish. It has been demonstrated that disposal of sewage is

carried out more effectively by integrating plant and fish in aquaculture through an

ecologically balanced wastewater treatment system (Ayyappan 2000).

8.7.6.2 The Culture Practices

Raw sewage is harmful to fish life and hence should not be directly used in fish

farming. After safe dilution with freshwater (1:1 to 1:4) or proper loading of

sewage, city sewage provides congenial environment and aerobic condition neces-

sary for fish culture. In practice, domestic sewage is carried by underground drains

or sometimes by surface channels to the fish-growing ponds. In order to reduce the

toxic effects of some heavy metals like cadmium, chromium, lead, and nickel, the

fish farmers allow the growth of water hyacinth and other macrophytes in the canal

or around the pond margins. In Kalyani sewage-fed fish farms, partially treated

sewage effluents are also flown along a gradient through a series of anaerobic,

facultative, and fish-growing ponds, and finally effluents are discharged into the

river canal. The wastewater aquaculture system network at Cuttack comprises

18 duckweed culture ponds, two fish culture ponds, and two marketing reservoirs

for the depuration before marketing of fish. An average retention time of 5 days was

maintained throughout. It is suggested that a BOD5 level of 10–20 mg/l of pond

water should be continuously maintained for better fish growth.

8.7.6.3 Selection of Fish Species

Right selection of fish species and manipulation of their stocking ratios would

create a sustainable ecosystem and utilize the food spectrum in a sustainable way in

wastewater-fed aquaculture system. The bio-manipulation approach is mostly used

in lake cleaning following the cascade effects. Omnivorous and bottom grazing

fishes consume directly the organic detritus of sewage-fed ponds and thereby help

to eliminate obnoxious gases from pond bottom and to keep the pond aerobic

through bioturbation activity. As a result, dominance of herbivorous or carnivorous

fish would direct the nature of food chain to be dominated, and the degree of

reclamation would occur. For example, greater abundance of herbivorous fishes

would result in greater utilization of microalgae and hence control algal bloom in

natural ponds. In case of omnivorous or carnivorous fish, better use of detritus food

chain would be noticed. Greater abundance of bottom grazers would have a

bioturbation effect by the way of physical disturbance and oxygenation in the

mud-water interface resulting in emission of obnoxious gases from the pond

bottom. As a result, a more healthy condition develops in the ecosystem.

The species that are suitable for wastewater aquaculture are Indian carp, Israeli

carp, silver carp, bighead carp, grass carp, common carp, hybrid buffalo, catfish,

largemouth bass, tilapia, freshwater prawn, etc. Tilapia has been considered an

ideal species for rearing because it can tolerate relatively low oxygen, wide range of
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salinity, high level of ammonia, and other adverse ecological factors. Likewise,

air-breathing catfishes like Clarias batrachus are also considered suitable in most

situations. Carps which are often more sensitive to low dissolved oxygen and high

level of ammonia need larger water area and frequent water quality monitoring for

growth. In some sewage-fed fishponds of West Bengal, freshwater giant prawn

culture is quite successful.

8.7.6.4 Water Quality and Ecological Integrity

A favorable water quality should be achieved and maintained for successful

aquaculture in sewage-fed ponds. The ecological resilience of waste stabilization

pond accomplished by sedimentation and chelation, biological functional attributes

mediated through redundancy of different subsystems, and self-purification capac-

ity of system as a whole are responsible for the reclamation of wastewater resulting

into benign environment for fish growth. As a result of interactive ecological

processes, a distinct gradient in the values of pH, total alkalinity, and dissolved

oxygen of water (5.03–12.05 mg/l) occurred across the sewage effluent gradient

from the inlet of facultative pond to the last maturation pond. The concentrations of

all the three species of nitrogen (ammonium-N, nitrite-N, and nitrate-N) were

substantially higher in facultative ponds than in maturation ponds. The high values

of BOD and COD, ammonia, and phosphorus have substantially reduced to favor-

able range required for fish growth. Ecological integrity focusing on the spatial and

seasonal variability of the abundance and diversity of microalgae, biogeochemical

cycling bacteria, and carbon sequestration potential of microalgae was assessed in

relation to water quality across the six wetlands (waste stabilization ponds) used for

treatment of domestic sewage cum fish culture. Mukherjee and Jana (2007) have

shown the effect of water quality on the SDH activity, protein content of fish reared

in waste stabilization pond system.

The gross and net primary productivity of phytoplankton ranged from

3.594 g C/m2/day to 32.858 g C/m2/day and 2.34 C/m2/day to 15.227 C/m2/

day, respectively. The biogeochemical cycling bacteria (heterotrophic,

ammonifying, and phosphate-solubilizing bacteria) occurring in surface

water, in bottom water, as well as in surface sediment tended to reduce spatially

from facultative to the last maturation pond. Comparison of the score values for

optimal conditions of water quality parameters revealed that the sum total of

the integrated ecological conditions were distinctly higher in maturation ponds

compared to facultative ponds (Fig. 8.5). Thus there developed, a benign

environment for fish growth mediated through microalgae-bacterial grazing

and detrital food chain.

Reclamation efficiency of facultative pond has been assessed to be most

dynamic registering 22–69% of the total reclamation. It is proposed that reclama-

tion of sewage effluents occurred through functioning of different subsystems such

as solar energy-driven autotrophic subsystem, heterotrophic animal community
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subsystem, microbial subsystem for decomposition and degradation, as well as

sedimentation and chelation that lead to improvement in water quality mediated

through feedback mechanisms (Lahiri et al. 2015).

8.7.6.5 Fish Production

In general, fish yields from wastewater-fed ponds are two to four times higher than

those from ordinary fish culture practices. The growth rates of different species of

carp were as follows: big head carp > rohu > grass carp > mrigal. The mortality

was maximal in mrigal and least in common carp, suggesting that the latter was

more tolerant to sewage-fed aquaculture than the former. Recycling of domestic

sewage in Calcutta wetlands yielded 7000 kg ha�1 year�1 of carp and 9350 kg of

tilapia. It is estimated that the return over investment is 28%, the profit to turnover is

22%, and return over fixed capital cost is 7%.

The annual fish catch in a sewage-fed fish farm in Calcutta over the last 10 years

ranged from 2160 kg ha�1 to 5700 kg ha�1. The sewage-fed fisheries practiced in

the wetlands of Calcutta are known to provide substantial amount of fish in Calcutta

market. At Cuttack city with duckweed-based wastewater aquaculture system, the

percent survival of common carp was found to be less than other species reared.

Human urine is one of the components of household wastewater. Several studies

have revealed that human urine can be effectively used for the production of

phytoplankton (Jana et al. 2012), zooplankton, Moina micrura (Golder et al.

2007), as well as fish (Jana et al. 2016a) in experimental ponds. It was evident

that total weight for all the species of fish and prawn at the time of harvest was
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Fig. 8.5 Total scores of optimal values of different parameters (Σ pH þ dissolved oxygen þ
phosphate þ ammonium-Nþ nitrate-N þ fish yield) plotted against six ponds along the sewage

effluent gradient
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significantly higher in stored urine-treated tanks (420.0 g) than fresh (356.0 g) or

mixed urine (332.0 g)-treated tanks. The mean count of HB observed in stored

urine-treated tanks was significantly higher (59–184%) than the remaining treat-

ments employed. The mean count of E. coli did not differ from urine-treated tanks

to control (Jana et al. 2016a). It is proposed that human urine preferably the stored

ones with the counts of E. Coli within the permissible for wastewater would be an

effective low-cost liquid fertilizer for carp and pawn culture in small holding tanks.

Further, it was shown that stored urine stored for 6 months was microbiologically

safe for use in biological production (Jana et al. 2016b).

The integration of fish farming (Fig. 8.6) has been based on the fact that nutrient

resource of one system can be profitably used by the another system for sustainable

production resulting in balanced and rational use of the resources. There are many

examples of integration such as paddy cum fish culture, poultry cum fish culture,

duck cum fish culture, pig cum fish culture, cattle cum fish culture, and many other

combinations.

8.7.7 Aquaponics

Aquaponics is one of the common and popular methods for reclamation cum

production of plant biomass in the wastewater system. Some creeping aquatic

macrophytes are cultivated as vegetables for human consumption, and duckweeds

are also cultivated, mainly for fish feed. Among the aquatic plants grown for use as

Fig. 8.6 Integration of fish

farming with livestock and

aquatic plants
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vegetables are water spinach (Ipomoea aquatica), water mimosa (Neptunia
oleracea), water cress (Rorippa nasturtium-aquaticum), and Chinese water chest-

nut (Eleocharis dulcis). The duckweeds Lemna, Spirodela, and Wolffia are culti-

vated in some parts of Asia in shallow ponds fertilized with excreta, mainly as feed

for Chinese carps but also for chickens, ducks, and edible snails. Tomato plants

were cultivated on the floating bed of pulp-free coconut fiber over four different

concentrations of wastewater, and the results were found encouraging (Rana et al.

2011b). The subject of aquaponics has been discussed in more details in Chap. 10 of

this volume.

8.8 Suggested Strategies for Safeguarding Public Health
in Wastewater-Fed Aquaculture

Despite proper ecological functioning and ecosystem health of the WSP, the

possibility of inadvertent contamination by some pathogens and contaminants

cannot be ruled out. Hence, some mitigation strategies have to be adopted.

Depuration was mentioned as a means to decontaminate fish grown in waste-fed

aquaculture. It is generally believed that holding fish in clean-water ponds for

several weeks at the end of the growing cycle will remove residual objectionable

odors and pathogens and provide fish acceptable for market. Relatively short

depuration periods of 1 to 2 weeks do not appear to remove all bacteria from the

fish digestive tract. It is also suggested that the isolation pond may also be loaded

with live water hyacinth in order to accelerate and complete the depuration process

(Das and Jana 1999). However, further research is needed on this direction.

Considering the lack of verification of the effectiveness of depuration as a health

protective measure, it is desirable to monitor the health condition of fish using

advanced protocol. It is recommended to follow some stringent protocol and safety

measures for a better security of fish handlers. The fish farmers should use gloves

and masks and other precautionary measures for preventing unintended health

hazards (WHO 2006). Further, there should be provision for source separation of

municipal and industrial wastes so that mixing of the wastes from two sources can

be avoided.

8.9 Conclusions

Municipal wastewater is of immense importance as a source of nutrients as well as

for water conservation. Sewage effluent and sludge must be treated and managed

properly to avoid any adverse impacts on the environment and human health so that

the resource value of these products can be realized safely. There should be a

holistic approach for wastewater treatment using ecosystem resilient driven water
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reclamation that would reduce the cost of conventional wastewater treatment.

Though the fishes are safe for consumption after proper cleaning and cooking, it

is recommended to have some additional safety measures for human consumption.

It is suggested to keep the harvested fishes in a separate tank for 2 weeks for

decontamination before selling to the market. An integrated planning for source

separation of domestic and industrial sewage should be done for proper use of

municipal wastewater.
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Chapter 9

Bioremediation of Perturbed Waterbodies Fed
with Wastewater for Enhancing Finfish
and Shellfish Production

Kishore K. Krishnani, Neeraj Kumar, K. K. Meena, and N. P. Singh

Abstract Inland waterbodies are environmentally impacted with the wastes

generated through industries and domestic sewage resulting in pollution and

complex ecosystem changes. Sustainable green technology has been emerging as

an important tool for remediation of perturbed waterbodies as well as wastewater-

fed aquaculture ponds. Various methods for bioremediation such as biostimulation,

bioaugmentation, plant-based-assisted bioremediation, phytoremediation, biofilm-/

periphyton-based bioremediation, biofloc technology, biodegradation,

biotransformation, nano(bio)-remediation, enzymatic bioremediation/recombinant

DNA technology, biosorption and nutriremediation for alleviation of the

contamination in waterbodies have been discussed. In addition, improved technol-

ogy interventions in terms of abiotic and biotic stress management, environmental

enhancement, stock enhancement/replenishment, species enhancement/selection of

the right species, environmentally sound enclosure culture technologies, management

enhancement and integrated multi-trophic aquaculture have been explored.

Keywords Environmental management · Contamination · Bioremediation
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9.1 Introduction

Water is the most beneficent available substance (> 70%) of the earth’s surface.
Mismanagement of natural resources may lead to freshwater crisis in the world.

World Water Assessment Programme predicted that, in the next 20 years, the

quantity of water availability per capita would be decreased by 30% (World

Water Development Report 2003). The crisis would be more acute in Asian

countries where availability of water per capita is the lowest.

Water is used for domestic purposes and carrying away wastes and in agriculture

for irrigation, fisheries, aquaculture, power generation, industries, navigation,

recreation and many other purposes. Wastewater generated from domestic and

industrial sources of the country is enormous. This may become a source of

pollution for the lack of proper management and planning. In order to cope with

the problem of shortage in protein food supplies, wastewater aquaculture is one of

the most important ventures which need to be promoted as economic viable option

(Ponniah and Krishnani 2009) for water conservation. However, the discharge

water quality should be strictly monitored to meet environmental standards.

9.2 Bioremediation of Perturbed Waterbodies

A vast array of discharged water from urban sewage, agricultural wastes, food

processing wastes, distillery wastes, paper-pulp mill wastes, organic discharges

from the chemical industry and oil spillages pose a threat to the environmental

security and development of aquaculture in general. This can be attributed to both

biotic and abiotic factors that adversely affect the fish yield of the waterbody.

Chemical stressors such as nitrogenous contaminants, excessive nutrients, high

organic load, heavy metals, pesticides, extreme climate events, pathogens and

aquatic weeds also pose a threat for aquaculture.

9.2.1 Bioremediation in Inland Waters and Aquaculture

Improved technology interventions in terms of bioremediation of pollutants, abiotic

and biotic stress management, environmental enhancement, selection of right
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species, integrated multi-trophic culture, environmentally sound enclosure culture

technologies and harvest and postharvest management would help in achieving

estimated production potential of inland waterbodies and aquaculture (Table 9.1).

Using bagasse-assisted bioremediation in zero water exchange system, Krishnani

et al. (2012, 2013) have demonstrated improved coastal shrimp aquaculture. This is

an advantageous cost-effective biofilm-based biostimulation technology which may

also be adopted in culture-based fisheries.

9.2.2 Stock Enhancements: A Bioremediation Strategy

Fish produces green slime which acts as bioaugmentor. Hence, stock enhancement

can be used as a bioremediation strategy for aquaculture production. For example,

bioaugmentation technology by integration of milkfish in pens in shrimp ponds has

successfully been demonstrated by Krishnani et al. (2012) for controlling shrimp

pathogenic bacteria resulting in enhanced shrimp production. Integrated culture of

economically important fishes as bioaugmentors in zero water exchange system of

coastal shrimp aquaculture has potential application for the removal of excess

nutrients and improving water quality, due to the probiotic effect of fish slime.

9.2.3 Integrated Multi-trophic Aquaculture (IMTA)
as Bioremediation Strategy

Intensive aquaculture system results in adverse environmental conditions with

reduced oxygen level, high organic loading, metabolic loads and pathogens. This

eventually reaches the environment through drained waste. Such abiotic and biotic

stresses have an adverse impact on the finfish and shellfish production. Effective

means for the treatment of culture and wastewater are still lacking. The concept of

bio-mitigation can be achieved through integrated multi-trophic aquaculture

(IMTA) comprising integration of different groups of commercially important

species with varied feeding habits which have been described as a key development

factor for aquaculture sustainability (Barrington et al. 2009). IMTA involves

advantage of the mutualism between some detritivorous fish and phytoplankton.

In IMTA, a number of complementary organisms are integrated at a farm site,

optimizing nutrient utilization and reducing solid waste. A holistic integrated

approach based on the more efficient reactor systems needs to be developed for

waste treatment that would allow more environmentally balanced aquaculture

practices (Zhang and Kitazawa 2016).

Selection of appropriate algal species, aquatic weeds and strains is required for

bioremediation of dissolved nutrient loads in waterbodies. Lawton et al. (2013)

have successfully demonstrated bioremediation activities at land-based aquaculture

Bioremediation of Perturbed Waterbodies Fed with Wastewater for. . . 187
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facilities in Eastern Australia using the fast growth rates and broad geographical

distribution ofUlva ohnoi as an ideal species. Phang et al. (1996) also demonstrated

effective uptake of nutrients by seaweeds cultivated in ponds receiving shrimp

effluent waters (Fig. 9.1). Biological approaches to remediate in shrimp culture

systems have been promoted in the Philippines by integrating the culture of

seaweeds and other economically important species with shrimp farming (Hurtado

and Agbayani 2000).Skriptsova and Miroshnikova (2011) proposed that Ulva
pinnatifida be introduced into IMTA systems during the winter season to remove

nutrients from cultured animals. Silva et al. (2012) have assessed IMTA for Pacific

oyster (Crassostrea gigas) aquaculture as a bioremediation strategy. Seaweeds such

as Kappaphycus and Ulva lactuca apparently are popular among aquaculturist for

their almost universally adoptable characteristics in wide range of aquatic environ-

mental conditions.

Aquaculture effluents have been bioremediated using filter-feeding bivalves,

microalgae and seaweeds (Jones et al. 2002; Muangkeow et al. 2007). Besides,

low or zero water exchange system (Balasubramanian et al. 2005) and recirculation

system (Lezama- Cervantes and Paniagua-Michel 2010) have also been applied in

different places.

A cage experiment using the red alga Gracilaria chouae cocultured with the

black sea bream Sparus macrocephalus in Xiangshan Bay, China, was proven to be
an efficient bioremediation species in this system to measure the nutrient flux of the

IMTA (Wu et al. 2015a). Gilles et al. (2013) created an artificial ecosystem by

combining tilapia Sarotherodon melanotheron heudelotii and the unicellular alga

(Chlorella sp. and Brachionus plicatilis), wherein nutrients are recycled by con-

suming algae and providing the inorganic carbon to fuel the growth of live algae.

Algae purify the water and generate the oxygen required by fishes. Seaweeds are an

important and cheaper source for treatment/therapeutics in aquaculture with greater

accuracy without causing toxicity (Madhuri et al. 2012). A variety of functions in

the seaweeds can be attributed to the presence of various active compounds like

alkaloids, flavonoids, pigments, phenolics, terpenoids, steroids and essential oils.

Seaweeds have high nutraceutical potential because of their nutritional factors, such

as vitamins, minerals, protein, polysaccharides, steroids, carotenoids, saturated and

unsaturated fatty acid and dietary fibre. Researchers have intensified efforts to

Fig. 9.1 Seaweed-based integrated multi-trophic aquaculture
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exploit seaweeds as dietary supplements that enhance growth performance and

health and immune system of cultured fish instead of chemotherapeutic agents.

Some researchers (Manju et al. 2009) have successfully demonstrated integrated

approach for bioremediation of nitrogenous toxicants, including ammonia in

recirculation aquaculture systems, coastal shrimp aquaculture, coastal fish diversity

and phytoplankton variation in coastal aquaculture. Using the seaweeds in the

nutrient-rich outflow of a commercial fish farm, the studies of Azevedo et al.

(2015) have demonstrated the yield potential of Mastocarpus stellatus for sustain-
able production of high-value polysaccharides. Molluscs have been used for biore-

mediation of aquaculture effluents (Ramos-Corella et al. 2014).The principles of

integrated multi-trophic aquaculture may be applied in wastewater aquaculture for

enhancement of bioremediation coupled with aquaculture production.

There is an urgent need of eco-friendly techniques for controlling or minimizing

the pathogenic bacterial problem in wastewater-fed system. A laboratory estimation

of the bacterial accumulation of Mytilus galloprovincialis in the presence or

absence of another filter feeder, the demosponge Hymeniacidon perlevis on sewage
flowing into the Northern Ionian Sea, has been done (Caterina et al. 2016).The

bioremediation capability of the sponges cocultured with mussels has also been

evaluated. The co-occurrence of the filter-feeder H. perlevis withM. galloprovincialis
is a powerful tool in mitigating the health hazard related to the consumption of edible

mussels by reducing the bacterial load in shellfish culture areas.

9.2.4 Bacterial Bioremediation

In bacterial bioremediation, naturally occurring microorganisms are used to break

down hazardous substances into less toxic or nontoxic forms by acting as

biostimulator.

9.2.4.1 Biostimulation

Biostimulation is a type of natural remediation through optimization of conditions

such as aeration, addition of nutrients and electron acceptors or electron donors and

pH and temperature control to increase the number or stimulate the activity of

indigenous microorganisms capable of bioremediation of the waste materials in

aquaculture system (Piehler et al. 1999; Rhykerd et al. 1999). According to

Margesin and Scinner (2001), the primary advantage of biostimulation is that

bioremediation is undertaken by already existing native microorganisms that are

well-suited to the subsurface environment and are well distributed spatially within

the subsurface.

One approach to improve sustainability has been the development of intensive

zero water exchange system (Burford and Lorenzen 2004), which is an environ-

mentally friendly alternative option to conventional aquaculture for producing
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high-density shrimp (Boopathy 2009). However, the system also generates toxic

ammonia which often limits the water quality and adversely affects the shrimp yield

(Krishnani et al. 2011). Bioremediation is necessary for the removal of toxic ammonia

in aquaculture system. Such bioremediation approaches have received much more

attention in recent years to remediate waste products in aquaculture systems.

9.2.4.2 Bagasse-Assisted Bioremediation

Certain plant-based products may be employed for stimulating microbial activity,

which subsequently increases the detoxification potential in the process called as

plant-assisted bioremediation. The use of lignocellulosic bagasse material as a

biostimulator has successfully been demonstrated to maintain ammonia and nitrite

in coastal shrimp aquaculture leading to increased shrimp production (Krishnani

et al. 2013). Integration of bagasse biostimulation technology (at 10–20 kg

biostimulator/hectare shrimp pond) in coastal aquaculture for 2–3 months led to

29–52% ammonia removal and 4–28% higher shrimp production in the aerated

culture ponds (Fig. 9.2). This is due to a biofilm mode of growth of nitrifying

consortia and periphytic growth onto bagasse (Fig. 9.3). Biostimulation technology

is simple and economically viable without much technical sophistication and could

be advantageous for water savings and reduced risk of contamination. Krishnani

and Kathiravan (2010) have further demonstrated through field trials by employing

various molecular tools to quantify ammonia-oxidizing bacteria (AOB) in bagasse

biofilm. Ca++ ion exchange mechanisms combined with the biofilm mode of growth

of nitrifying consortia onto bagasse have been substantiated by quantifying ammo-
nia monooxygenase gene (amo A) by real-time PCR. Bagasse as biodegradable

substrate has a significant role in nitrification and denitrification in zero water

exchange aquaculture production system (ZWEAPS). The conventional denitrifi-

cation has been restricted in anoxic condition, until the discovery of the phenom-

enon of aerobic denitrification mechanism. Molecular methods based on

sequencing of clone libraries for the bacteria possessing both nitrification and

aerobic denitrification capability have been used to provide sequence and the

phylogenetic information, which has an application in bioremediation (Kathirvan

and Krishnani 2013).

9.2.4.3 Bioaugmentation

Bioaugmentation is a promising technique/process of adding selected strains to

wastewater treatment plants to improve the catabolism of specific compounds.

Advantages of important advancement of microbial ecology, molecular biology,

immobilization techniques and bioreactor design can be undertaken by enhancing

the potential of microbial treatments. However, the ratio of resistant/sensitive

microorganisms to the contaminant should be regarded important. In addition, the

poor bioreactor performance may be attributed to the lack of a sufficient number of
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Fig. 9.2 Bagasse-assisted bioremediation in coastal shrimp aquaculture
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a specific microorganism implicated in transformation of the target contaminant

into less harmful end products. To enhance bioaugmentation process, it is necessary

to add a preadapted consortia, genetically engineered bacteria or biodegradation

relevant genes that are packaged into a vector in order to be transferred by

conjugation into microorganisms already present in the biosystem. According to

Yu and Mohn (2002), three criteria are required: firstly they should catabolically be

able to degrade the contaminant, even in the presence of other potentially inhibitory

pollutants; secondly, they must persist and be competitive after their introduction

into the biosystem; and thirdly, they should be compatible with the indigenous

communities present; however, the choosing microorganism should not belong to

or closely related to human pathogens (Singer et al. 2005).

Fig. 9.3 Biofilm-based bioremediation
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In situations where indigenous degraders cannot rapidly degrade recalcitrant

chemicals, the only means for successful bioremediation is bioaugmentation which

involves the addition of indigenous laboratory-grown microorganisms implicated

in biodegradation of the target contaminant or serving as donors of catabolic genes.

Nakano et al. (2008) developed microbial consortium containing Nitrosomonas sp.
for ammonia oxidation and Pseudomonas sp. and Alcanivorax spp. for denitrifica-
tion for the removal of nitrogen from aquaculture. Pseudomonas stutzeri strains,
isolated from catfish pond, were effective in lowering soluble N (NH4, NO2 and

NO3) levels in fish pond water from 10 mg/l to negligible amounts after 4 days

(Diep et al. 2009). The aerobic nitrifying organisms need adequate oxygen for their

growth; hence, in high-density ponds, the aerators served to stimulate bacterial

growth and activity which consequently maintained the quality of the water to

match that of low-density ponds (Fernandes et al. 2010). Biological aerated filter

bioaugmented with heterotrophic nitrifying bacterium Lutimonas sp. H10 has been

set up by Fu et al. (2009) for ammonia removal in the circulating marine aquacul-

ture water, where due to the poor biofilm forming ability of the inoculated strain,

the ammonia removal was not significant.

9.2.4.4 Green Water Technology

A common problem in Indian aquaculture is vibriosis due to Vibrio harveyi, which
is a luminous gram-negative bacterium that causes mortalities among P. monodon
larvae, post larvae and cultured shrimp (Le Groumellec et al. 1996), creating

significant economic losses (Karunasagar et al. 1996). The green water culture

system is a bioaugmentation technique in which herbivore finfish such as grey

mullet (Mugil cephalus) and milkfish (Chanos chanos) are propagated in fish cages
placed in shrimp-growing ponds (Krishnani et al. 2012) (Fig. 9.4). Finfish, stocked

in net cages in shrimp culture ponds, serve as biomanipulators/bioremediators by

feeding on the uneaten feed and algae. The secretions of protein-rich slime from the

fish enhance the production of green water suitable for abundant growth of bene-

ficial indigenous bacteria, antagonistic against pathogenic bacteria Vibrio harveyi,
leading to higher production of shrimp. In addition, green slime helps nitrifying and

oxygen-tolerant denitrifying bacteria to grow and colonize. Pathogenic bacteria are

controlled through a variety of mechanisms such as competitive exclusion,

improvement of water quality, enhancement of immune response of host species

and enhancement of nutrition of host species. Krishnani et al. (2012) have success-

fully demonstrated bioaugmentation green water technology in zero water exchange

systems of coastal shrimp aquaculture for environmental and disease management

leading to higher shrimp production in the treatment ponds (2.4–3.2 t/ha) as compared

to the control ponds (1.9–2.4 t/ha). The Streptomyces species are the most widely

studied microbial species from the coastal waters as a source of antibiotics (Blunt et al.

2007). Advancement in molecular biology-based techniques has led to rapid and

accurate strategies for monitoring, discovery and identification of novel bacteria
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(Krishnani 2010; Krishnani and Kathiravan 2010) implicated in bioremediation of

wastewater and improvement of fish yield and vegetables in wastewater-fed system.

9.2.4.5 Biofilm-/Periphyton-Based Bioremediation

Sites provided by substrates facilitate epiphytic microbial production serving as

food for fish, which easily exploit the sessile forms of bacteria colonized on the

surface of substrates as compared to free planktonic forms. The use of artificial

substrates is advantageous for shrimp growth (Ballester et al. 2007). However, its

mechanism for wastewater aquaculture has not been examined properly.

Microbial biofilm based on agrowaste periphyton in freshwater aquaculture

system may be adopted to increase the productivity by conversion of nutrients

into harvestable products (Mridula et al. 2003). Biofilm is an assemblage of

microorganisms comprising of microbial species attached to a biological or inert

surface and encased in a self-synthesized matrix comprising of water, proteins,

carbohydrates and extracellular DNA (Costerton et al. 1987). Different microbial

species present in biofilm consortia each with different metabolic degradation

pathway are capable of degrading several pollutants either individually or

collectively (Gieg et al. 2014). Biofilm-forming bacteria compete with nutrients

and oxygen and are adapted to survive and suited for harsh environment found way

in the process of bioremediation.

Fig. 9.4 Integration of green water bioaugmentation technology in shrimp aquaculture
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Biofilm-mediated remediation is an environmentally and economically viable

option for cleaning up environmental pollutants/bioremediation. Bacterial biofilms

exist within indigenous populations near the heavily contaminated sites to better

persist, survive and manage the harsh environment. Expressions of genes vary

within the biofilms and are distinctive relative to free-floating planktonic cells.

Differential gene expressions within biofilms are owing to variable local concen-

tration of nutrients and oxygen within biofilm matrix and division of labour among

microbes. Such variable gene expression may be important for degradation of

various pollutants by numerous metabolic pathways. An important consideration

for biofilm formation in microorganisms is chemotaxis and flagellar-dependent

motility (Pratt and Kolter 1999). Responses such as swimming, swarming,

twitching motility, chemotaxis and quorum sensing in presence of xenobiotics

commonly present in soil and water assist microbes to coordinate movement

towards pollutant and improved biodegradation (Lacal et al. 2013).

Polluted surface water can be remediated using biofilm techniques (Fechner

et al. 2012), the carrier of which directly influences treatment efficiency, energy

consumption in waste recycling and water treatment (Cao et al. 2012). The reme-

diation of recalcitrant compounds by conventional methods is often difficult due to

their complex structure and persistent properties. To solve this problem, alternative

biofilm-based treatment processes have been developed suitable for their remedi-

ation because of their high microbial biomass and immobilization ability.

Rhizoremediation exploits the elevated microbial activity in the rhizosphere of

plants for the degradation and removal of pollutants, which has gained much

attention in recent years. The root exudates of Phragmites serve as a source of

carbon and energy for cell growth, facilitating the degradation activity. Addition-

ally, the roots provide a large surface area for bacterial colonization.

Several disadvantages of single species microbial aggregates can be overcome

by the use of periphyton biofilm, which are microbial communities consisting of

heterotrophic and photoautotrophic microorganisms capable of remediating surface

waters that suffered from pollution due to a variety of contaminants. Algae,

zoogloea, filamentous bacteria growing on aquatic macrophytes and other sub-

merged substrates serve as fish food and also play a key role in the production of

enzymes, degradation of organic matter and environmental toxicants and improve

production and water quality as well (Azim et al. 2001).

Bagasse is a complex native cellulosic fibrous waste left after extraction of juice

from cane sugar. In bagasse-treated ponds, biofilm acts as a biofilter with the result of

significant increase in biological production (Krishnani et al. 2013). However, further

research is needed to employ this as a bioremediation tool in wastewater-fed ponds.

9.2.4.6 Biofloc Technology

Biofloc technology has recently gained attention as a sustainable method to control

water quality through balancing carbon and nitrogen in the aquaculture system. The

technology is considered as a resourceful alternative system since nutrients could
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be continuously recycled and reused, with the added value of producing proteina-

ceous feed in situ (Crab et al. 2012). Biofloc not only maintains water quality, by the

uptake of nitrogen compounds generating in situ microbial protein, but also

provides nutrition, increases culture feasibility by reducing feed conversion ratio

and decreases feed costs. Numerous benefits such as improvement of growth rate

and a decrease of FCR and associated costs in feed have been demonstrated using

the consumption of biofloc by shrimp or fish (Burford et al. 2004). The current

focus of intensive research in nutrition fields is biofloc meal (also called single-

celled protein), added to compounded feed (Kuhn et al. 2009). More information on

biofloc technology has been dealt in Chap. 4 of this volume.

9.2.5 Biosorption of Heavy Metals

Heavy metals have potential adverse impacts on the public health as well as on

aquatic species. The use of lignocellulosic agrowastes is environmentally viable for

effective removal of heavy metals. Krishnani et al. (2009) have successfully

demonstrated the use of plant biomass residues and lignocellulosic agrowastes for

the development of novel cation exchangers/biosorbents for bioremediation of

waters contaminated with heavy metals. Biosorption and ion exchange technology

have potentials in the treatment of industrial effluents at the point source.

9.2.6 Phytoremediation (in Aquatic Environment)

Phytoremediation is a common method of bioremediation under terrestrial

conditions, which involves the use of green plants to remove, contain or render

harmless environmental contaminants. However, the information is less for aquatic

habitats. In phytoremediation, selected or genetically engineered plants capable of

direct uptake of pollutants from the environment are used. This process usually

involves the following steps: uptake, translocation, transformation, compartmen-

talization and sometimes mineralization.

Recycling of water employing aquatic plants can reduce the volume of water

required in fish pond to remove the nutrients prior to discharge to natural

waterways. This will allow legislative compliance and can lead to greater profit-

ability. Three mangrove species (i.e. Avicennia germinans, Laguncularia racemosa
and Rhizophora mangle) were used for the biological removal of ammonium,

nitrite, nitrate and phosphate in a closed fishery system (De-Leon-Herrera et al.

2015). The development of phytoremediation with continuous bio-harvesting

through the performance of Chlorella sp. in removing nutrient in aquaculture

wastewater has been successfully demonstrated by Ahmad et al. (2016). Wu et al.
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(2015b) have successfully demonstrated large-scale cultivation of P. yezoensis with
selection of Gracilaria lemaneiformis and Laminaria japonica as coculture

seaweeds in open sea to efficiently alleviate eutrophication by removing dissolved

nutrients and control harmful algae blooms.

Reeta et al. (2004) have successfully demonstrated nutrient removal by floating

aquatic macrophytes cultured in anaerobically digested flushed dairy manure

wastewater, where growth of water hyacinth (Eichhornia crassipes) was inhibited
and both pennywort (Hydrocotyle umbellata) and water lettuce (Pistia stratiotes)
failed to grow successfully in a 1:1 dilution of anaerobically digested flushed dairy

manure wastewater. Saha and Jana (2002a) have conducted studies on nutrient

removal capacity of Lemna major (floating macrophyte) and compared with

Scirpus articulatus (emergent macrophyte) in hypertrophic mesocosms held in

situ. Studies showed the removal of orthophosphate mainly from water phase by

Lemna, whereas Scirpus removed their phosphorus exclusively from the sediment.

Plant recovery of both nitrogen and phosphorus was higher in emergent macrophyte

than in floating macrophyte. There was decline of denitrifying bacteria and the

increase in heterotrophic bacterial populations with the introduction of macrophyte.

Counts of the heterotrophic bacterial population were significantly higher in the

case of Lemna than in Scirpus. Phytoplankton number declined in case of Lemna
due to its shading effect compared to Scirpus. Saha and Jana (2002a) concluded that
the reclamation ability of floating Lemna was short-lived because of nutrient

removal mainly from the water phase, whereas the nutrient removal mechanism

in emergent Scirpus was primarily through the root system from the sediment. In

the studies conducted by Saha and Jana (2002b) on three different densities of water

hyacinth biomass for adequate nutrient depletion in simulated models of wastewa-

ter, it is indicated that there is greater preference of N over P when space and

nutrients were limitless, whereas preferential uptake of P over N occurred at high

density of both nutrient levels. Saha and Jana (2002b) concluded that the required

level of orthophosphate of water was achieved at high density of low nutrient

enrichment after 12 days of water hyacinth introduction, suggesting their immense

potentials for reclamation of eutrophic water and induction of grazing food chain.

9.2.7 Aquaponic-Based Bioremediation

Nutrients including nitrogen and phosphorus, as well as pathogens, are being

discharged into waterbodies potentially leading to eutrophication. Wu et al.

(2012) have developed in situ remediation processes using ecological floating bed

techniques for bioremediation of polluted surface waters. Aquaponics is a

combination of raising fish and growing plants without soil. This is a system of

aquaculture in which the wastes produced by farmed fish or other aquatic creatures

are broken down by nitrifying bacteria into nutrients such as nitrite and nitrates,

supplied for plants grown hydroponicallys, which in turn purify the water. Local
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hydrophytic plants were used to set up ecological floating bed along the riverbank at

different locations for enhancing the purification (Shan et al. 2011; Jia et al. 2011).

A study conducted by Rana et al. (2011) in search of low-cost eco-tech for the

reclamation of municipal, domestic wastewater, tomato plants (Lycopersicum
esculentum) were cultivated on the floating bed of pulp-free coconut fibre over

four different concentrations of wastewater (25%, 50%, 75% and 100%) and

groundwater as control, in 10 l plastic bucket for 2 months. The study revealed

that PO4-P was removed by 58.14–74.83% with maximum removal at 50% waste-

water. More than 75% removal of NO3-N was observed in all treatments. Both

COD and BOD were reclaimed highest at 100% wastewater by 61.38% and

72.03%, respectively. The population of coliform bacteria (Escherichia coli) was
reduced to 91.10–92.18% with maximum efficiency at 100% wastewater. The

aquaponically reclaimed water can be reused in agriculture, aquaculture and

industries. The subject has been discussed in length in Chap. 10 of this volume.

9.2.8 Nutriremediation/Nutribioremediation for Alleviation
of Multiple Stresses

In the last decade, there has been much focus on nutritional remediation on

environmental contaminant especially pesticide. Among all forms of pesticide,

the organochlorine is the most dangerous in terms of persistence. The endosulfan

is more persistent in aquaculture soil, with an average field half-life of 50 days;

however, it persists for many years in soil and water, when it adheres to clay

particles. Neeraj et al. (2016a, b, c) have developed a nutritional remediation

system which protects the fish, Chanos chanos, at cellular and physiological levels

as well as immunity against the pesticide endosulfan, heavy metals and tempera-

ture. The nutritional components such as methyl donors (Muthappa et al. 2014),

pyridoxine (Akhtar et al. 2010), yeast RNA, omega-3 fatty acid (Jha et al. 2007) and

microbial load are very important which have immense role in remediation against

environmental contamination (Gupta et al. 2014).

9.2.9 Nanoremediation/Nanobioremediation

Healthy and resilient inland open waters with abundant fish stocks provide sustain-

able economic returns. Byproducts from cheaply and abundantly available sources

and fishery wastes may be used for the development of nanostructured materials

against bacterial and viral contaminants. Nanomaterials coating as antimicrobial

agent can be used for fishing nets, boats and FRP tanks. The use of selenium and

zinc nanoparticles in the feed may be explored for stress resilience in finfish and
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shellfish. Krishnani et al. (2012) have synthesized silver ion-exchanged zeolite,

which has successfully been demonstrated for nanobioremediation of ammonia and

shrimp pathogenic bacteria. The use of conducting nanopolymers and polyethylene

glycol (PEG)-based amphiphilic nanopolymers has also been successfully

demonstrated for detoxification of Cr (VI) and bactericidal activity (Krishnani

et al. 2014). Zeolites have increasingly been used in water treatment due to their

three-dimensional, microporous and crystalline solid nature and their ion exchange

properties and thermal stability. Zeolites have cation exchange capacity for various

applications in industries, agriculture and aquaculture because of its cagelike

structure consisting of SiO4 and AlO4 tetrahedra joined by shared oxygen atoms.

Nanoremediation/nanobioremediation to detoxify these contaminants could be an

efficient, economical approach.

Recent studies have shown that abiotic and biotic stresses lead to oxidative stress

in plants. It develops as a result of overproduction and accumulation of reactive

oxygen species (ROS), which inactivate enzymes and damage important cellular

components. ROS production inhibits cell growth and induces lipid peroxidation

and cell death. Ameliorating conditions of oxidative stress in agriculture may lead

to increased levels of food production and profitability. However, investigations are

limited in aquatic plants facing multiple stresses. Biologically synthesized

nanoselenium has potential application as antioxidant and antimicrobial materials

in agriculture and aquaculture. There is a need to better understand Si-mediated

tolerance and/or resistance to edaphic stresses at the molecular level.

9.2.10 Remediation in Wastewater-Fed System

Wastewater-fed aquaculture has emerged as an important remediation cum eco-

nomic driven activities in most of the developing countries. This is very important

for utilizing wastewater in view of the enormous volume of wastewater generated in

different cities of India and lack of adequate infrastructural facilities for the

treatment of wastewater. Because of high nutrient load and high biochemical

oxygen demand (BOD) and chemical oxygen demand (COD) resulting in almost

anaerobic state, such water cannot be directly used for aquaculture. Hence there is a

need of following remedial measures for reducing the BOD: regulation of sewage

intake into the ponds, providing freshwater for dilution and use of prophylactics and

depuration of fish in freshwater before marketing. Considerable efforts have been

made towards utilization of sewage through aquaculture in terms of source,

chemical nature, diversity pattern, recycling practices, production potential of

aquaculture, environmental issues and safety measures for eco-friendly sustain-

able environmental management strategies (Jana 1998; Stuart et al. 2010;

Kumar et al. 2015). Further details of the subject have been dealt in different

chapters of this volume.
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9.3 Multiomic Approaches for Predictability
and Reliability of Bioremediation

Multiomic techniques are very useful in making rapid and accurate strategies for

identification and characterization of novel bacteria and their functional genes

implicated in detoxification processes. A better understanding of genetic diversity

of these extremophiles is of keen interest because of its relevance to bioremediation

of priority pollutants.

The recent developments necessitate a combination of frontier science tools

collectively like genomics, proteomics, metabolomics, metagenomics, bioinformat-

ics and nanobiotechnology, benefitting all sectors of aquaculture and fisheries.

Adoption of molecular techniques greatly improves the efficiency of bioremedia-

tion and its predictability and reliability. System biology approach may be applied

for abiotic and biotic stress management in inland open water fisheries.

Metagenomics may be utilized for examining microbial population and exploring

novel microbial genes for their application in culture-based reservoir fisheries

(Fig. 9.5). Chemolithoautotrophic bacterial diversity implicated in nitrification,

denitrification, sulphur oxidation and nitrogen fixation in coastal shrimp aquacul-

ture has been examined by Krishnani et al. (2010) by employing metagenomics

novel heterotrophic nitrifying and aerobic denitrifying bacteria isolated from green

water system of coastal aquaculture (Kathiravan and Krishnani 2014) which have

been identified as Pseudomonas aeruginosa and Achromobacter sp. based on the

16S rRNA gene, FAME analysis and biochemical test. These have been named as

P. aeruginosa strain DBT1BNH3 and Achromobacter sp. strain DBTN3. Molecular

techniques based on the functional gene revealed the presence of denitrifying

functional genes such as nitrite reductase (nirS), nitric oxide reductase (qnorB)

and nitrous oxide reductase (nosZ) indicating that these strains are aerobic denitrifies

and have an oxygen-tolerant denitrification system. These strains were found to have a

27 kb plasmid coding for nirS and nosZ. The possibility of horizontal transfer of

plasmid among Pseudomonadaceae andAlcaligenaceae families in coastal aquaculture

has been explored. Combined nitrification and oxygen-tolerant denitrification potential

in the same isolates has been studied. Multiomic approaches have huge potential for

predictability and reliability of bioremediation in wastewater system.

9.4 Conclusions

Bioremediation is one of the most prominent areas of environmental biotechnology

representing a potential solution to clean up contaminants from open waterbodies

fed with wastewater. Microbial bioremediation could be advantageous with the
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result of formation of completely nontoxic end products. Biofilm-based bioreme-

diation, biostimulation, bioaugmentation, biofloc-based bioremediation, biodegra-

dation, biotransformation, biosorption and nanobioremediation are promising

remediation technologies. Adoption of biofilm-based biostimulation and integrated

culture-based bioaugmentation in small reservoirs not only will have the capacity to

convert nutrients into harvestable products but also have great potential in

environmental management with the result of increase in the productivity. Conclusively,

Fig. 9.5 Metagenomics for examining microbial diversity
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bioremediation has tremendous potential to alleviate the existing pollution, toxicity and

abiotic and biotic stresses in perturbed waterbodies. Suitable and proper bioremediation

strategies can bring noticeable advantages of minimizing chemical and microbial

pollution in reservoirs, wetlands and rivers in a sustainable and eco-friendly manner.
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Chapter 10

Aquaponics: A Green and Sustainable Eco-tech

for Environmental Cum Economic Benefits

Through Integration of Fish and Edible Crop

Cultivation

S. Datta, B. K. Mahapatra, J. N. Bhakta, S. K. Bag, S. Lahiri, R. N. Mandal,

and B. B. Jana

Abstract Municipal wastewater generated by household activities is a storehouse

of fertilizers often causing eutrophication of aquatic systems and environmental

degradation if not properly managed. Aquaponics is a green and sustainable

eco-technological approach integrating aquaculture in hydroponic system and can

play a pivotal role in harnessing nutrient from wastewater resources. Consequently,

the nutrient-rich wastewater may be reclaimed with concurrent production of fish

crops and economically important aquatic plants that can fetch high income from

wastewater. The present chapter deals with the potentials of aquaponics in turning

wastewater into suitable water for producing fish and different crops for food and

nutritional security as well as environmental sustainability.
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10.1 Introduction

Food security and environmental sustainability are the prime global concerns to day

in view of the ever-rising increased population and global climate change.

Enhancement of food production utilizing waste resources coupled with

sequestration of carbon is a win-win approach towards food security, environmental

protection, conservation and mitigation to climate change. One of the crucial issues

of the present day is the effective management of municipal wastewater which is

potentially rich in nutrients and poses a threat to the environment with respect to its

pollution potential. Reuse of municipal wastewater in different economy-driven

activities has been conceptualized as an environmental mitigation strategy to make

use of excessive nutrient load from wastewater through biological production, and

thereby municipal wastewater has been extensively used for fish farming (Jana

1998; Edwards 2000; Jana and Jana 2002) and allied activities such as vegetable or

horticultural crops. However, the information about the application of aquaponics

in harnessing the nutrients from wastewater is extremely scarce.

Aquaponics is a green and sustainable eco-technology integrating aquaculture in

hydroponic system and can play pivotal role in harnessing nutrients from the

wastewater resources. Though different methods have been employed for utilizing

wastewater for biological production either through land vegetation or direct

aquatic system, the principles remain almost the same in both the systems used.

More specifically, aquaponics is a mutually beneficial integrated system of

hydroponics (e.g. soilless systems for crop production) and aquaculture

(e.g. aquatic animal farming) for sustainable production of plant and animal

products (Love et al. 2014). A large number of vegetables and crops such as

beets, radishes, carrots, potatoes, cereal crops, fruits, ornamentals and seasonal

flowers are grown in supporting medium such as gravel, sand, peat, rock wool,
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vermiculite, coconut fibre, sawdust, crushed rock or bricks, shards of cinder blocks

and even Styrofoam instead of soil wetted with nutrient media prepared by mixing

all essential elements and water (Jensen and Collins 1985; Runia 1995). Many

commercially important vegetables and flowering plants can utilize the major

nutrients (NO3-N, NH4-N and H2PO4/HPO4 - P) for their growth from the

nutrient-rich wastewater if proper management or suitable amendments are made.

Apart from nutrient recovery, this arrangement plays an important role in water

conservation. Reducing land use would make a further contribution to sustainabil-

ity. In this system, the crops not only will reduce the cost of wastewater treatment

process but also yield some revenues in the form of agricultural crops. The beauty

of this approach is due to the fact that wastewater provides all the essential elements

required for plant growth and the wastewater, in turn, is reclaimed by the removal of

excess nutrients through the bioprocess of crop production. The net outcome of this

modified system is the reduction of fertilizer cost for crop production as well as the

cost of wastewater treatment. However, it requires the ability to concurrently

manage the production and marketing of two different agricultural products.

There are different strategies for the cultivation of commercial vegetables on

wastewater. The present chapter has attempted to focus on the role of aquaponics

in recycling of municipal wastewater in an integrated manner with the farming of

fish and horticulture crops as a green and eco-technology tool.

10.2 Aquaponics Conceptualized

Several technologies have been developed with the primary objectives of conserv-

ing water and reusing wastewater by growing economically important plants,

vegetables and crops coupled with aquaculture. For example, hydroponics is a

subset of hydroculture and is a method of growing plants using mineral nutrient

solutions in water without soil. Terrestrial plants may be grown with their roots in

the mineral nutrient solution only or in an inert medium, such as perlite, gravel,

biochar, mineral wool, expanded clay pebbles or coconut husk (Douglas 1975). As

plants utilize nutrients, they help purify the water the fish are living in. This creates

a sustainable ecosystem where both plants and fish can coexist, using less water and

space, producing no wastewater and pollutants compared to conventional methods

(Mukherjee 2011). Aeroponics is the process of growing plants in an air or moist

environment without the use of soil or an aggregate medium (known as geoponics).

Aeroponic culture differs from conventional hydroponics, aquaponics and in vitro

plant tissue culture. Unlike hydroponics or aquaponics, aeroponics is conducted

without a growing medium. Because water is used in aeroponics to transmit

nutrients, it is sometimes considered a type of hydroponics (Stoner and Clawson

1997–1998). The approaches of such integration are based on the principle of

organic farming using green compost and biopesticides. A natural microbial pro-

cess keeps both the fish and plants healthy. This creates a sustainable ecosystem
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where both plants and fish can thrive, using less water and space, producing no

wastewater and pollutants compared to conventional methods.

10.3 Components

Aquaponics consists of two main parts: the aquaculture part for raising aquatic

animals and the hydroponics part for growing plants. Although consisting primarily

of these two parts, aquaponic systems usually may have several components or

subsystems responsible for the effective removal of nutrients from wastewater, for

adding bases to neutralize acids or for maintaining water oxygenation. The follow-

ing are the typical components of aquaponic system:

• Rearing tank: the tanks for raising and feeding the fish

• Settling basin: a unit for catching uneaten food and detached biofilm and for

settling out fine particulates

• Biofilter: a place where the nitrifying bacteria can grow and convert through

nitrification ammonia into nitrates which are used by the plants

• Hydroponic subsystem: the portion of the system where plants are grown by

absorbing excess nutrients from the water

• Sump: the lowest point in the system where the water flows to and from which it

is pumped back to the rearing tanks

One of the key to the success of aquaponic system is the beneficial bacteria

which convert the fish wastes into nutrients that the plant used (Rakocy et al. 2006).

All of the tanks and various aquaponic components are connected by pipes. Water

flows from the fish tank to mechanical filter where solid wastes are removed.

The water then flow into a biological filter that converts ammonia to nitrate.

Some system use special tank that are designed to promote eco-friendly bacte-

ria act as biofilter.

10.4 A Brief History of Aquaponics

Aquaponics, principally an application part of hydroponic methods, was first

initiated at the University of California in 1929 (Gericke 1940). However, aqua-

culture researchers first started the experiment in the early 1970s for raising fish in

land-based tanks with continuously recycled water. Collins et al. (1975) and Bohl

(1977) conducted some experiments with aquatic recirculating system for

aquaculture and soilless plant systems as a means of treating fish wastes and

removing nitrogen compounds (Sneed et al. 1975; Lewis et al. 1978; Naegel

1977; Sutton and Lewis 1982). Until the 1980s, integrated hydroponics and

aquaculture witnessed limited success. However, innovative researches have
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transformed aquaponic technology into a viable system of food production. Modern

aquaponic systems can be highly successful, but they require intensive

management. Todd (1980) introduced permaculture at the New Alchemy Institute

and experimented with linking hydroponics and aquaculture. In order to make it

popular, a training course was conducted at the University of the Virgin Islands for

its propagation (Rakocy 1984, 2012; Watten and Busch 1984; Diver 2002; Rakocy

et al. 2006). Subsequently, aquaponics have been greatly developed and designed as

a modern model and spread and practiced worldwide (Shultz and Saviday 2014).

Different systems of aquaponics have been developed from time to time, for

example, the North Carolina State University system developed by McMurthy and

Dong Sanders in 1980, which integrates aqua-vegeculture system and tilapia fish

tanks which were sunk below the greenhouse floor. After draining from the beds,

the water recirculated back into the fish tanks.

The North Carolina State University method was modified by Tom and Paula

Speraneo in the early 1990s by raising tilapia in a 500 gallon tank. This system is

known as the Speraneo system in which fish effluent is linked to gravel-cultured

hydroponic vegetable beds inside an attached solar greenhouse. It was practical,

productive and highly successful.

The University of Virgin Island system: James Rakocy and his associates

developed a commercial aquaponic system in which Nile and red tilapia were

raised in fish rearing tanks, and the aquacultural effluent is linked to floating raft

hydroponics. Basil, lettuce, okra and other crops have been grown successfully with

outstanding quality and yields.

The Cabbage Hill Farm system: Cabbage Hill Farm has designed and continues

to operate a simple recirculating aquaponic system. Tilapia fish and leaf lettuce are

the main products of the Cabbage Hill Farm system, though basil and watercress are

also grown in smaller quantities (Diver 2006).

10.5 Functional Mechanism

The functional mechanism of aquaponics is a dynamic and complex process

principally involving the nutrients recycling in different subsystems. The functional

mechanism of aquaponics is based on the principle of the hydroponics in which the

chemical salts dissolved in water are the source of nutrients for the soilless plants

grown above water. In aquaponic system, organic-enriched wastewater of

aquaculture is the source of nutrients released and available to the plants by a number

of processes carried out by large number of microorganisms. The complex form of

nutrients is transformed into a simple form by microbial decomposition process, which

helps to grow the microalgae and zooplankton as feed required for fish growth as well

as to grow soilless plants for producing crop products. Consequently, the aquaponic

systems improved water quality and produced a second profit centre, in the form of
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edible plants. All of the tanks and various aquaponic components are connected by

pipes.Water flows from the fish tank to mechanical filter where solid waste is removed.

The water then flow into a biological filter that converts ammonia to nitrate by

nitrifying bacteria. Some systems have special tanks that are designed to promote the

growth of microorganisms that act as filter. After being treated in the mechanical and

biofiltration component, the water flows back to the fish tank (Mukherjee 2011).

10.6 Aquaponics in Wastewater Reclamation

Several commercially important vegetables and flowering plants are known to

utilize the major nutrients such as NO3-N, NH4-N, H2PO4 and HPO4-P for their

growth from the nutrient-rich wastewater under proper management or suitable

amendments. The municipal wastewater is the storehouse of fertilizers but poses a

serious threat to the aquatic system in the form of eutrophication unless it is

managed properly for biological production. The significance of aquaponics is

that it can remove the required nutrients from the municipal wastewater by the

roots of vegetables and plants that can grow over the surface of wastewater in a

soilless cultivation system. The nutrients flow from wastewater into plant biomass,

crop, leaf and flower resulting in the production of cash crop for human

consumption. The nutrient-less wastewater is now ready for different activities of

the society. Therefore, it is apparent that aquaponics is one of the important

eco-technological tool for treating the wastewater. It can also be used in intensive

fish farming where the aquatic effluents, resulting from uneaten feed of raising fish,

accumulate in water due to the closed-system aquaculture. However, studies are

extremely less under wastewater-fed system in the field.

Rana et al. (2011) performed an experiment using different concentrations of

municipal wastewater (25%, 50%, 75% and 100%) in plastic buckets, and

10-day-old young healthy tomato plants were implanted in the matrix of pulp-

free coconut fibre (3 in. � 3 in. � 1 in.) as per one plant in one bed and three plants

in one bucket. The plants were allowed to grow on the mat for 2 months

(December–January) under natural conditions. Water loss due to sampling and

evaporation was replenished with the addition of distilled water. The growth

performance and yield of the tomato plant were investigated by measuring biomass,

number of leaves, chlorophyll content in index leaf, number of twig, stem length,

shoot/root ratio, nitrate reductase (NR) activity in root, crop number and crop mass.

After 2 months, the tomatoes were harvested from the plants. Nutrient removal

capacity of tomato plants was determined by monitoring PO4-P, NH4-N, NO2-N

and NO3-N of bucket water before and after tomato plantation. The possibility of

faecal coliform transmission from wastewater to human has been investigated

through the quantification of population size of E. coli in wastewater as it is the

major species in the faecal coliform group and is the best indicator of faecal

pollution and possible presence of pathogens.
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The results revealed that the reclamation efficiency of wastewater was the direct

function of the growth performance of tomato plants. There were significant

differences in average dry biomass among the treatments (Table 10.1). The root

mass tended to grow bigger up to 50% dilution but then declined with the highest

Table 10.1 pH, CF and ppm requirement level of different plants

Plants pH

CF

(CF/10 ¼ EC) PPM

Groups (L, M, H) nutrition

requirement

Veggies

Broccoli 6.0–6.8 28–35 1960–2450 H grow

Cauliflower 6.5–7.0 5–20 1050–1400 M

Common bean 6.0 20–40 1400–2800 M grow and bloom, support stick

Cucumbers 5.5 17–25 1190–1750 M grow, bloom, flowering booster,

support

Eggplant 6.0 25–35 1750–2450 H

Okra 6.5 20–24 1400–1680 H grow and bloom

Peppers

(Capsicum)
6.0–6.5 18–22 1260–1540 M grow, bloom, flowering booster,

support

Peas 6.0–7.0 8–18 980–1260 L

Pumpkin 5.5–7.5 18–24 1260–1680 M

Sweet corn 6.0 16–24 840–1680 M

Tomatoes 6.0–6.5 20–50 1400–3500 H grow, bloom, flowering booster,

support

Leafy greens

Cabbage 6.5–7.0 25–30 1750–2100 H grow

Lettuce 6.0–7.0 8–12 560–840 L grow

Spinach 6.0–7.0 18–23 1260–1610 M grow

Fruits

Banana 5.5–6.5 14–18 1260–1540 M grow, bloom, flowering booster

Melon 5.5–6.0 20–25 1400–1750 H

Pineapple 5.5–6.0 20–24 1400–1680 H

Strawberries 6.0 18–22 1260–1540 M grow, bloom, flowering booster

Watermelon 5.8 15–24 1260–1680 M

Root plants

Asparagus 6.0–6.8 14–18 980–1260 L grow and bloom

Carrots 6.3 16–20 1120–1400 M

Garlic 6.0 14–18 980–1260 L

Onions 6.0–6.7 14–18 980–1260 L

Potatoes 5.0–6.0 20–25 1400–1750 H

Radish 6.0–7.0 16–22 840–1540 M

Sweet potato 5.5–6.0 20–25 1400–1750 H

Turnip 6.0–6.5 18–24 1260–1680 M

Sources: www.gthydro.com; http://cherylsnotebook.blogspot.com/2010/01/growing-blackberrys-

raspberrys-and.html; http://growcontrol.co.uk/cf_ph_nutrient_chart.pdf; http://our.windowfarms.

org/2012/01/20/photoperiodism
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concentration. By contrast, the shoot dry mass increased with the strength of

wastewater, and the highest shoot mass (5.921 g) was obtained in 100%wastewater.

The crop yield in all treatments varied from 32 � 2.0 g (in 25% wastewater) to

125 � 7.21 g (in 100% wastewater) that was statistically distinct. The crop yield

was increased with the rise of the strength of wastewater, and crop was yielded in

control. It is evident from the experimental study that tomato plant in an aquaponic

system removed as high as 58–75% phosphate, 75% nitrate and reduced chemical

oxygen demand by 72% from domestic wastewater within 2 months period. It was

concluded that tomato plants grew better in 100% domestic wastewater. The N, P,

BOD, coliform bacteria and heavy metal load of 100% domestic wastewater were

reclaimed significantly through aquaponic cultivation of tomato plant. The tomato

crop yielded in the study was safe for human consumption, and possibility of colitis

disease transmission from wastewater to human was very low in this approach.

10.7 Diversity of Aquaponics

There are five primary aquaponic methods emerging in aquaponic system.

10.7.1 Nutrient Film Technique (NFT)

In this system, a film of water with nutrients is allowed to flow through the

horizontal pipelines. Generally leafy vegetable plants (e.g. lettuce and other larger

plants) are grown above the water. Roots of plants are submerged inside the water and

nutrient film and take up nutrients and water required for their growth (Fig. 10.1).

Fig. 10.1 NFT system of

aquaponics
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In most NFT systems, PVC pipes are used to carry the flow of water-nutrient

mixture from fish tank. A series of holes are drilled over the whole length of PVC

pipes. Types of plants that are desired to grow in the NFT system will decide the

diameter of holes. The advantages and some disadvantages of this system have

been discussed (https://sites.google.com/site/aquapanaponics/4-project-updates/

advantagesanddisadvantagesofaquaponics).

10.7.2 Vertical System

This is mainly a multi-tier system. A large fish tank is placed on the first lower tier.

Then vegetables are grown in multi-tier vertical columns without soil above the fish

tank (Fig. 10.2). Nutrient-rich water from fish tank is drawn to the top tier with the

help of a pump. Water is allowed to trickle down through the roots of the plants. In

the process, it releases nutrients for plants and gathers oxygen from the air as it back

into the fish tank. As the system is mostly enclosed, little or no waste is generated,

and also there is no need for fertilizer or pesticides. It is a water-efficient and space-

saving way to garden and raise fish. In this system, tilapia and trout are cultured

with leafy vegetables, tomatoes and herbs (www.Instructables.com).

10.7.3 Media-Based System

This system is also known as gravel bed system. It uses containers filled with rock

medium of expanded clay, which are porous to absorb water and air, and then

seedlings are planted directly into the system. Water from fish tank is circulated

through the container to allow the plants to access the nutrients. In this system,

Fig. 10.2 Vertical system

of aquaponics
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rocks act as biological filter as well as solids filter. This scale (www.

backyardaquaponics.com)

Gravel media-based flood and drain aquaponic model was used in the Central

Institute of Fisheries Education, Kolkata Centre, since June 2014 (Fig. 10.3). The

growth of tilapia, koi carp and leafy vegetables (pumpkin, Malabar spinach, bitter

gourd) is satisfactory (Figs. 10.4a, b) (Datta 2015).

10.7.4 Deep Water Culture System

Deep water culture system (Fig. 10.5) works on the idea of floating plants on top of

the water allowing the roots hanging down into the water. This system is

constructed with long channels which hold water at a depth of around 30–40 cm.

Boards can be made from Styrofoam, plastic, etc. Holes are made into the boards.

Plants are either sown directly into the net pots or transplanted from other

growing area. The plants grown with their roots always immersed in the long

channel of water below the boards. This is one of the more commercial methods

(Blom 2013).

10.8 Wicking Bed System

In wicking bed aquaponic system, the water from fish tank is fed once a week in

summer through a slotted pipe that allows the water to flow down and slowly ‘wick’
its way up by capillary action and feed the plant roots from the bottom up

(Fig. 10.6). One of the advantages of this system is that the wicking beds only

Gravel media based 
vegetable plant beds

Nitrification 
Chamber & 

Submersible pumpFish Tank
(koi carp)

Fig. 10.3 Gravel media-based small aquaponic model in operation at Central Institute of Fisheries

Education, Kolkata Centre
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Fig. 10.5 Deep water

culture system of

aquaponics

Fig. 10.4 (a) Growth of pumpkin and Malabar spinach on the aquaponics. (b) Koi carp grown in

aquaponic roof of wet laboratory arising out of vegetable beds of aquaponic system
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need watering once a week in high summer and once a month in winter. Wicking

beds are suitable for growing carrots, beets, potatoes, etc. (Smith 2012).

10.9 Factors Influencing Performance of Aquaponics

As a general rule, plants will have higher nutrient requirement during winter and a

lower requirement during summer when plants take up and transpire more water

than nutrients. In a well-designed and balanced aquaponic system, the ratio between

fish and plants is based on the feeding rate ratio. For a raft hydroponic system, the

optimum ratio varies from 60 to 100 g/m2/day. For example, if the fish are being

fed 1000 g/day on average, the area devoted to hydroponic production should be

16.7 m2 for a feeding rate ratio of 60 g/m2/day. The optimum feeding rate ratio depends

on many factors such as type of hydroponic system, plants being cultivated, chemical

composition of source of water and percentage of system water lost during solids

removal. The optimum feeding rate ratio for a nutrient film technique hydroponic

system is roughly 25% of the ratio used for a raft system (Rakocy 2007).

One of the factors that can be used as indicator for the performance of

aquaponics is electrical conductivity, which is directly proportional to the dissolved

mineral salt content of water, i.e. the more the electrical conductivity, the more is

the salt content of water and vice versa. Pure water does not conduct electricity, so

the conductivity factor (CF) is 0 (EC 0.0), but it increases with increase in dissolved

mineral salt. This is used as indicator of mineral content of water.

CF is important to plants because a solution that is too strong can burn the roots

and causes reverse osmosis. Reverse osmosis occurs when the minerals are drawn

out of the plant because the solution on the outside of the plant is stronger than on

the inside; this can lead to plant death. When the CF level is too low, it will cause

Fig. 10.6 Wicking bed

system of aquaponics
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weak, thin and leggy plants, and the plant will not produce its potential yield. It will

also be more susceptible to disease.

The required CF levels are different for many crops; even it varies at different

stages of growth of the same plant. Lettuces grow at a CF range of 6–16. Levels are

generally at the higher end under cool, low and light conditions and lower in the

tropical conditions. Tomatoes are normally grown at CF levels of 26–46, depending

on variety and stage of crop. They start at levels as low as 18 at planting and build

up the CF level until full fruiting occurs at the higher levels. Home growers with

hobby systems will grow good tomatoes at CF levels of 18–30, harvesting the fruit

vine ripe, while the commercial grower will grow his commercial varieties of

tomatoes at the higher CF levels to get better quality into the fruit, as they are

often picked before being fully ripe (http://www.nftgully.com/).

According to conductivity factor, plants are divided into three types (Savidov 2005).

1. High CF (20–40): tomato, eggplant

2. Medium CF (10–20): lettuce, basil, spinach, cucumber, chives

3. Low CF (2–10): watercress

Plant EC or CF may vary according to the stage of growth. For example,

cucumber prefers CF 20 when establishing and CF 25 after the first harvest.

However, the optimum CF is 17 within 7 weeks after the first harvest (http://our.

windowfarms.org/tag/pumpkin/). The pH and electroconductivity values

(Table 10.2) revealed a wide range of variability among the plants and that specific

plant requirements will vary according to regional climatic conditions from season

to season in a particular region. In this case 1 CF ¼ 100 μS and 1 mS ¼ 10 CF ¼
700 ppm (http://www.homehydrosystems.com/index.html).

10.10 Global Scenario of Aquaponics

India

There are as many as ten private aquaponic farms which are working to produce

crops particularly organic vegetable at commercial level. Vigyan Ashram in India is

exploring aquaponic agriculture in Indian conditions mainly to increase productiv-

ity of agriculture per unit area of land with less water. An experimental study

conducted to study the ‘Effect of Aquaponics on Polyhouse Cucumber Cultivation’
during February toMay 2013 in VigyanAshram, Pabal, Pune,Maharashtra, showed that

aquaponic treatment produced 18.25%, more yield over control treatment; the average

number of fruits per plant was much higher compared to control plot. Fish growth in this

system was satisfactory with 25 g weight gain per month (Shanbhag 2013).

USA

Dr. James Rakocy at the University of Virgin Islands developed an aquaponic

system that relies on rainwater catchment, rotating mechanical biofilters and

floating polystyrene panels that hold the plants. This differs dramatically from the
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Speraneo and NC state models in which vegetable beds themselves serve as biofilter

for cleaning effluent water. Rakocy raises tomatoes and leafy vegetables. Mark

McMurtry and Dr. Rakocy used integrated water reuse systems as viable solution to

self-sufficient food production in developing countries and other locations where

freshwater is scarce (Diver 2000). Research conducted at University of Florida

showed that cucumber crop can be successfully adopted with aquaponic system.

This is reported that 45.3 kg (100 pound) of fish will produce sufficient nitrogen for

4050 lettuce or 540 tomato plants when they are fed with 3 % of their body weight.

Japan

It is stated that all fishes are not suitable for culture in aquaponic system. Tilapia is

the main fish that can be used because these fishes are hardy and can tolerate high

levels of ammonia and nitrate. Researches have shown that a right selection of

qualitatively different fish feed (low protein and low fat and high protein and high

fat) along with type of leafy green vegetables (lettuce and Brassica juncea) was
important for superior growth of the fish (Paul 2013).

Australia

Gravel beds were used as hydroponic component. Gravel beds are very useful for

small systems as they act as both solids and biological filter components and

therefore may replace traditional aquaculture filtering components. One of the

important considerations in aquaponics is that reciprocal flows (flood and drain

flows – the pump is on for a number of minutes in every hour) are to be used for

gravel beds, which will add aeration of the gravel beds, increase oxygen availability

to the plant roots and aid in more uniform nutrient supply. It has been claimed that

NFT system may be as much as 20% less efficient than gravel beds/floating rafts.

This was probably because in gravel bed and raft systems, the plant roots are 100%

in contact with water column, whereas, in NFT, only up to 50% of the root mass is

in contact with water (Lennard 2004).

Canada

Aquaponics is considered as a potentially important industry with two major

components: fish and plants, each locally grown as high-value products and can

be produced and marketed year-round. Fish waste could be an adequate source of

nutrients for intensive crop production. The yield under the conditions of standard

greenhouse technology plant density was about 40 kg of tomatoes/m2/y,

100 cucumber/m2/y. These yields far exceeded the average yields of greenhouse

vegetables produced by organic soil-based technologies in Canada (Savidov 2005).

10.11 Conclusions

Water and soil are two important natural resources, the scarcity of which has been

projected to be acute in the coming years. In view of projected water crisis, reduced

cultivable land and population rise, aquaponics can provide a suitable
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complementary high-density culture method both for fish and vegetables. It can also

reduce land crisis by utilizing wastewater resources for biological production. Also

the production of crops and fish in India is highly dependent on rainfall. When the

rainfall is low, the production of food as well as fish is affected adversely.

Production of fish and plants is not dependent on rainfall in the aquaponics.

In ornamental fishery, the water used for culture is generally exchanged rou-

tinely with freshwater. This nutrient-rich water with some innovative aquaponic

intervention could be utilized to grow some vegetables which are grown in home/

kitchen garden and cut some expenditure of ornamental fishermen to run the

household. In the absence of suitable reuse mechanism, the consumption of fresh-

water is more in aquaria due to routine water exchange. Gravel media-based

aquaponic system has been used successfully to rear the ornamental fish koi carp

and to grow a variety of vegetables (pumpkin, Malabar spinach, bitter gourd, ash

gourd, tomato) without routine water exchange and aeration in Central Institute of

Fisheries Education, Kolkata Centre (Datta 2015). However, more field studies are

necessary to evaluate the potentials of aquaponics for ornamental fishery.
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Chapter 11

Recent Technologies for Wastewater
Treatment: A Brief Review

S. P. Shukla, Saurav Kumar, S. Gita, V. S. Bharti, Kundan Kumar,

and G. Rathi Bhuvaneswari

Abstract There is an unprecedented increase in per capita use of, especially water,

during the past few decades. In view of the vital significance of water resources,

unsustainable use of water resources would cause serious impediment to the growth

of economy and standard of living worldwide. Therefore, new approaches for a

sustainable utilization of water resources are of utmost importance for a secure

future. In recent past, a number of new wastewater treatment technologies have

been developed which paved the way for achieving the sustainability through

judicious water resource utilization and management. The new wastewater treat-

ment technology, especially the integration of urban water and waste management

systems, is a promising approach for the improvement of sustainability of global

water resources.

Keywords Wastewater treatment · Nanotechnology · Microbial fuel cells
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11.1 Introduction

There is an unprecedented increase in per capita use of, especially water, during the

past few decades. In view of the vital significance of water resources, unsustainable

use of water resources would cause serious impediment to the growth of economy

and standard of living worldwide. Therefore, new approaches for a sustainable

utilization of water resources are of utmost importance for a secure future. In recent

past, a number of new wastewater treatment technologies have been developed

which paved the way for achieving the sustainability through judicious water

resource utilization and management. The new wastewater treatment technology,

especially the integration of urban water and waste management systems, is a

promising approach for the improvement of sustainability of global water resources

(Peter-Varbanets et al. 2009).

The natural mechanism and processes of hydrologic cycle involve continuous

recycle of water, making it inherently renewable. However, an increasing rate of

use of water prior to its return to the environment can impact the sustainability of

water resources negatively. Wastewater treatment has gained immense importance

in recent years due to increasing demand of clean water, and its scarcity has created

limited water resources. The total water demand for all the uses is likely to be 1180

BCM (billion cubic meters) by 2050 (Fig. 11.1) as per NCIWRD (National

Commission on Integrated Water Resources Development) report (Kumar 2013).

Depending on their origin, wastewaters can be classified as sanitary, commercial,

industrial, or surface runoff.

Fig. 11.1 Estimated sector-wise demand in India during 2050 (As per NCIWRD)
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Though the recycling technologies can significantly reduce net water abstraction

from the environment, the application of these technologies for water recycling can

facilitate the sustainability of water resources.

11.2 Recent Techniques

Some of the advanced and modern techniques which are used as components of the

wastewater treatment are as follows.

11.2.1 Cavitation

Cavitation of water results in the generation, growth, and subsequent collapse of

gas-filled cavities (bubbles) due to pressure pulses inside a liquid bulk. The bubbles

generated through a mechanical device grow in size until the external pressure over

the liquid decreases to a threshold value, usually around the vapor pressure of the

liquid. After reaching this threshold, bubbles collapse and implode. When bubbles

implode, the compression effects upon its internal gases might cause temperature

increase up to 103–104�K and pressure peaks of 102–103 bar. Due to the extreme

pressure – temperature conditions inside the bubbles – water dissociates into H+ and

OH� radicals. The hydroxyl radical due to its strong oxidation tendency readily

oxidizes the chemicals and affects the microbes (Dular et al. 2016).

In spite of higher operation costs, cavitation offers two important advantages

over conventional advanced oxidation processes (AOPs) due to the fact that neither

reactants nor UV light are used: first, it requires significantly lower operation costs

than the rest of the advanced oxidation processes (AOPs); and second, the

by-products are limited to those expected from the oxidation of the contaminants,

avoiding the presence of other dangerous oxidants such as chlorine.

11.2.1.1 Hydrodynamic vs. Ultrasonic Cavitation

Cavitation is classified into two, (1) ultrasonic cavitation and (2) hydrodynamic

cavitation, depending upon the type of device used for generating the bubbles in

aqueous phase. The first one consists of pressure waves generated in an ultrasonic

bath or through an ultrasonic horn inside a liquid bulk, while the latter is based on

the pressure variations due to acceleration/deceleration of a liquid flow.

Ultrasound cavitation has proven to efficiently remove a wide variety of con-

taminants in water. Ultrasonic equipment (horns and baths) are probably the best

way to effectively study the phenomenon of cavitation. Most commercial
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equipment are prepared to work at lab scale. The parameters of the pressure pulse,

such as amplitude or frequency, are easy to control and reproduce. Moreover, the

whole process takes place inside a static liquid with no change in the ambient

conditions, and therefore observations and measurements are easy to perform. Due

to these advantages, ultrasonic cavitation has been the main object of study for most

groups interested on cavitation. Nevertheless, some technical problems have been

found up-scaling the equipment. Large bulk liquids cushion ultrasound waves, and

the liquid only cavitates in the proximity of the ultrasonic horns, what causes

significant decreases in the efficiency of the process. It is generally agreed that

hydrodynamic cavitation implies a number of practical problems in both operation

control and direct measurements. Cavitation loops are usually designed for

medium- and large-scale operations (tanks from10 to 1000 l). In contrast with

ultrasonic cavitation, the process takes place in a high velocity flow inside a closed

pipe. This is the source of additional complexity and limitations regarding the

control over the pressure pulse. It is unclear whether turbulence, boundary layer

separation, and other hydrodynamic factors are positive or negative in terms of final

effects of the technique, but they have certainly prevented an exploratory research

on potential applications of hydrodynamic cavitation.

Benito et al. (2005) designed a plant to produce hydrodynamic cavitation. The

cavitation loop consists of a tank (containing the contaminated water), a discharge

pipe with a pump, and a cavitation chamber after which liquid flows back to the

tank. High-speed loop circulation of the contaminated water creates cavitation. In

the first stage, the liquid first accelerates in the convergent section; as a result,

pressure decreases; and therefore bubbles generate and grow. In the second

stage – the liquid decelerates after entering a diverging section, giving rise to

pressure recovery and bubble explosion. The liquid is circulated and cavitated

during a period of time that varies from case to case (15 and 90 min).

11.2.1.2 Advantages of Hydrodynamic Cavitation

Ultrasonic cavitation has been extensively studied during the last decade. Its

capability to oxidize organic substances is comparable to that of other AOPs, but

due to the difficulties to perform at industrial scale, the technique has been studied

from a scientific point of view rather than an engineering one. Operational cost

based on energy efficiency is also lower for hydrodynamic cavitation processes.

Although experimental procedures are less flexible and optimization is harder to

achieve, the technique offers some important advantages over ultrasonic cavitation.

Hydrodynamic loops, which essentially consist of a pump, a tank, a Venturi tube,

and pipes, are cheaper than ultrasonic equipment for a given scale (especially for

industrial scale). Operation costs, based on energy efficiency, are also lower for

hydrodynamic cavitation.
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11.3 High Rate Algal Pond System (HRAPs)

HRAPs are shallow, open raceway ponds that have depths of 0.2–1 m and have

been used for treatment of municipal, industrial, and agricultural wastewaters.

Mixing is normally provided by a paddle wheel to given mean horizontal water

velocity of approximately 0.15–0.3 m/s. The pond bottom may be either lined or

unlined depending on soil conditions and local regulations, and CO2 can be added

into a countercurrent gas sparging sump (1.5 m depth) creating turbulent flow

within the pond (Montgomery 1985). Algae growing in wastewater treatment

HRAPs assimilate nutrients, and thus subsequent harvest of the algal biomass

recovers the nutrients from the wastewater.

Wastewater treatment HRAPs are normally part of an advanced pond system

which typically comprises advanced facultative ponds which incorporate anaerobic

digestion pits, HRAP, algal settling ponds, and maturation ponds in series. Based on

the design for BOD removal, advanced pond systems require approximately

50 times more land area than activated sludge systems (one of the most common

wastewater treatment technologies), although this does not account for the land area

needed to dispose off waste activated sludge.

Merits of HRAPs

Algae produced in HRAP can be simply and cost-effectively converted into biofuel

through anaerobic digestion in an ambient temperature in covered digester pond or

heated and mixed anaerobic digesters could also be used. The biomass produced in

HRAPs can be used as a tertiary treatment.

Demerits

HRAPs require large area for the construction. Screening of suitable species of

algae according to type of wastewater is a tedious process. Control of grazers and

parasites needed, algae harvest and density control are necessary.

11.4 Biotechnological Interventions in Wastewater
Treatment

Biotechnology offers the opportunity to create artificial combination of genes

that do not exist together in nature. Methods based on biotechnology in

wastewater treatment are activated sludge, trickling filters, oxidation ponds,

biofilters, and anaerobic treatment.

The genetic engineering of bacteria for bioremediation mainly involves the

transfer of genes for the enzymes specific to the degradation of a contaminant,

genes coding for metal-binding proteins and heavy metal transporter and uptake

genes, etc. (Buyukgungor and Gurel 2009).
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11.5 Application of Nanomaterials for Water
and Wastewater Treatment

11.5.1 Adsorption

Adsorption is a process of removal of organic and inorganic contaminants from

water and wastewater through binding of the contaminants on active sites on the

surface of the adsorbents. Nanoadsorbents are superior to than conventional

adsorbents due to their extremely higher specific surface area and associated

sorption sites, short intra-particle diffusion distance and tunable pore size, and

surface chemistry.

11.5.2 Carbon-Based Nanoadsorbents

Carbon nanotubes – Carbon nanotubes (CNT) have shown higher efficiency than

activated carbon for the removal of various organic chemicals through adsorption

(Pan and Xing 2008).

11.5.3 Metal-Based Nanoadsorbents

The nanoscale oxides of iron, titanium, and alumina are effective low-cost adsor-

bents for heavy metals and radionuclides. The metal oxide nanoadsorbents exhibit a

higher adsorption capacity and faster kinetics because of the higher specific area,

shorter intra-particle diffusion distance, and larger number of surface reaction sites.

Nanomaterials have shown great potential for the removal of metals such as

arsenic, lead, mercury, copper, cadmium, chromium, and nickel. They have been

found to outcompete the conventional adsorbents such as activated carbon.

11.5.4 Polymeric Nanoadsorbents

Polymeric nanoadsorbents (dendrimers) are tailored adsorbents with a capacity to

remove both organic contaminants and heavy metals (Fig. 11.2). The interior of

polymeric nanoadsorbents can be hydrophobic for sorption of organic compounds,

while the exterior branches can be tailored by incorporating hydroxyl or amine

groups. The tailored dendrimers facilitate adsorption of heavy metals through

complexation, electrostatic interactions, hydrophobic effect, and hydrogen bond.
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11.5.5 Nanomaterial-Based Membranes

The performance of membrane systems used in wastewater treatment processes

depends upon the characteristics such as low energy requirement, maintenance of

membrane selectivity and permeability, and non-susceptibility to biofouling

(Fig. 11.3) (Mohmood et al. 2013). If the membrane lacks above attributes, the

lifetime of membranes and membrane modules is reduced considerably.

Incorporation of functional nanomaterial into membranes is a promising approach

to improve the membrane permeability, fouling resistance, and mechanical and

thermal stability.

11.5.6 Nanofiber Membranes

Nanofiber membrane has high specific surface area and porosity in comparison to

traditional membrane. An advantage associated with nanofiber membranes is the

easy manipulation of diameter, morphology, composition, secondary structure, and

alignment of nanofibers in the membrane (Li and Xia 2004). Nanofiber membranes

have a potential for removal of micron-sized particle from aqueous phase at a high

rejection rate with least fouling of membrane. By virtue of the tunable properties,

the electrospun nanofibers provide a feasible solution for wastewater treatment

Fig. 11.2 Application of nanomaterials for the improved adsorbents for the removal of contam-

inants from wastewater
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either by directly using intrinsically multifunctional materials, e.g., TiO2, or by

incorporating specific capture agents on the nanofiber scaffold.

Nanocomposite membrane – The nanocomposite membranes show a lesser

extent of biofouling than the traditional membranes. An introduction of hydropho-

bic metal oxide nanoparticle, e.g., Al2O3, TiO2, and zeolite, increases the fouling

resistance of the membrane. These metal oxides of nanosize also help in enhancing

the mechanical and thermal stability of polymeric membranes.

Thin film nanocomposite (TFN) membranes – TFN membranes are developed

by incorporating nanomaterials into the active layer of thin film composite (TFC)

membranes via doping in the casting solutions. Nanomaterials that have been found

suitable for such applications include nano-zeolite, nano-Ag, nano-TiO2, and

CNTs. Nano-zeolites are the most frequently used dopants in TFN and have

shown potential in enhancing membrane permeability. TFN membrane doped

with 200 nm nano-zeolite at 0.2 wt % showed moderately higher permeability

and better rejection (>99.4%) than commercial RO membranes (Lind et al. 2010).

Application of nanomaterials for water and wastewater treatment is gaining

popularity globally. The unique properties of nanomaterials and their convergence

with the traditional water treatment technologies offer great opportunities for

bringing a revolutionary change in water and wastewater treatment.

Fig. 11.3 Nanomaterials applied for the enhanced efficiency of membrane processes employed

for wastewater treatment
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11.6 Microbial Fuel Cell (MFCs) and Wastewater
Treatment

MFCs are low-cost and low energy solution for conventional aerobic treatment

processes used for wastewater such as domestic wastewater.The traditional

wastewater treatment processes consume higher energy and produce large amount

of excess sludge which requires further expenses on appropriate treatment and

disposal. Microbial fuel cells enable the recovery of energy out of the wastewater,

therefore reducing both the energy input and the excess sludge production. Initially,

MFCs were not gaining adequate attention; however, due to increase in power

outputs by integration of both microbial and electrochemical aspects, MFCs have

emerged as a promising solution for wastewater treatment (Aelterman et al. 2006).

MFC technology is a new approach for generating renewable energy via

wastewater. In spite of its infancy, MFC technology is thought to offer a true

alternative to traditional energy generation processes based on fossil fuels.

11.6.1 Concept of MFCs

MFCs are based on the concept of bacteria-led oxidation and reduction processes

using the electrolytes present in water as substrate. The MFCs consist of two

chambers (anode and cathode) filled with wastewater in one and seawater

(as electrolyte) in other chamber along with two electrodes, a proton-exchange

membrane and an external circuit. Wastewater is degraded by the bacteria in the

anodic chamber, and seawater is diluted to brine in the cathodic chamber. This

whole process generates bioelectricity. Typical reactions within MFC are:

CH3COO
� þ 2H2O ! 2CO2 Anode Reactionð Þ

O2 þ 4e� þ 4Hþ ! 2H2O Cathode Reactionð Þ

11.6.2 Mechanism of MFCs

Electron and protons are continuously generated in a MFC due to oxidation of

substrates such as acetate, in the anodic chamber. Carbon dioxide is produced as an

oxidation by-product. The electron(e-) is absorbed by the anode and transferred to

the cathode through an extended circuit. Once the proton crosses the proton-

exchange membrane (PEM) or a salt bridge, the proton enters the cathodic chamber

where they combine with oxygen to form water.
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11.7 Conclusions

Wastewater treatment is closely related to the standards and/or expectations set for

the effluent quality. Wastewater treatment processes are designed to achieve

improvements in the quality of the wastewater. So, different factors like quality

and quantity of wastewater, land availability, financial flexibility, etc. should be

taken under consideration to choose the best suited technique for a particular plant.

Besides various scientific developments, treatments of 100% wastewater are yet

to be achieved to ensure better environmental health. Wastewater treatment process

is one of the most important environmental conservation processes that should be

encouraged worldwide especially in developing countries.
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Chapter 12

Adsorption Technique for Removal of Heavy
Metals from Water and Possible Application
in Wastewater-Fed Aquaculture

Subhas Sarkar and S. Adhikari

Abstract The presence of various inorganic and organic pollutants in aquatic

streams has readily increased as a result of industrialization and urbanization.

Among the technologies available, adsorption has widely been used for the removal

of various contaminants from aqueous media, and accordingly different adsorbents

have already been prepared over the years. The choice of adsorbent for purification of

a specific type of wastewater containing specific pollutants is mainly determined by

the concentration and type of the pollutant(s) present in the wastewater, the efficiency/

cost ratio of the adsorbents and the adsorption capacity of the adsorbent for the

specific pollutant(s) of interest. In recent years, researchers have focused their efforts

on the use of various low-cost biosorbents and also some synthesized polymer-based

adsorbents for removal of heavy metal ions from wastewater. The purpose of this

article is to provide comprehensive, up-to-date and critical information on the adsorp-

tion of different heavy metal pollutants by various types of biosorbents and polymer-

based synthetic adsorbents. Further, the article describes the possible application of

adsorption-based water remediation technology for wastewater-fed aquaculture.

Keywords Wastewater · Heavy metal · Adsorption · Biosorption · Polymer ·

Nanocomposites · Aquaculture
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12.1 Introduction

Water is the most limited natural resource for aquaculture production in future. As a

result, availability of freshwater for expansion of aquaculture will be limited. This

warrants the necessity for the reuse of wastewater. Currently, various agricultural

operations consume 70% of water resources in India, while groundwater supplies

80% of domestic water demand. This leads to rapid depletion of groundwater level

in different states of India. Therefore, there is a necessity to explore the utilization

of various types of wastewater resources for agriculture and more specifically in

aquaculture. But it is well established that human activity has continuously

disturbed the natural environment, particularly the aquatic ecosystems. Freshwater

pollution due to heavy metal contamination becomes a hazard due to discharge of

untreated industrial effluents. Even the essential metals are beyond the optimum

threshold levels and may become hazardous and toxic to aquatic flora, fauna and

other organisms. Therefore, it is pertinent to determine the characteristics of various

types of wastewater and identify the specific pollutants, and corrective measures be

taken prior to utilizing wastewater in aquaculture. In this regard, adsorption-based

technologies can be applied for remediation of various types of toxic metal ions

from wastewater, and then the water can be used in aquaculture or other agricultural

activities.

Up to now, there are several techniques developed for removing micro pollutants

from wastewater, including chemical precipitation, filtration, surface complexation,

ion exchange, adsorption, reverse osmosis and electrolysis. Some recent reviews

are available that deal with various techniques of removal of toxic chemical (Barakat

2011). However, each technique has its own advantages and disadvantages for practical

applicability. Due to cost-effectiveness, adsorption is being applied widely to remediate

toxic pollutants laden wastewater. The selection of adsorbent for purification of a

particular type of pollutant is mainly determined by the chemical nature and concen-

tration of the pollutant(s) present, the cost-effectiveness of the adsorbents and the

adsorption affinity of the adsorbent. So far, various types of adsorbents have already

been used for water treatment that include activated zeolites (Inglezakis et al. 2003),

clays (Unuabonah et al. 2008a, b; Nishikiori et al. 2009; Zhang et al. 2010), activated
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carbons (Mirmohseni et al. 2012; Nethaji et al. 2013), agricultural waste peel

(Bhatnagar et al. 2015), biochar (Mohan et al. 2014) and polymeric resins (Rivas and

Munoz 2009). Other low-cost ecosystem approaches have also been dealt in the book.

The present chapter is an attempt to provide comprehensive, up-to-date and

critical information on adsorption of different heavy metal pollutants by various

types of biosorbents and polymer-based synthetic adsorbents. Further, the article

describes the possible application of adsorption-based water remediation technology

for wastewater-fed aquaculture. This chapter also critically analyses the effectiveness

of these adsorbents under different physico-chemical process parameters.

12.2 Different Treatment Techniques for Heavy Metal
Removal

A wide range of techniques are available for removal of toxic metal ions. These

methods are chemical precipitation, ion exchange, adsorption, membrane filtration,

electrochemical treatment technologies, etc. A brief introduction of these techniques as

well as their advantages and limitations has been provided in this chapter.

12.2.1 Chemical Precipitation

Chemical precipitation is the most practical and effective technique adopted by the

industries widely (Ku and Jung 2001). This process is relatively inexpensive and

easy to operate. In this technique, heavy metals form insoluble precipitates by

reacting with added chemicals. Then the precipitates can be easily removed from

the liquid medium either by sedimentation or by screen filters. The treated water is

then drained and discharged safely or reused for other purposes. In general, hydroxide

and sulphide are being used for precipitation reaction in conventional water treatment

process. However, its application in wastewater treatment is limited.

12.2.2 Ion Exchange

Ion-exchange techniques have been widely employed for removal of metals from

wastewater owing to their many advantages, such as high removal efficiency, high

scalability and rapid kinetics (Kang et al. 2004). Various types of synthetic and

natural resins containing sulphonic acid groups (�SO3H) and carboxylic acid

groups (�COOH) are used for commercial purpose. Hydrogen ions of the
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ion-exchanging functional groups (sulphonic or carboxylic) of the resin undergo

following ion-exchange process (Eqs. 12.1 and 12.2) for removing the metal ions

from water:

nR-SO3HþMnþ ! R-SO3
�ð ÞnMnþ þ nHþ ð12:1Þ

nR-COOHþMnþ ! R-COO�ð ÞnMnþ þ nHþ ð12:2Þ

12.2.3 Membrane Filtration

The highly efficient membrane filtration technologies with a wide range of

membranes have immense potentials to remove toxic metal ions from water. The

technique requires less space and is easy to operate. Different processes including

electrodialysis, reverse osmosis, ultrafiltration and nanofiltration have been applied

for removal of heavy metals from contaminated water. Ultrafiltration (UF) process

employed low transmembrane pressures to remove contaminant ion and other

suspended materials. In reverse osmosis, a semipermeable membrane is used to

allow the liquid to be purified to pass through and rejecting the metal ions.

Electrodialysis (ED) is a process where a charged membrane is used to separate

the contaminants by an electric field as the driving force. Ion-exchange

membranes are widely used for most ED techniques. However, application of

these techniques is a new approach and requires experimentation for wastewater

treatment.

12.2.4 Coagulation and Flocculation

Coagulation and flocculation followed by filtration are also used for remediation of

metal ions from contaminated effluent. The process involves the destabilization of

suspended particles by neutralizing the electrical repulsive forces that causes

dispersion of particles. In general, different types of polyvalent cations are widely

used in the conventional wastewater treatment. Salts of polyvalent cations, mainly

aluminium, ferrous sulphate and ferric chloride, are used for charge neutralization

of suspended particles and formation of amorphous metal hydroxide

precipitates. Finally, precipitates are removed by sedimentation and followed

by filtration process. The treated wastewater may then be reused in various

activities.
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12.2.5 Electrochemical Treatment

In electrochemical methods, metal ions are plating out on a charged surface

(cathode), and contaminant ions are recovered in the elemental state. This process

is not so popular and has limited applications for practical purpose due to high cost.

12.2.6 Adsorption

Adsorption process is considered as the most effective technique for remediation of

contaminated water owing to its technical feasibility and cost-effectiveness. It

offers great workability in design and operation, and the treated water is acceptable

in terms of its good quality. Moreover, the adsorbents can be reused after regener-

ation by using suitable desorption process. So far, a wide range of adsorbents such

as clays, modified clays, activated carbon, activated zeolites, agricultural waste peel

(biosorbent), biochar and polymeric resins have been applied for heavy metal

adsorption.

12.3 Use of Biosorbents for Removal of Heavy Metal

12.3.1 Definition of Biosorption

The term ‘biosorption’ has been used in a wide range of processes including

bioabsorption, bioadsorption and biosorption by living or dead biomass and

bioaccumulation of diverse array of substances including radionuclides, metals

and organics. This is multidimensional and has been developed and being applied

in a large scale over the past few decades.

Sorption is a process where one substance binds to other materials and governed

by combination of physical and chemical process. Biosorption is a physico-

chemical process involves in the removal of substances from contaminated solution

by biological material (Gadd 2009). Bioadsorption and bioabsorption are the two

similar terms (Gadd 2009); sorption is a process that is used for both absorption and

adsorption. In absorption process a substance in one state is incorporated into

another substance of a different state. Adsorption is a physical attachment of ions

and molecules onto the functional molecules of other substances. Biosorption is a

process where contaminants bind to the biological materials and is considered as a

subcategory of adsorption (Michalak et al. 2013). Traditional clean-up technologies

most commonly involved adsorption process, but sorption is the most preferred
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term for the process such as adsorption or absorption (Borda and Sparks 2008). A wide

range of systems clearly exist in the continuum from adsorption to precipitation (Gadd

2009). Therefore, biosorption process involves a solid phase of biosorbent and a

pollutant (sorbate)-laden liquid phase (mainly water). Any type of biological material

having affinity for inorganic and organic pollutants indicates its biosorption potential

within countless types of biomaterials (Gadd 2009; Dhankhar and Hooda 2011). There

has been a wide range of research for wastewater purification such asmetal recovery and

recycling, all types of microbial, animal and plant biomass and derived products, etc.

(Volesky 1990, 2003). The kinds of substrates of biological origin that are widely used

for biosorbent preparation include various types of microbial biomass (bacteria,

cyanobacteria, microalgae, filamentous fungi and yeasts), sea weeds (macroalgae),

agricultural wastes (fruit/vegetable wastes, grain straw, grain bran, pulp, soybean

hulls, etc.), industrial wastes (fermentation and food wastes, activated and anaerobic

sludges, etc.), natural residues (tree barks, plant residues, weeds, sawdust, sphagnum

peat moss) and other materials (chitosan, cellulose, etc.) (Park et al. 2010; Dhankhar and

Hooda 2011). The potentials of many more synthetic and natural materials are in the

attention of current research.

12.3.2 Mechanism of Biosorption

Various mechanisms including adsorption, ion exchange and complexation/coor-

dination are involved in biosorption process. The process is rapid and reversible

when sorbent properties are similar to synthesized ion-exchange resins (Gadd

2009). However, biological substances are complex and composed of various

structural compounds present in biomass substances. That means many functional

groups such as carboxyl, hydroxyl, amino, thiol, etc. are able to interact with metal

species and governed by various physico-chemical factors. Precipitations followed

by crystallization are other possible mechanisms that may occur and complicate

sorption and/or desorption. This may lead to very high uptake capacities but inhibit

desorption. However, different mechanisms are likely to operate simultaneously in

biosorption process. Ligand bonding mechanism is very important in metal-sorbent

complex formation and relevant for understanding biosorption. Various cations like

Cu2+ may participate in surface complexation reaction by forming coordination

bond of metal ions with oxygen donor atoms and proton release resulting bidentate

surface complexes (Gadd 2009). A cation can attach with the surface of biosorbent

either as an inner-sphere or outer-sphere complex. Covalent bonding of metal ions

with the electron-donating ions of adsorbent forms inner-sphere complex. Whereas,

for outer-sphere complex, a metal cation reaches the surface negative sites to a

critical distance and gets attached.
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12.3.3 Different Types of Biosorbents for Heavy Metal
Removal

The removal of dissolved elements requires the employment of more advanced

techniques than primary and secondary treatments. This may include the use of ion-

exchange resins that will scrub the toxic elements from the water. But, treating large

volume of wastewater for aquaculture purpose also demands for cost-effective

technologies. Therefore, to fulfil the requirement, low-cost biosorbents can be

used as an alternative to ion-exchange resin, though research on application of

biosorbent-based wastewater treatment for aquaculture is scarce. However,

considering its potentials for removal of heavy metals, some research findings

(Table 12.1) are presented as follows.

12.3.3.1 Rice Husk

Rice husk is a crop residue derived from rice processing industries. Major

proportion (70–85%) of dry rice husk consists of organic matter such as cellulose,

lignin, carbohydrates, etc. Silica is also a major component present in the cellular

membrane. Recently, possibilities of using rice husk as an adsorbent for the

removal of contaminants has been explored. It has been reported that pretreatment

of rice husks would reduce crystallinity of cellulose due to removal of lignin and

hemicelluloses with increase in surface area. In general, metal ion adsorption

capacity of chemically modified or treated rice husk is higher than that of

unmodified rice husk. For example, sodium hydroxide, sodium carbonate and

epichlorohydrin treatment of rice husk increased cadmium adsorption capacity

(Kumar and Bandyopadhyay 2006). The adsorption capacity of raw rice husk can

Table 12.1 The capacities of various biosorbents for removal of different metal ions

SL

no. Biosorbent

Heavy metal removal efficiency (%) References

Cr

(IV)

Ni

(II)

Cu

(II)

Zn

(II)

Pb

(II)

1. Soybean hulls 98.1 95.6 99.7 96.4 – Marshall and Cham-

pagne (1995)

2. Cotton seed hulls 97.6 96.7 98.8 96.6 – Marshall and Cham-

pagne (1995)

3. NaOH-washed soy-

bean hulls

– 55.8 61.0 71.4 – Marshall and Cham-

pagne (1995)

4. Coconut husk >80 – – – – Tan et al. (1993)

5. Palm-pressed fibre >80 – – – – Tan et al. (1993)

6. Sago waste – – >75 – >95 Quek et al. (1998)

7. Rice hull biomass 98.93 – – – 99.43 Roy et al. (1993)
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be improved by alkali (NaOH) treatment due to removal of base soluble materials

that might musk the adsorption site on the husk surface. For example, study of

Tarley et al. (2004) revealed that Cd adsorption capacity was doubled when rice

husk was treated with NaOH. The reported Cd adsorption capacities were 7 and

4 mg/g for NaOH-treated and NaOH-untreated husk, respectively. Effect of various

types of carboxylic acids on rice husk modification and its use for removal of

copper (Cu) and lead (Pb) has been studied. It was revealed that tartaric acid

modified rice husk removed highest amount of pollutants (Wong et al. 2003). The

adsorption capacities of lead (Pb) and copper (Cu) were reported up to 108 and

29 mg/g, respectively.

12.3.3.2 Sawdust

Sawdust is a by-product generated from wood industry which has been used as a

cheap biosorbent. It contains metal-binding polyphenolic functional groups along

with other molecules such as lignin, cellulose and hemicellulose. Rehman et al.

(2006) investigated the adsorption of Ni2+ ions on sawdust of Dalbergia sissoo
treated with alkali (NaOH). The adsorption kinetics study showed that extracellular

binding favoured the fast adsorption of ion in the first 20 min. The maximum

capacity of Ni2+ adsorption was reported as 10.47 mg/g at 50 �C. Further, the study
revealed that high temperature is favourable for adsorption and followed both

Langmuir and Freundlich isotherm models. In another study, phosphate-treated

sawdust (PSD) recovered 100% of Cr (VI) from Cr (VI) laden (50 ppm) synthetic

and electroplating wastewater (Ajmal et al. 1996).

12.3.3.3 Sugarcane Bagasse

Sugar industry produces sugarcane bagasse as a by-product. Bagasse pitch is

composed largely of various organic compounds such as cellulose, hemicelluloses

and lignin. Junior et al. (2006) studied the effectiveness of succinic anhydride-

modified sugarcane bagasse for adsorption of Cd, Cu and Pb from wastewater.

Similarly, the adsorption performance of hydrogen peroxide-treated bagasse fly

ash, for removal of Pb and Cr, was tested by Gupta and Ali (2004). Hydrogen

peroxide with high oxidizing power was applied to remove the organic matter on

the adsorbent and improving the adsorption capacity.

12.3.3.4 Fruit/Vegetable Waste

Acid (HNO3)- and alkali (NaOH)-treated fruit (banana and orange) peels were

tested by Annadurai et al. (2002) to examine the binding ability for various divalent

metals such as zinc (Zn2+), copper (Cu2+), cobalt (Co2+), nickel (Ni2+) and lead (Pb2+).

The study revealed that the adsorption affinity for both adsorbents decreases in the order:
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Pb2+> Ni2+> Zn2+> Cu2+> Co2+. Banana peel (for Pb2+, Ni2+, Zn2+, Cu2+ and Co2+

were 7.97, 6.88, 5.80, 4.75 and 2.55 mg/g, respectively) exhibited higher maximum

adsorption capacity for metal compared to orange peel (for Pb2+, Ni2+, Zn2+, Cu2+ and

Co2+ were 7.75, 6.01, 5.25, 3.65 and 1.82 mg/g, respectively). However, their

application in wastewater reclamation has received less attention.

12.4 Use of Polymer-Based Adsorbents

Recently, various types of polymer-based adsorbents have been utilized for removal

of toxic pollutants from wastewater, among which (1) polymer-clay nanocomposites

and (2) superabsorbent polymers (hydrogels) are most widely being used.

12.4.1 Polymer-Clay Nanocomposites (PNCs)

Application of various types of polymers is widespread in various industries.

Recently, incorporation of nanosized particles into the polymer matrix further

widens its applicability. Polymer nanocomposites (PNCs) are synthesized by

reinforcing nanosized particles having high aspect ratios (L/h > 300) into the

polymers (thermoplastics, thermosets or elastomers) matrix (Denault and

Labrecque 2004). Incorporation of very low amount of filler (1–5 vol%) provides

toughness of the resin without changing the inherent character of the polymers

(Table 12.2).

12.4.1.1 Application of PNCs for Heavy Metal Removal

Polymer nanocomposites (PNCs) materials have successfully been used to purify

the heavy metal-contaminated wastewater. Clay-polymethoxyethylacrylamide

(PMEA) nanocomposite synthesized by S€olener et al. (2008) is applied successfully
for absorption of Pb2+ions with a maximum adsorption capacity of 81.02 mg/g. The

binding ability of PNC for Pb2+ was explained by physisorption process which was

endothermic in nature. The material performed well within the pH range of 4.0–6.0

without altering its sorption capacity, and even at low pH of about 3.0, the

adsorbent showed a high removal efficiency of Pb2+. A new adsorbent, organo-

bentonite ammoxidated polyacrylonitrile (OBent-PAN) nanocomposite, was

prepared by Anirudhan and Ramachandran (2008), using in situ intercalation

polymerization reaction. The synthesized composite with pHPZC of 6.3 showed

very good adsorption capacity for Zn (II), Cu (II) and Cd (II) to the tune of 77.43,

65.4 and 52.61 mg/g, respectively. Maximum removal efficiency of Zn2+, Cu2+ and

Cd2+ was stated to be 98.9%, 99.8% and 97.4%, respectively. The reaction was
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carried out with an initial ion content of 25 mg/l, initial pH of 6.0 and 2 g/l of the

adsorbent dose. Ion exchange followed by chelation reaction has been claimed to

explain the metal ions removal process.

Unuabonah et al. (2008a) prepared a novel nano-clay adsorbents by modifying

kaolinite clay with polyvinyl alcohol (PVA) and showed that the adsorbent

with pHzpc value of 4.25 can adsorb Pb2+ (56.18 mg/g) and Cd2+ (41.67 mg/g)

ions. It has been suggested that an inner-sphere surface complexation reaction

governed the Pb2+ and Cd2+ adsorption process (Unuabonah et al. 2008b).

Experiment conducted by fixed bed technique with the same adsorbent revealed

that 20 g of the adsorbent is needed to treat 1180 ml of Cd2+ containing water

(300 ppm) and 1243 ml of Pb2+ containing water (300 ppm). After treatment the

water volume was reduced to 927 ml and 1020 ml, respectively, on regeneration of

the adsorbent (Unuabonah et al. 2010, 2012). Modelling study by a two-stage batch

experiment for predicting optimum Pb2+ removal by the adsorbent suggested that

4 kg (2 kg for each stage) of the PNC is needed to be used to remove 95% of Pb2+

from a 2.5 m3 volume of aqueous solution containing 300 mg/l Pb2+, in approxi-

mately 30 min (Unuabonah et al. 2009).

12.4.2 Superabsorbent Polymer (Hydrogels)

Over the years, researchers have given attention to the superabsorbent polymers

commonly known as hydrogels. Typically, hydrogels are three-dimensional

(3D) matrix composed of cross-linked polymeric network synthesized by the

reaction of one or more monomers with the ability to absorb and retain large

quantities of water or biological fluids (Ahmed 2015; Sarkar et al. 2014). Moreover,

hydrogels will not dissolve in water and keep their network structure stable in their

swollen state (Ahmed 2015). Such properties are attributed to the cross-linked

structure of the polymer matrix that provides hydrogel stability in various media

and environment (Sarkar et al. 2013, 2015).

12.4.2.1 Application of Hydrogels for Heavy Metal Removal

Recently, it has realized that hydrogels containing various active sites mainly

carboxylic acid, amine, hydroxyl and sulphonic acid group could be utilized as

trapping agents for the adsorption of various ionic species from wastewater.

Compared with other adsorbents like ion-exchange resins, the use of hydrogel

materials is advantageous mainly due to its excellent water permeability and

expansibility for easy access of target ions. For example, chitosan (CTS)-based

hydrogels containing hydroxyl and amino groups have been utilized as an attractive

adsorbent for removing heavy metal ions. Zhang et al. (2007) prepared for the

first time a composite hydrogel based on CTS-g-poly (acrylic acid)/attapulgite
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(CTS-g-PAA/APT). In this process, the –OH groups of attapulgite (APT) and –OH

and –NH2 groups of chitosan molecule reacted and forms graft polymer with acrylic

acid (AA). In addition, incorporation of APT could improve thermal stability and

develop a porous surface. Subsequently, the CTS-g-PAA/APT composite hydrogel

was used as an adsorbent for the removal of Cu2+ from aqueous solution (Wang et al.

2009). The adsorption process was very rapid, and 90% of equilibrium adsorption

capacity was achieved within 15 min of reaction. Wang and Wang (2010) also reported

CTS-g-PAA/APT composite as adsorbent for removal of Cd2+ from aqueous solution.

Results from kinetic experiments revealed that more than 90% of Cd2+ adsorp-

tion capacity of the hybrid hydrogel achieved within the initial 3 min, the

adsorption process reached equilibrium level within 10 min. In another exper-

iment, vermiculite clay (VMT) incorporated CTS-g-PAA polymer composites

(CTS-g-PAA/VMT) was also employed for removal of Pb 2+ and Cd 2+ from

aqueous medium (Wang and Wang 2012). Here also a very rapid removal was

achieved and 90% of the total adsorption capacity reached in 3 min for both Pb
2+ and Cd2+ with the maximum adsorption capacity of 3.08 and 2.98 mmol/g for

Pb2+ and Cd2+, respectively. To develop a low-cost hydrogel adsorbent of Pb2+

with effective binding capacity, a polymer-clay composite was synthesized

based on CTS, acrylic acid, sodium humate (SH) and APT (Zhang and Wang

2010). The adsorption capacity of the composite hydrogel for Pb2+ increased

with increase in pH and initial Pb2+ concentration. Further, decrease in particle size of

the adsorbent increase Pb2+ removal efficiency. CTS and CTS-PAA hydrogel beads

cross-linked with glutaraldehyde (GLA) were synthesized and employed for removal of

Cu2+ (Dai et al. 2010). The study showed that Cu2+ � adsorption process was temper-

ature independent but dependent on pH of the fluid. Further, to make the separation

process more efficient, magnetic nanoadsorbent based on CTS has been suggested

(Zhou et al. 2011). Zhang et al. (2012) have prepared a magnetic hydrogel

(Fe3O4/CTS/PAA) composite based on polymerizing AA in CTS and Fe3O4

aqueous solution with the properties of reusability, biodegradability and of

high adsorption capacity for Cu2+ ions.

A series of hydrogels were synthesized based on starch backbone and designated

as starch-g-poly (acrylic acid)/sodium humate (St-g-PAA/SH). The hydrogel was

tested for Cu2+ removal from the synthetic wastewater. A series of batch exper-

iments with varying pH values (2.0–5.0), initial Cu2+ content (0.003–0.02 mol/

L) and contact times (0–90 min) were carried out. The results revealed that the

incorporation of SH (5%) into the polymer of St-g-PAA improved initial

adsorption rate and adsorption capacity for Cu2+. This also significantly

improved the regeneration ability of the adsorbent. FTIR spectra study revealed

that complexation reaction was the main contributor for adsorption process

(Zheng et al. 2010).
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12.5 Possible Application of Adsorption-Based
Remediation Technologies in Wastewater-Fed
Aquaculture: Experimental Evidences

Aspé et al. (2012) demonstrated the efficiency of sawmill industry generated Pinus
radiata bark (PRB) as a biosorbent for removal of iron (Fe), manganese (Mn) and

aluminium (Al) from freshwater for Chilean Atlantic salmon farms. In this study,

three processes were applied: firstly, an oxidation followed by column (PRB

packed) filtration; secondly, oxidation followed by granular (small particle)

filtration; and, thirdly, carbon dioxide and chemical treatment followed by granular

(small particle) filtration. In all these process, Mn removal of 97, 99 and 29% and Fe

removal of 93, 97 and 98%, respectively, were achieved. The study revealed that Fe

concentration below the tolerance limit (< 0.1 ppm) for salmon life was achieved in

all the three processes. The PRB bark removed aluminium (Al) to the tune of

greater than 99.5% and achieved Al concentration of 0.01 mg/l, safe limit for

salmon. Hence, the study demonstrated that PRB packed column is effective to

achieve safe level of aluminium (Al) and iron (Fe) concentrations for salmon life.

With a view to developing columns in commercial aquaculture system for

treating the nutrient-enriched effluent generated from intensive aquaculture system,

Kioussis et al. (2000) have prepared a hydrogel based on polyallyl amine

hydrochloride (PAA-HCl) and applied for efficient removal of nitrate, nitrite and

orthophosphate nutrient anions from the aquaculture effluent. Eutrophication often

leads to fish kill due to nutrient enrichment or crash of a phytoplankton bloom.

Therefore, in such situation, these types of hydrogels could be used as a nutrient

scavenger to manage the eutrophication problem. However, further research is

needed in this direction.

12.6 Conclusions

Various techniques are developed for removing micro pollutants from wastewater,

including chemical precipitation, ion exchange, membrane filtration, coagulation

and flocculation, electrochemical treatment, adsorption, etc. Adsorption is a less

expensive technique that is being used widely to remove both organic and inorganic

pollutants from wastewater. It has been suggested that the use of different types of

biomass (biosorbent) and different types of polymeric adsorbents including

superabsorbent polymers is more useful for the removal of contaminant ions from

wastewater. Further, exhaustive study needs to be carried out to get conclusive

results for utilizing various adsorbents for wastewater treatment. More experiment

with real industrial effluent and its effectiveness in a pilot plant must be evaluated.

Adsorption Technique for Removal of Heavy Metals from Water and. . . 247



Studies on preliminary design and also the economic feasibility should be

conducted to apply the technology in wastewater-fed aquaculture. Research work

on remediation of wastewater under ex-situ condition and its subsequent utilization
for aquaculture needs to be explored in future.
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Chapter 13

Multiple Reuse of Wastewater: Economic
Perspectives

S. Jana, Ken Gnanakan, and B. B. Jana

Abstract Municipal wastewater is a valuable resource because of its immense

nutrient and water reuse potentials though untreated sewage has negative impacts

on environment and human health. Properly treated wastewater is, however, safe

and can be reused for aquaculture, agricultural and landscape irrigation, industrial

processes, etc. In urban areas, reclaimed wastewater are used mainly for

non-potable purposes such as recreation centre; sports grounds; school yards;

play grounds; edges and central reservations of highways; irrigation of landscaped

areas around public, residential, commercial and industrial buildings; and many

other allied sites. Partially reclaimed wastewater is used for decorative and

ornamental purposes such as fountains, reflecting pools and waterfalls, etc. It is

frequently used for fire protection and toilet and urinal flushing in commercial and

industrial buildings. In general, low-quality wastewater is widely used for

agriculture and aquaculture; high-income countries, however, use treated

wastewater for agriculture and landscape irrigation and for different food crops

and other crops and nursery products. Currently, industrial water consumption was

up to 22% of global water use. Industrial water use in Europe and North America

accounted for half of their total water use, whereas in developing countries, it was

about 4–12% of national water use, though there is enough scope for increase.
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Wastewater can be reused within a business itself or between several businesses

through industrial symbiosis. The exchange of waste products for the mutual

benefits of two or more businesses is also known as industrial symbiosis. It is

suggested that the high cost-treated wastewater should be made efficient in use, and

there should be appropriate sector-wise use of recycled wastewater. Efficiency of

recycling of wastewater implies that allocation of recycled water to different sectors

be made in such an optimal way that the overall economic efficiency is maximized.

Recycled water is often more expensive than existing water supply. Efficiency of

wastewater recycling in developed countries should be increased to reduce the cost

of supply of recycled water so that it can compete efficiently with alternative

sources of water. In cost-effective analysis, costs included both direct and indirect

costs that are associated with the programme together with the intangible positive

and negative externalities. An effective planning, management and regulations are

necessary for profitable reuse of municipal wastewater for different economic-

driven activities.

Keywords Safe reuse · Management · Agricultural crops · Municipal wastewater
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13.1 Introduction

Water has been increasingly scarce in many countries of the world especially in

developing countries and water-scarce countries. Safe reuse of wastewater has

become inevitable to meet the increasing demand of water in the future. Municipal

wastewater poses a win-win strategy towards environmental protection as well as

for conservation of water through its reuse in various economic-driven activities.

Management plays a key role in utilizing the potentials of domestic wastewater. In

the planning and implementation process, the intended wastewater reuse

applications determine the extent of wastewater treatment required, or vice versa

the available wastewater quality limits possible reuse applications. Despite the

benefits of reuse, utmost care should be taken to avoid health risks and groundwater
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pollution and surface water contamination due to discharge of untreated municipal

wastewater. However, it is suggested that groundwater system used for drinking

purposes should be protected from sewage contact (Abdel-Shafy et al. 2008). Also,

a clear-cut distinction should be made between potable and non-potable

groundwater sources. In general, water reuse projects are often underestimated

when compared to other projects because the reuse benefits have not been

highlighted properly with respect to public interests. However, information about

the reuse of municipal wastewater is rather meagre under Indian scenario. The

present chapter attempts to highlight the current status of multiple uses of municipal

wastewater generated and treated by conventional system.

13.2 Multiple Uses of Wastewater

Properly treated wastewater is safe and can be reused for aquaculture, agricultural

and landscape irrigation, industrial processes, etc. (Fig. 13.1). At present, techni-

cally proven wastewater treatment and purification process are available which are

highly efficient to produce water of almost any quality desired (Edwards 2000;

Abbassi and Baz 2008) though these treatment processes may not be cost-effective

and suitable for poor countries. Therefore, cost-effective technologies should be

developed and promoted in the economically poor countries.

Urban Recreation Aquaculture Agriculture Industrial

Non –
Portable

Drinking Process Others

Swimming Boating Fishing

Stock
Watering

Orchards and
vineyards

Fodder, fibre
and seed crops

Crops consumed 
after processing

Crops consumed
raw

Domestic wastewater Industrial wastewater

Fig. 13.1 Multiple uses of wastewater (WHO 2006)
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13.2.1 Global Scenario

In general, low-quality wastewater is widely used for agriculture and aquaculture;

these areas use the large volume of wastewater relative to other sectors. A study

undertaken by the United Nations University has revealed the volume of

wastewater generation and the percentage use of this type of water in different

countries of the world. It is revealed that reuse of wastewater in irrigation ranges

from 1.5% to 6.6% of the global irrigated area of 301 million ha and that about 10%

of the world food is produced using wastewater (Table 13.1).

The data revealed that an estimated 46% of California’s annual reclaimed

wastewater was used in agriculture, whereas in Florida the proportion was little

less at 44%. In the water-scarce countries like Middle East, North Africa, Saudi

Arabia and Israel, the volume of treated wastewater used for irrigation ranged from

51 to 70%. It is projected that the reuse of wastewater in Saudi Arabia would be

increased to 65% by 2016. About 70% of the generated wastewater was used in the

domestic sector of Israel and that represents about 10% of the national water supply

and 20% of the water supply for irrigation. In Kuwait, wastewater is primarily used

for cultivation of only vegetables (potatoes and cauliflower) that are eaten after

cooking, industrial corps, forage corps (alfalfa and barley) and highway landscape

irrigation. Wastewater use in agriculture in Japan is not adequate; its use has mainly

focused on meeting urban water needs. In China, an estimated 1.3 million ha are

irrigated with wastewater. About 9500 ha area is irrigated with untreated

wastewater in Vietnam of which at least 2% of the agricultural land around the

most Vietnam cities was irrigated with wastewater. Most of the wastewater used in

Pakistan where nearly 32,500 ha are irrigated with wastewater (UN 2015). Direct

use of wastewater is practiced in agriculture and aquaculture in India as well.

According to a report of the United Nations University, as much as 73,000 ha

land area were irrigated with wastewater in India in 1985, but the data on the current

use of wastewater is hardly available.

It is observed that mainly high-income countries use treated wastewater for

agriculture and landscape irrigation, and at least 20 different food crops and

11 other crops and nursery products are being irrigated with treated wastewater

(Table 13.2).

13.2.2 Types of Reuse of Wastewater

13.2.2.1 Agriculture

Wastewater reuse for agricultural production is a common practice in several

countries of the world. Generally, low-quality wastewater is used for agriculture

and aquaculture. However, there is a growing concern about the environmental and

health impacts of wastewater reuse. Many developing countries adopted the WHO
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(1989) guidelines with respect to maximum permissible limits of indicator patho-

gens in the effluents of treatment plants. In the newly suggested guidelines of the

WHO (2006), it does not require pathogen removal to occur solely at the wastewa-

ter treatment plant; natural die-off, farming practices, applied irrigation system and

produce washings are considered very effective in reducing pathogens to acceptable

safe limits. In a study carried out in Palestine (Mansour et al. 2008), it has been

Table 13.1 Summary of the volume of wastewater generated and uses of treated wastewater in

different countries of the world

Sl.

no. Countries

Wastewater

generated

Volume of

wastewater

used Types of use

1 North

America

85 km3

2 California 46% of annual

reclaimed

wastewater

Agriculture

3 Florida 44% Agriculture

4 Latin

America

20%

5 Europe 71%

6 Southern

Europe

44% Agriculture, irrigation

37% Urban project, environmental

application

7 USSR 14 km3/year

8 Middle East

and North

Africa

22.3 51% Agriculture and landscape

irrigation

9 Israel 70% Domestic sector

10 Kuwait Potatoes, cauliflower, industrial

and forage crops and highway

landscape irrigation

11 Australia 19%

12 Oceania 45% Agriculture sector

13 New Zealand Golf course and industrial

application

14 Japan (2009-

10)

0.2 km3 More than

50% used

Golf course and industrial

application

15 China 13 million ha

irrigated with

wastewater

16 Vietnam 9500 ha are irri-

gated with

untreated

wastewater

17 Pakistan 32,500 ha irrigated

with untreated

wastewater
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revealed that the level of contamination in the fruits of broad bean (Vicia faba) with
respect to faecal coliform, total coliform Salmonella and Staphylococcus aureus
was not different between the fruits irrigated with reclaimed wastewater and that

with freshwater.

The effectiveness of sewage sludge has also been evaluated in order to examine

the responses of Durum wheat to organic amendment using sewage sludge in

Algeria. The results indicated significant rise in crop yields attributed to the

beneficial effects of soil sludge on soil structure and nutrient content. Studies

have confirmed that crop yields would be further increased provided wastewater

irrigation is done following a managed protocol. In Mexico, there has been tremen-

dous increase in agricultural income from almost zero to the tune of 16 million

Mexican pesos per hectare in 1990 (Helmer and Hespanhol 1997).

The trials evaluating the impact of municipal wastewater on crop production are

rather scanty in India. However, some available information (Shende 1985)

suggested its utility in crop production in Maharastra. The studies carried out by

the National Environmental Engineering Research Institute (NEERI), Nagpur

(Table 13.3), have clearly indicated the effects of wastewater irrigation on crops

(Shende 1985). In a study to ascertain the fate of pathogens in tomato plants and soil

irrigated with secondary-treated wastewater in Amman (Middle East), the results

suggested that disinfection of reclaimed wastewater may not be necessary when

proper agricultural practices are applied downstream of the treatment plant

(Halalsheh et al. 2008).

13.2.2.2 Urban

In urban areas, reclaimed wastewaters are used mainly for non-potable purposes

such as in recreation centre, sports ground, school yards and play ground, edges and

central reservations of highways and irrigation of landscaped areas around public,

residential, commercial and industrial buildings. Partially reclaimed wastewater is

used for decorative and ornamental purposes such as fountains, reflecting pools and

waterfalls, etc. It is frequently used for fire protection and toilet and urinal flushing

Table 13.2 Types of food

crops and non-food crops

irrigated with reclaimed water

in California, USA

Food crops Non-food crops

Apple Alfalfa

Asparagus Christmas trees

Avocados Clover

Barley Eucalyptus trees

Beans Flower seeds

Broccoli Hay

Cabbage Maize

Cauliflower Sod

Celery Trees

Citrus Vegetable seeds
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in commercial and industrial buildings. The reclaimed wastewater has been

frequently used for recreation and landscape enhancement. It ranges from small

fountains to landscape areas to full water-based recreational sites for swimming,

boating and fishing.

13.2.2.3 Industries

Generally, industries demand heavy amount of water for various activities. It is

estimated that industrial water consumption was up to 22% of global water use

(UN 2015, 2016). According to the available data in 2009, industrial water use in

Europe and North America accounted for half of their total water use, whereas in

developing countries, it is about 4–12% of national water use (Pain and Spuhler

2007).The common uses of wastewater in industries are (1) evaporating cooling

water particularly for power stations, (2) boiler feedwater, (3) processed water and

(4) irrigation of ground surrounding the industrial plant. This shows that there is

good market for selling wastewater for using in industries in both developed and

developing countries.

Wastewater Use Through Industrial Symbiosis

Wastewater can be reused within a business itself or between several businesses

through industrial symbiosis. It may either be reused directly or treated before

reuse, depending on the type and quality of wastewater. It has a potential to reduce

the cost for business for both water bill and wastewater treatment. The exchange of

waste products for the mutual benefits of two or more businesses is also known as

industrial symbiosis. All members profit from the arrangement by either reducing

the inputs necessary in the production process or by reducing the cost of water

treatment. Industrial symbiosis can take place in three ways: (a) exchange of

bioproducts, (b) sharing the management of utilities and (c) sharing ancillary

services. Direct use of wastewater in industrial symbiosis is the example of direct

Table 13.3 Responses of yields of different crops to wastewater irrigation in Nagpur, Maharastra

(Shende 1985)

Wheat (tons

ha�1)

Moong bean

(tons ha�1)

Rice (tons

ha�1)

Potato (tons

ha�1)

Cotton

(tons ha�1)

Irrigation water 8 yearsa 5 yearsa 7 yearsa 4 yearsa 3 yearsa

Raw wastewater 3.44 0.90 2.97 23.11 2.56

Settled

wastewater

3.45 0.87 2.94 20.78 2.30

Stabilization

pond effluent

3.45 0.78 2.98 22.31 2.41

Fertilizer þ NPK 2.70 0.72 2.03 17.16 1.70
aYears of harvest used to calculate average yield
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reuse that includes exchange of process water from one business to another and

subsequent direct reuse (such as irrigation, washing, pH adjustment, fire protection,

etc.). Reuse of wastewater for large-scale biogas production through anaerobic

digestion can be used to generate electricity.

13.2.2.4 Integration of Agriculture and Aquaculture

Land application of wastewater is an effective water pollution control measure as

well as for increasing water resources especially in water-scarce countries. There

has been marked rise in the use of wastewater for irrigation of crops during the last

two decades. Studies on the integration of agriculture and aquaculture for utiliza-

tion of municipal wastewater are rather very limited. Some studies carried out on

paddy cum fish culture for utilizing sewage water (Datta et al. 2000) revealed that

fish production using municipal wastewater ranged from 1.95 to 8 t/ha/year under

different treatment conditions, whereas the same from vegetable cultivation ranged

from 85.9 to 120 t/ha/year (Roy et al. 2000).

13.3 Assessing Median Infection Risks in Irrigation

There is a possibility that wastewater-saturated soil would contaminate the workers

or children’s fingers and thus may enter into the mouth and ingested. It is reported

that the quantity of soil involuntarily ingested in this was up to ~ 100 mg/person/day

of exposure. Risk simulation model for labour-intensive agriculture suggests that

median rotavirus infection risk is ~ 103 pppy for a wastewater quality of 103–104

E. coli/100 ml (WHO 2006; Mara and Kremer 2008).

The exposure scenario used for irrigation of all crops including those eaten

uncooked is the consumption of wastewater-irrigated lettuce (Mara and Kramer

2008), onion and other leaf and root crops. The median rotavirus infection risk is

103 pppy for a wastewater quality of 103–104E. coli/100 ml. According to the

WHO (2006), the tolerable rotavirus infection risk is 103 pppy. In England, the

acceptable limit of faecal coliforms in prepared sandwiches and salads on sale in

local shops is 10,000 faecal coliform/100 g.

13.4 Reuse of Grey Water

The health risk of grey water is lower than domestic wastewater. Unrestricted

irrigation with grey water is profitable as it increases crop yields and pathogen

levels are low (WHO 2006). A study (WHO 2015) reported that a 1.6–2.9 log unit
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reduction is needed for protozoan pathogens and 2.3–3.3 log unit reduction for viral

pathogens (rotavirus) so that tolerable additional disease burden of 10�6 DALY loss

pppy is not exceeded. These reductions can be achieved by a combination of

treatment and posttreatment health protection control measures.

13.5 Efficiency of Wastewater Recycling

Since wastewater treatment process is highly expensive, the developing countries

lack fund and infrastructure for investment in wastewater treatment to appropriate

level. In developed countries also, high costs of wastewater treatment is a major

problem. So this highly cost-treated wastewater should be made efficient in use, and

there should be appropriate sectoral use of recycled wastewater. Efficiency of

wastewater recycling in developed countries should be increased to reduce the

cost of supply of recycled water so that it can compete efficiently with alternative

sources of water. In developing countries’ setting, the problem is different. As

wastewater is used untreated or partially treated, the recycling is unsustainable,

because of its various harmful effects. To make the recycling sustainable in

developing countries, a realistic cost-sharing approach among the different stake-

holders to recover wastewater treatment costs to ensure treatment of wastewater to

achieve safe level and make the process of recycling self-sustaining may be

undertaken. This has been proposed in a case study of recycling of wastewater in

the city of Hyderabad (Mekala et al. 2008). The cost-sharing would be between

polluters of water (household and industries), government, funding agencies and

users of recycled water. From the economic perspective, the following factors are to

be considered for efficiency in water recycling such as to set the price of wastewa-

ter, cost recovery, the rate of people’s willingness to pay for using recycled water

depending on water quality and restrictions on the people’s use of this resources and
distribution mechanism of wastewater. The efficiency of recycling can be enhanced

through a number of strategies at different levels: at the treatment level, through

new technologies, information on demand and supply sides, appropriate pricing of

wastewater and also through proper allocation among different sectors such as

industry, agriculture, recreation and environmental purposes.

13.5.1 Allocative Efficiency

Recycling efficiency of wastewater implies allocation of recycled water to different

sectors in an optimal way so that the overall economic efficiency is maximized.

Recycled water is often more expensive than existing water supply. Price mecha-

nism may play a role in allocation of recycling of wastewater. A very low price for

wastewater may encourage inefficient use of wastewater. On the other hand, if the
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price of recycled water is fixed at a level close to the price of potable water, users

may have the tendency to use potable water for all purposes. It is suggested that

price signals from the use of wastewater should be set at the long-run marginal costs

of supply. Actually there has not been any clear-cut guideline on specific factors to

be considered while allocating the recycled water to different sectors so that overall

economic efficiency is maximized. According to Freebairn (2003), economic

efficiency is maximized by allocating limited water among alternative uses so

that marginal social benefits are equated across the different users. However to

attain efficiency, a policy decision is necessary as to what extent should wastewater

be recycled, in which sectors be used and at what costs. For this purpose, a cost-

effective analysis of wastewater recycling across one sector over the other can be

performed to assess the relative desirability of recycling in one sector over the other

depending upon the objectives of stakeholders and budget constraints. Then a

choice modelling technique is used to weight the different objectives and to

determine appropriate sectoral use of wastewater (Mekale et al. 2008). A ranking

exercise is conducted for the different objectives among the stakeholders, and each

objective would be weighted accordingly. Wastewater recycling can satisfy more

than one objective like reducing the discharge of nutrients to natural water bodies,

saving/substituting potable water, saving water for environmental purposes, etc.

Cost-effective analysis is performed to evaluate the best alternatives. A combi-

nation of two techniques was used to develop a decision support tool that can be

employed to allocate wastewater efficiently and optimally among different

sectors.

13.5.2 Cost-Effective Analysis

Cost-effective analysis is performed to compare the cost-effectiveness of an

intervention and to determine whether the intervention is worth doing. Programmes

of intervention may be of two types: (1) completely independent where the costs

and effects of one intervention are not affected by the introduction of the other

intervention and (2) those that are mutually exclusive where costs and effects of one

intervention affect the other. In cost-effective analysis, costs included are direct

costs and indirect costs associated with the programme together with the intangible

positive and negative externalities.

If wastewater recycling is considered as independent programme, cost-effective

analysis requires the estimation of cost-effectiveness ratios (CER), calculated as:

CER ¼ costs of intervention=effects produced

Interventions with the least CER should be given priority, but for taking decision

which programme to implement, the extent of the availability of resources must be

considered. In mutually exclusive intervention, incremental cost-effectiveness

ratios (ICER) are calculated as:
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ICER ¼
difference in costs between programmes P1 and P2=

difference in effects between programmes P1 and P2

The alternative interventions are ranked according to their effectiveness on the

basis of securing maximum effects rather than costs. The cost-effectiveness

analysis should be subjected to sensitivity analysis.

13.6 Planning and Management

A proper planning and management (Fig. 13.2) are necessary for effective reuse of

municipal wastewater. The following is a scheme for a master plan to be implemented

for reuse of wastewater as proposed by Helmer and Hespanhol (1997).

Project area
Resource appraisal

Topography 
and climate 

Population
and consumer 
demand

Water resources 
(quantity and quality)

Sewage 
Treatment 
Sewage 
Treatment 
Sewage 
Treatment 

Infrastructure Land and associated items for agricultural and environmental 
protection, beautification, aquaculture and other uses

Stages Components

Soil and
Land 
capability

Public
and
Private land

Existing 
land 
uses

viable
units

Existing
buildings 
machinery 
etc

Land adjacent 
to treatment 

works

Crops 
and
stock

Scope for 
greater yields 
and improved 
efficiency

Irrigation 
and 
drainage 
facilities

Needs for 
increased 
food production

Management 
capabilities

Wastewater / 
sludge

Quality

Wastewater / 
sludge

Quality

Evaluation of 
opportunities and 
constraints for
after uses

Assessment of single  
and multi-purpose uses 
which match resources 
to opportunities

Recreation

Ground water
Recharge

Land and other applications

Agriculture 
Cereal 
Fodder 
Vegetable 
Fruit

Environmental 
protection and
sand stabilization

Beautification Aquaculture

Commercial

Roads 
Park Perimeters 
STW environs

Crops

Evaluation of socio 
Economic, environmental 
and reuse implications

Cost – benefit
appraisal

Public health and 
social implications

Identification 
of intangibles

Organisational
and resource 
requirements 

Control and 
monitoring

Master PlanMaster Plan

End Process
Environmental 
Improvement of 
Project area

Increased efficiency 
of water applications

Optimum allocation of 
wastewater between 
the chosen uses

Advisory Demonstration 
and other aids

Increased food
productions

Landowners
and farmers

Municipalities
Government 
Advisory office

Landowners
and farmers

Municipalities

Fig. 13.2 Reuse of wastewater as proposed by Helmer and Hespanhol (1997)
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13.7 Conclusions

Properly treated wastewater is a valuable economic resource and reused for eco-

nomic benefits.Wastewater reuse reduces the demand on conventional water

resources. For proper selection of appropriate reuse technology, an integrated

approach is required where all aspects such as technological, economical, legal,

social, environmental, public health and institutional are considered. A successful

wastewater management decision requires a comprehensive, impartial evaluation

of centralized and decentralized treatment systems. A proper planning and man-

agement are necessary for effective reuse of municipal wastewater.
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Chapter 14

Socioeconomic Impacts and Cost-Benefit
Analysis of Wastewater-Fed Aquaculture

S. Jana

Abstract In view of present scarcity and qualitative degradation of freshwater due

to myriad factors such as rapid rise in population growth, indiscriminate use of

insecticides and pesticides, industrialization, global warming, and many others,

wastewater has been considered as potential resource with its multiple types of

reuse and applications in industry, urban areas, agriculture, irrigation, aquaculture,

etc. The economic as well as environmental benefits of wastewater are immense by

the way of reducing pollution and generating income and employment and

conserving water resource. In the process of reusing wastewater in aquaculture,

the system incurs some costs which are regarded as externality costs in addition to

capital cost and operational costs of farms. This externality costs are social costs

incurred for public health protection as the system is associated with health risk.

This chapter attempts to examine all the positive as well as negative impacts of

wastewater aquaculture and quantify the impacts. In cost-benefit analysis, total

benefits accrued are weighed against total costs incurred. The conventional cost-

benefit analysis of wastewater aquaculture is not sufficient to evaluate the impact as

it does not take into account the indirect benefits (costs) of environmental impacts

which are nonmonetary issues being public good in nature. In order to perform a

comprehensive cost-benefit analysis, this study attempts to evaluate all these

environmental, social, and ecological impacts by valuing them in monetized way

by eliciting people’s willingness to pay (WTP), shadow price, and opportunity cost.

Appropriate policy measures are suggested for maintenance, proper management,

monitoring, safeguarding public health, and upscaling of the system with the

objective to maximize economic, environmental, and social gain with minimum

costs and sustainable development.
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14.1 Introduction

Wastewater is a valuable resource of water due to its immense nutrient potential that

can be effectively utilized in fish production through food chain as well as in

agriculture and irrigation. Wastewater-fed aquaculture is an ancient activity and is

being practiced in several countries of the world especially in some Southeast Asian

countries. It plays a profound role in the conservation of water through reuse of

wastewater in industries, urban services, and different economic-driven activities.

As a result, sewage treatment plant and waste stabilization ponds have gained much

importance for treatment cum reuse of wastewater in many countries. Because of high

capital and maintenance costs, it is hardly possible for proper treatment of wastewater

for want of high cost sophisticated equipment and infrastructure in developing

countries. As a consequence, about two thirds of urban wastewater in the developing

countries is discharged directly into the open surface water without any treatment.

It is a fact that wastewater treatment integrated with ecological processes and

fish culture as practiced in the waste stabilization ponds is the cheapest way of

producing fish; the ecological processes result in self-purification of the culture

ecosystem and produce fish with low cost and high productivity. Though the

practice of using raw or partially treated wastewater in fish culture was very popular

and widespread in India, Bangladesh, Vietnam, China, and Southeast Asia, such

practice is at present on the declining phase due to apprehension of health risk
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imposed on human health by the consumption of fishes raised in wastewater system.

There has been drastic decline in East Kolkata (EKW) wastewater-fed fisheries

from its initial 12,500 ha area to currently 3000 ha attributable primarily to

urbanization resulting in closure of many wetlands and thereby lesser availability

of wetlands for fish culture. Increasing population and industrialization may also

affect the composition of wastewater with increase in pathogenic load and toxic

elements that may pose negative impact on fisheries. Nevertheless, the positive

impacts of wastewater are visible through economic benefits of fish yield and

environmental benefits of usable water for different activities. It provides

significant benefits to the farming communities and society in general so long as

the wastewater and its nutrient contents are used in aquaculture. Therefore, the

primary objective of wastewater-fed aquaculture in using wastewater is to earn

maximum benefits from utilizing this resource and minimizing the negative impacts

on environment.

For a comprehensive valuation of the benefits and costs of the impacts of

wastewater aquaculture, conventional cost-benefit analysis is not adequate as the

environmental impacts are of public good by nature. The conventional cost-benefit

analysis takes into account of only the cash flows in the system, but environmental

costs and benefits have to be considered and need to be taken into account for a

proper evaluation of the system. Hence the valuation of environmental impacts are

of very importance and pertinent. Valuation of environmental impacts in monetized

way can be done applying the techniques in environmental economics. A broader

economic analysis of wastewater aquaculture will, therefore, include not only

economic impacts but will also include social and environmental impacts. The

purpose of this chapter is to make the analysis of socioeconomic, health, and

environmental aspects of wastewater aquaculture and a cost-benefit analysis of

the system. The specific objectives are to identify all possible impacts of

wastewater aquaculture and explain the methods for assessing, valuing, and

analyzing the impacts.

14.2 Positive Impacts of Wastewater

14.2.1 Economic Benefits

Wastewater aquaculture helps secure food security and improvement of the

socioeconomic conditions of the poor people. Fish farmers use wastewater in

aquaculture with the primary motivation of recycling the nutrients that are present

in the sewage effluents into fish yield which is system-dependent productivity with

a very low cost as the system bears practically no supplementary feed costs and

requires no fertilizers and wetlands are available at a reasonable rate. The farmers

do not pay for wastewater as wastewater has no price and only treatment cost of

wastewater is incurred to make wastewater useful for fish culture. Since no sup-

plementary feed is required in wastewater-fed fisheries, it is the major benefit of this
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system. Hence, the primary motive of adopting this kind of enterprise is fish

production with lower costs than in traditional fish farming system with application

of fertilizers and supplementary feed. The farmer community derives the benefits

from the system by producing huge amount of saleable fish and vegetables that are

produced from the adjacent farming lands. This practice creates more employment,

generates income, and supports the local population by providing services in

different ways such as in marketing channel, e.g., traders and market intermedi-

aries. It is also a source of livelihood to urban poor and nearby rural laborers who

can enjoy urban facilities and get a more secured job than in rural areas. The system

provides high protein food which increases the nutritional status of urban poor.

There are studies for raising production of fishes in wastewater-fed system in

different countries (Table 14.1). Experiment conducted in Suez, Egypt (Easa et al.

1995), has shown that by using waste stabilization pond system-treated wastewater,

average yield of fish was as high as 5–7 mt/ha/year. The studies have shown that

these fish are reared with no supplementary feeding and pathogen free and safe for

human consumption. In Vietnam, farmers engaged in wastewater-fed aquaculture

seem to have a higher net income than farmers in growing other agricultural

products and producing fish 4–5 mt/ha/year (Anders 1996). East Kolkata

wastewater-fed aquaculture is the largest in the world in terms of landmass and

massive urban impact. Initially it covered an area of 12,500 ha and then declined to

8000 ha. Now it has reduced to 3000 ha with an average productivity of 3500 kg/ha/

year. The fish production using wastewater was much higher in China ranging from

Table 14.1 Production of fish raised in wastewater-fed systems in different countries

Country

Potential

area

Nature of

wastes

used Year Fish yield

Efficiency/

turnover rate References

China 8000 ha Excreta

and

municipal

wastewater

1985 30,000 t/

8000 ha/year

2–4 times

higher than

ordinary

farms

Kumar and

Sierp (2003)

Vietnam Sewage-

fed

wastewater

1994 4–5 mt/ha/year Highly

productive

Anders

(1996)

Germany 233 ha Municipal

wastewater

1996 100–150 t/233

ha/year

Good

performance

Prein (1996)

Egypt Municipal

wastewater

1995 5–7 mt/ha/year More than

average

productivity

Easa et al.

(1995)

Hungary Domestic

wastewater

1990 12–20 kg/ha/

day

Highly

effective

Olah (1990)

EKW –

India

3000 ha Municipal

wastewater

1998,

2000,

2010

3500–4500 kg/

ha/year

Has been

source of

livelihood of

40 thousand

people

Jana (1998),

Edwards

(2000) and

Bunting et al.

(2010)
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1.5 to 11 t/ha/year (Kumar and Sierp 2003). Hungary was the first country of the

world to produce fish from wastewater producing as high as 12–20 kg/ha/day using

domestic wastewater (Olah 1990). In Peru, research has shown the technical,

economic, and social feasibility for growing fish in wastewater implying that

such fish farms could recover 100% of the wastewater treatment costs.

14.2.2 Environmental Benefits

A properly planned and managed wastewater aquaculture scheme would certainly

have a positive environmental impact.

1. Reusing of discharged wastewater in aquaculture helps in conserving water as

well as protects environmental degradation. Thus, wastewater-fed aquaculture

leads to conservation of water resource and does more rational use of

wastewater.

2. The system offers low-cost water treatment, recycles wastewaters, and converts

it into resource.

3. The system also reduces pollution control cost of societies protecting environ-

ment from water pollution. The treatment of wastewater is performed in a

cheapest way through aquaculture. Savings are realized as there is reduced

expenditure on wastewater treatment in societies.

4. The system also helps flood control as the wetlands act as reservoirs of excess

rain water.

5. Wastewater aquaculture would increase the amenity values of environment by

creating recreational sites near the pond areas by providing amenities for fishing,

boat rental, food court, etc. This makes the area attractive as a recreational site.

The greenery views of the surrounding areas, the farmlands growing vegetables

which get fertilized with wastewater ponds, has increased the aesthetic values of

the environmental attributes of the areas.

6. Improvement of this environmental quality affects the property values in the

vicinity of the pond areas. Wastewater aquaculture may lead to increase in

bequest values of environment. People are willing to pay higher price for the

land for amenities created near the vicinity of the pond area. Improvement of

environmental attributes can enhance land and house values if they are viewed as

attractive or desirable or they can reduce values if they are viewed nuisances and

the people implicitly reveal their willingness to pay more for improved environ-

mental features. This is the hedonic price approach for measuring the valuation

of environmental features like clean air, amenities created, clean water, etc.

7. Increase in biodiversity affects the values of buildings and land in the vicinity

and leads to rise in price of buildings and land in the vicinity of the complex. The

WTP indirectly express the money value of the improvement of environmental

attributes.
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14.3 Costs of Wastewater-Fed Aquaculture

Wastewater-fed aquaculture incurs economic costs as well as social costs. Eco-

nomic costs are those which are incurred in the production process and the on-farm

costs such as (1) cost for labor; (2) cost for pond construction and preparation;

(3) treatment cost of wastewater for usable state in fish pond which is the additional

marginal cost for using wastewater; (4) cost of fish seed, fry, and fingerlings;

(5) supplementary costs for fertilizer (if needed); (6) cost of chemicals (lime and

potassium) used; (7) cost of electricity consumption; and (8) maintenance cost and

other miscellaneous expenditure.

The operation of wastewater-fed aquaculture also creates externality costs as the

use of wastewater has some adverse effects on human health, environment, social

and loss in biodiversity.

14.4 Negative Impacts of Wastewater

Negative impacts of wastewater and their intensity depend on various factors including

the source, intensity, and composition of wastewater. These are the following.

14.4.1 Public Health Aspect

The use of untreated or partially treated wastewater from industrial effluents and

municipal wastes in aquaculture in developing countries imposes social costs

impairing the health of fisher and related people. Use of contaminated

wastewater in aquaculture may cause occupational health risk to handlers and

consumers. Wastewater also contains pathogenicmicroorganisms such as bacteria,

viruses, and parasites which cause various diseases among the fish handlers, fish

consumers, and users of wastewater and in neighboring communities. The intensity of

this impact increases if the wastewater contains more industrial effluents which have

heavy metals such as chromium, cadmium, lead, and other toxic elements.

Exposures of farmers and fish handlers to wastewater may result in waterborne

diseases and infectious diseases such as skin disease and parasite infection. This

consequently reduces the working capacity of labors, loss of potential earnings, and

rise in medical costs of the affected persons. It is, therefore, necessary to have safe

culture practices, hygienic handling practices, safe food washing, proper cooking,

and preparation with proper and effective management which can minimize health

risks. WHO (2006b) recommended the guidelines to be followed in scheme of

wastewater-fed aquaculture for the improvement of hygienic condition of the

people. The system is highly beneficial if the reuse practice of wastewater-fed
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fish culture safeguards the public health by minimizing health and

environmental risks.

14.4.2 Soil Degradation

Long-term use of wastewater in agriculture lands through irrigation may result in

accumulation of heavy metals, salts, and toxic elements in the soil that reduces soil

productivity in the long run. Recently, many wastewater-fed aquaculture ponds in

EKW complex have been converted into paddy lands due to siltation and reduced

amount of partially treated wastewater for fish culture.

14.5 Impacts on Biodiversity

Since the adjoining areas of wetlands are extensively used for fisheries and allied

activities, impact of pollution and heavy usage of chemicals and inorganic fertilizer

in agriculture and fishery-related activities have resulted in habitat degradation for

residential and migratory water birds. Reed beds, nesting sites, roosting grounds –

the shelter of water birds have been lost. As a result, biodiversity in general and

diversity of birds in particular have been reduced. Extinction of species imposes a

loss to society. This is an alarming situation. It deprives the future generation of

deriving amenities and gain in utility from the existence of the extinct species. This

social cost can be measured by the willingness to pay to conserve these environmental

resources.

14.6 Social Impacts

Social impact means concern/doubts expressed by people about their perception on

the reuse of wastewater such as nuisances, poor environmental quality, poor

hygiene, odor, etc. which may arise from the operation of the system. Social

concern, e.g., food safety, health, welfare, impaired quality of life, loss of property

value, pollution of resources, etc., fall under the category of social impact. In many

societies there is hesitation for consumption of fish raised in wastewater. This is

more in European and some Asian countries. Similar objections are also raised in

America, Australia, and some African countries. As fish produced using wastewater
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is generally considered as low-value fish, people with their rise in income may tend

to purchase high-value fish which may reduce the demand of wastewater-fed fish,

considered as inferior type compared to high-value fish (Giffen’s goods) in spite of
its low price. So income effect is not positive in this case. However, in some

developing countries of Asia, China, Java, Vietnam, and India, wastewater-fed

aquaculture is regarded as economical and is ecologically sound and acceptable

to a large section of poor people as a source of low-cost animal protein (Hanjra

2000). Health risks are not detected if the fish are processed and cooked properly.

14.7 Valuation of Impacts and Cost-Benefit Analysis

14.7.1 Framework of Comprehensive Cost-Benefit Analysis

It is pertinent to deal with the methodological approaches for valuation of impacts

to perform a comprehensive cost-benefit analysis that incorporates economic,

health, environmental, social, and ecosystem impacts of wastewater use in aqua-

culture. This will enable to examine whether the wastewater aquaculture project is

viable and economic. It is necessary to perform financial appraisal of the project

done in different steps such as (1) to provide economic justification which requires

cost benefits and cost-effectiveness of the project concerned and (2) financial

feasibility. In cost-benefit analysis, total benefits accrued in the system are weighed

against costs. A rewarding project is one for which discounted value of the benefits

exceeds the discounted value of costs, that is, net benefit is positive. The criterion to

justify a worthwhile project is that the project should generate a positive net present

value (NPV) of benefit. Present values of benefits are obtained by discounting the

future values of benefits derived by a discount rate. If the sum of the net discounted

benefits over the lifetime of the project is positive, the project should be approved.

This is the same as the principle as in welfare in economics, Pareto improvement,

according to which a project is worthy of consideration if the net benefit from the

project is positive, that is, B–C> 0 where B and C are benefits and costs. Other two

discounted methods for economic appraisal are cost-benefit ratio (CBR) and the

internal rate of return (IRR) of the project. Another method used is payback period,

the undiscounted technique.

CBR is the ratio of the present value of future net cash flows over the lifetime of

the project to the net investment. If CBR>1, the project is worthwhile. The internal

rate of return is the interest rate that will equate the sum of net cash flows of the

farms to the initial investment of farm. The designing for a wastewater-fed aqua-

culture project for implementation would be in such way so that NPV becomes

positive, cost-benefit ratio becomes greater than one, and IRR is competitive. In

financial appraisal of the wastewater fishery, only marginal costs are taken into

account, for example, the additional cost required to attain local affluent standard

for reuse.
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As the use of wastewater in aquaculture has environmental, economic, and social

impacts, valuation of total impacts for cost-benefit analysis has to be done in a

consistent manner which needs the estimation of all the impacts to be measured

with a common monetary yardstick.

14.7.2 Valuation of Benefits and Costs of Wastewater-Fed
Aquaculture

Direct economic cost and benefits are readily estimated in monetary term, and they

are reflected in the cash flows of the farms, and market price exists for output and

input. For a comprehensive cost-benefit analysis of wastewater aquaculture,

environmental and social impacts have also to be taken into account in addition

to economic cost benefit. Economists have developed several methods for the

valuation of environmental benefit and costs. Some of these methods could be

applied for valuing environmental impacts of wastewaters. As there is no market for

environmental goods and services, they have no market price. Willingness to pay

(WTP) is the standard measuring stick in economics for valuation. Technique for

valuation of environment uses the concept of WTP of people. Environmental

benefits can be measured by eliciting individual’s willingness to pay for

incremental changes in environmental quality using the following methods.

14.7.2.1 Valuation of Environmental Benefits and Costs

For the assessment of benefits and costs, impacts are to be valued in monetary

terms. Output and inputs which are traded in the market have market price.

Environmental goods and services have no market price, but they can be given a

monetary value. Individuals purchase the product when their willingness to pay

equals or exceeds the market price of the product. Prices are expressions of

willingness to pay by the consumers. Monetary measurement of social benefit

from an environmental project can be reflected by willingness to pay of people

for having that benefit. While benefit values can be measured by WTP, costs can be

monetized using the concept of opportunity cost which is the measure of alternative

return foregone.

Methods for Valuation

• Conventional Market-Based Approach/Market Pricing Approach

This approach is used when the environmental improvement under consideration

causes an increase or decrease in real output and/or inputs and goods are

traded in the market and market price exists for input and output. Benefit and

cost can be valued using market prices, for example, expected increase in fish

harvest due to the implementation of a new water pollution control
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technology. The increase in fish production is the result of this improved

environmental quality through pollution control. The values of output and

input used in production process are measured by market prices. The value of

incremental fish production due to improvement in environmental quality

reflects the value of environmental impact.

• The Replacement Cost Approach

The replacement cost approach can be used for valuing environmental benefits

when the damage can be avoided as a result of improved environmental

condition and this benefit can be approximated by the market value of what it

costs to restore to replace the damage and assessed on the basis of savings

realized from reduced expenditure as a result of restoration or replacement of

damage. This method can elicit people’s willingness to pay to the extent that the
reduction in replacement and restoration costs due to improved environmental

conditions reflects willingness to pay to avoid environmental damage (Pearce

1993).Wastewater-fed aquaculture system reduces wastewater treatment cost of

societies to some extent. It saves the damage of environment to the extent that it

treats wastewater which otherwise gets discharged into environment. The ben-

efits can be measured by the reduced expenditure on wastewater treatment.

• Revealed Preference Approach

This approach is used to infer willingness to pay for environmental goods and

services where market prices do not exist from the observation of people’s
behavior in market for related goods. Value is inferred from actual behavior

of consumers revealed in the market. Willingness to pay for a good and

service is thus estimated indirectly. Hedonic price approach is a revealed

preference approach as discussed earlier.

• Contingent Valuation Method

In this approach, peoples’ willingness to pay is obtained through hypothetical

market where people are asked to express their willingness to pay for a good

and service through surveys. These types of environmental goods and ser-

vices have only nonuse values. Economic value of environmental asset has

two parts, use and nonuse value. Use value can easily be estimated from the

recreational values to current user. For example, commercial and recreational

fishing create jobs and income. These are the benefits received by the

individual who are directly utilizing natural environment. This is measured

by willingness to pay which is reflected in market price. But some attributes

has nonuse values, for example, wildlife preservation for future users. Envi-

ronmental asset is characterized not only by economic factors but also by the

attributes of uniqueness, irreversibility, and uncertainty. So the total value of

environmental asset is composed of several willingness to pay. It is not

possible to assess nonuse values by using implicit prices. Method has been

developed based on surveys which create a hypothetical market condition that

elicits willingness to pay for estimating nonuse values. This is contingent
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valuation method. For estimation of nonuse values, while conducting the

survey, respondents in the sample selected are asked as how much they are

willing to pay, contingent on changes in the availability and/or quality of an

environmental amenity such as preservation of wetland or wild life or endan-

gered species protection.

14.7.3 Application of Approaches to Measure Benefits
and Costs

1. Quantification of wastewater impact on fish production

For cost-benefit analysis, quantification of impacts is required. This can be under-

stood in physical terms also in the context of with wastewater or without wastewa-

ter project. The comparison of the production using wastewater and without

wastewater, assuming other things remain the same, will indicate the extent in

increase in fish production due to the use of wastewater. For cost-benefit analysis,

differences between the two scenarios may be taken as a measure of impact of

wastewater use in aquaculture. As wastewater as input has no market price, effect of

wastewater in aquaculture thus can be estimated in indirect way.

Following is the analysis of two projects A and B.

In project A, wastewater is used in fish production along with other inputs such

as fish seed, fertilizers, labor, etc. Farm B operates without wastewater, uses normal

water in the same amount as A uses, and uses other inputs also in the same amount

as A uses, with no change in quality of other inputs. Gross value of output of A and

B is obtained from volume of fish produced times average farm-level price. Net

value of output is derived by subtracting the total costs of production from the gross

value of output. Difference between the net values of output of project A and

project B represents the benefit of wastewater use in aquaculture.

Net value of output in A ¼ (Gross value of output – total cost of production) in

A ¼ Aww.

Net value of output in B ¼ (Gross value of output –total cost of production) in

B ¼ B w.

Value of impact of wastewater in fish production is (Aww � Bw). Aww is net

production with wastewater and Bw without wastewater.

The net present value output for a number of years of a wastewater-fed aqua-

culture farm can be estimated using a proper discount rate for discounting the future

values.

2. Marginal productivity of wastewater in aquaculture can also be estimated

empirically. Let us assume a Cobb-Douglas type of production function in a

wastewater-fed aquaculture farm such as
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Q ¼ A FαSβLλWWηX1
μ . . . . . . . . . :Xn

δ
� �

where Q, F, S, L, and WW denote quantity of output, fertilizer, seeds, labor, and

wastewater, X1. . .. . .. . . .Xn are the other inputs used, and λ, α, β, η, μ. . . . δ, etc. are
partial elasticity of factors used with respect to output.

Marginal product of using wastewater to fish yield is

δQ=δWW ¼ Aη Q=WWð Þ
which is the measure of impact of wastewater on fish yield (Hussain et al. 2001).

3. Valuation of impact on public health

There is risk of diseases with the use of wastewater in aquaculture. Pond workers

suffering with these diseases may lose potential income due to the reduction in their

working capacity. Fish consumers of sewage-fed fish and the people who suffered

from adverse health effects of wastewater have to bear growing medical expendi-

ture. All these impacts can be estimated using opportunity cost principle. Hussain

et al. (2001) have proposed the following method for quantifying the harmful

effects on human health. The loss of potential earnings of laborers, due to morbidity

caused by wastewater aquaculture, can be estimated in the following manner. The

present value of labor productivity losses due to wastewater-related diseases is

PVpi ¼
X

SD∗
i WR∗

i ID
∗
wwTPi

� �
= 1þ dð Þi

n o
þ . . . . . .

þ SD∗
n WR∗

n ID
∗
wwTPn

� �
= 1þ dð Þn� �

where PVpi is the present value of labor productivity loss, SD is the number of sick

days attributed to wastewater use per person per year, WR is the average wage rate

n is the total period of employment where i ¼ 1. . .. . .. . . ..n, ID is the percent of

population affected, TP is the total population in a given community or project area,

and d is the discount rate (Hussain et al. 2001).

The medical costs include the cost of medical consultations, cost of medication,

transport cost, and other illness-related expenses. The private treatment cost can be

used as proxy (opportunity cost) for medical costs as public health is subsidized in

most developing countries.

4. Valuation of social impacts

The community groups are mostly concerned with the potential risks associated

with wastewater-fed aquaculture such as poor hygiene, odor of fish, food safety,

health and welfare, impaired quality of life, pollution of water resources, and loss of

exotic species. Some social concerns can be addressed with community awareness

program and public education. Thus, the cost of public education, awareness, and

demonstration program can be used as a measure for the valuation of social impacts

of wastewater aquaculture.
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14.7.4 Cost-Benefit Analysis of Wastewater-Fed Aquaculture

Based on the estimations of the benefits and costs of environmental, economic, and

social impacts of wastewater aquaculture, total benefits accrued are weighed

against total costs incurred in the system. Cost-benefit analysis is performed in

policy-making decision as whether to start a newly designed wastewater aquacul-

ture project, that is, its worthiness for consideration to accept. To perform the

analysis, the approach requires information on the flow of expected benefits and

costs of the project in question. After monetary estimation of all types of benefits

and costs including economic, environmental, social, and ecological elements, the

value of aggregate discounted benefits and value of aggregate discounted costs are

estimated. If total discounted benefits are greater than total discounted costs over

the lifetime of the project, the project is declared acceptable. A cost-benefit analysis

weighs the benefits and cost streams of a project using the following decision rule:

Estimation of net present value (NPV) ¼ ∑(Bt – Ct){1/(1 + r)t}where Bt and Ct

represent stream of benefits and costs in t period where t ¼ 1,2,. . . . n and n is the

lifetime of the project. The expression 1/(1 + r)t represents the present value of a

rupee of net benefit coming at the end of t years, r represents the discount factor for
discounting future values of benefits and costs, and r > 0. A project is acceptable if

the sum of the net discounted benefits over the lifetime of the project is positive, so

the project is justified if NPV > 0 in the system. Optimum utilization of the

resources in the system along with costs minimization of economic and environ-

mental and removal of other constraints to wastewater aquaculture and also with

effective management, might generate a positive NPV. For policy-making decision,

the designing and planning of the system would be in such a way so that NPV > 0.

14.8 Comparison of East Kolkata Wastewater Fishery
with Conventional and Rational Design Model

East Kolkata wastewater-fed fishery, the largest in the world, has declined over the

last three decades by more than 50% because of urbanization (CRG 1998). Bunting

(2007) has attempted to compare the scenario in fisheries in East Kolkata wetlands

based on Kolkata wastewater fishery which uses a wastewater flow of 550,000 m3

day�1, conventional and rational designs for lagoon-based wastewater treatment,

treating wastewater of flow of 550,000 m3day�1 and reuse through aquaculture with

that of bioeconomic modeling. The developed financial indicators implied that both

the rational design and conventional system are much more productive and highly

profit-making enterprise and economically viable than in the traditional practice

used in wastewater aquaculture in peri-urban area of East Kolkata. Lagoons and fish

ponds for the rational design require greater area than used in traditional practice in

East Kolkata wastewater fishery. In the context of present infrastructure in peri-

urban area of East Kolkata, it may not be possible to implement the rational design
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system due to limited land availability. Conventional system with lower capital

costs and lower financial risks might attract private investment in wastewater

fishery, though the internal rate of return is much lower (9.5%) than in rational

design (20.6%). Greater fish production, better-quality employment, and hygienic

culture method complying with WHO (2006a) in rational design offer an improve-

ment over the existing system of traditional practice working in East Kolkata

wastewater fishery. But there appear some difficulties in implementation.

The East Kolkata wastewater-fed fishery has been assigned at Ramsar Site for

the conservation and the sustainable use of wetlands. In East Kolkata wastewater-

fed aquaculture, fish pond area covers 2480 ha. Size of fish farms varies from 0.4 to

162 ha (CRG 1997), producing 4.5 t/ha/year. A study was carried out by the present

author in 2006–2007 on the basis of information provided by 30 sewage-fed fish

farms in the East Kolkata wastewater fishery which consists of 150 bheries (large

water bodies) covering an area of 3000 ha. Fishes comprising carps, catfishes, and

tilapia produced from the system are supplied to the nearby wholesale market and

then are supplied to rural and city markets and produce roughly 16% of city’s fish
sale (Jana 2007). The study revealed that the system has created a sufficient amount

of value addition to fish protein. In the total cost of fish production, labor cost is the

lion’s share accounting nearly 60% followed by cost for seed (20–25%), and the

rest is incurred toward miscellaneous expenditure. The average income earned by

fish farmer was around Rs. 2000–2500 per person per month. However, in the

government-owned wastewater-fed fish farm, the labors are paid Rs. 5000–6000 per

person per month (Nalban government-owned fishery). The system has high turn-

over rate as it was found that out of 30 farms, more than 80% farms had profit with a

turnover rate of more than 80% (Jana 2007).

The system has high potential to generate employment creating as many as

40,000 jobs (Carlisle 2013). Many of the laborers engaged in EKW migrated from

rural areas where they were under disguised unemployment in agriculture. Laborers

migrate from rural to this urban area as they consider jobs in this wastewater fishery

a more secure job and to enjoy urban facilities. The system working in EKW is

delivering huge economic, social, and environmental benefits.

14.9 Conclusions

The wastewater-fed aquaculture in developing countries now is facing constraints

of inadequate and contaminated wastewater input problems and land scarcity

problem as more and more land are being used for urbanization. Cost-benefit

analysis indicates that if rationally designed, the system is highly productive. But

the problem is that in most developing countries, traditional practices using raw or

partially treated wastewater are working. Scientific evidence suggests that health

risks can be avoided if wastewater is adequately treated prior to the reuse in

aquaculture. Further, there is provision of segregating pond using clean water

where fish should be kept for 2 weeks for decontamination before marketing. It is
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expected that if the negative impacts and the costs associated with it can be

minimized, the system would likely to generate a positive net present value. In a

study in Morocco (Kfouri 2009), the estimated value of NPV of using wastewater

has been positive. The net benefit of implementing wastewater reuse in Morocco is

at least 2.035 billion USD, nearly 1.62% of GDP, 2008 (Kfouri 2009). This shows

that the wastewater is a useful resource for economic-driven activities. However, it

has to be properly planned and implemented effectively with regular careful

monitoring and safeguarding public health and environmental risks. For this pur-

pose, the system requires prior treatment of wastewater, continuous monitoring, and

upscaling, and finally control measures should be taken for decontamination of

fishes grown in wastewater system by keeping them in the clean water for 2 weeks

or more, prior to marketing. It is also necessary to undertake appropriate policy on

legislation, institutional framework, and regulation at the international and national

level.
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Chapter 15

Environmental Impact Assessment: A Case
Study on East Kolkata Wetlands

A. R. Ghosh, S. Mondal, and D. Kole

Abstract Wetlands are renewable and cost-effective complex nature of integrated

natural biological resources. The wise use of aquaculture in the form of sewage-fed

fishery provides a multitude of ecological functions such as flood reduction, ground-

water recharge, habitat and biodiversity restoration, employable opportunity, etc.

Wetlands are classified into 19 categories to include all varied nature of wetlands

starting from plain land to high altitude as well as man-made to natural. Sharp decline

or destruction of these ecosystems due to serious human intervention poses a threat to

environmental sustainability. The present study highlights the steps of impact assess-

ment, its different processes, evidences of impact assessment, impact analysis using

diverse parameters to establish a report on management and monitoring of wetlands

with special reference to East Kolkata Wetlands (EKW). The US Environmental

Protection Agency (USEPA) has adopted three tiers or levels of methods for

assessment system. East Kolkata Wetlands are unique ecological sensitive areas and

are established as wise use of wetlands where the city sewage is used by mastering the

activities of resource recovery. It also focused on the process of initial environmental

examination (IEE) and strategic environmental assessment (SEA) which are recog-

nized as the outcome of Agenda 21. Finally, impact analysis of biological organisms,

especially fish through histological, histochemical, topological, enzymological and

hormonal studies would be the important and added methods and techniques for future

workers in the process of conceptual modelling on wetlands.

Keywords Environmental impact assessment · East Kolkata Wetlands · Impact

analysis
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15.1 Introduction

Wetlands are recognized as environment-friendly, less energy-intensive and cost-

effective natural resources. Wetlands are complex and integrated ecosystems in

which water, plants, flora, fauna, microorganisms and the environmental factors

interact with each other (Guirguis 2004). Functionally, a natural wetland arises

where the level of water is near the surface for enough time to keep the soil below

saturated. The self-purification mechanism involving physical, chemical and bio-

logical process interactions is responsible for detoxifying the pollutants to some

extent.

Though a precise definition of wetlands can be controversial due to enormous

variety of wetland types, it has been broadly defined as ‘any areas of swamp, pond,

peat, or water, natural or artificial, permanent or temporary, stagnant or flowing

water, including estuaries and marine water, the depth of which at low tide does not

exceed six meters’ (Mitsch and Gosselink 1986).

The most important ecological services provided by the wetlands are

maintenance of habitats for wild species of flora and fauna, homeostasis of the

ecological systems, fish wealth, groundwater recharge, purification of water,

recycling and retention of nutrients, flood control, carbon sequestration and water

security which ultimately protect and regulate the water resources, conservation of

biodiversity and maintain an ecological balance as so-called natural kidney. It also

creates good recreational, scientific and aesthetic value and generates the employ-

ment opportunity to the local people. Due to its rich biodiversity and extensive food

chain, the wetlands are also called biological supermarkets (Mitsch and Gosselink

1993).

The wetlands comprise 7.7% of the Earth’s landscape or a total surface area of
11.65 million km2. According to UNEP-World Conservation Monitoring Centre, it

is about 570 million hectares (5.7 million km2) – roughly 6% of the Earth’s land
surface (Ramsar 1971). Recently, much attention has been paid to those wetlands

which were used as wastelands (Gopal 1999) and convenient wastewater discharge

sites to collect sewage (Kadlec and Knight 1996). Aquaculture including wetland

fishery is the fastest-growing food-producing sector in the world. Despite tremen-

dous importance of wetlands for ecological and economical reasons, there has been
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serious decline in the number of wetlands mainly due to urbanization and allied

activities. In India, only 50% of the total wetlands are in existence, and the rate of

decrease is 2–3% every year. The decline in wetlands would result in environmental

and ecological imbalance.

15.2 Classification of Wetlands

Wetlands are classified into 19 categories to include all varied nature of wetlands

starting from plain land to high altitude as well as man-made to natural etc. (Kadlec

and Knight 1996). There are 19 classes of wetlands in India based on the definition

of Ramsar with three-level hierarchical system (Table 15.1).

In Level 1, two classes of wetlands are recognized, inland and coastal; in Level

2, they are subdivided into another two categories such as natural and man-made;

and in Level 3, these include all the 19 classes of wetlands.

Panigrahy et al. (2012) proposed eight wetland themes as follows:

Layer 1: It indicates the wetland boundary.

Layers 2 and 3: It means spreading of water during pre-monsoon and post-

monsoon.

Layers 4 and 5: It provides the information on presence of aquatic vegetation.

Layers 6 and 7: This is qualitative estimation of turbidity of the open water, ranged

as low, medium and high during pre- and post-monsoon seasons.

Layer 8: These are the wetlands of small size with the area < 2.25 ha.

India possesses diverse types of wetlands situated at high-altitude lakes of 5000 m

elevation in the Himalayas up to marine systems covering mangroves and corals.

According to LISS-III data (2006–2007) the total wetland area in India is estimated

to be as 15.260 m ha which covers around 4.63% of the total geographical area of

Table 15.1 Categories of wetlands

(A) Inland (B) Coastal

(a. Natural) (a. Natural wetlands)

1. Lakes/ponds 11. Lagoons

2. Ox-bow lakes/cut-off meanders 12. Creeks

3. High-altitude wetlands 13. Sand/beach

4. Riverine wetlands 14. Intertidal mudflats

5. Waterlogged 15. Salt marsh

6. River/stream 16. Mangroves

(b. Man-made) 17. Coral reefs

7. Reservoirs/barrages (b. Man-made)

8. Tanks/ponds 18. Salt pans

9. Waterlogged 19. Aquaculture ponds

10. Salt pans
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555,557 ha. This includes 43.4% of inland-natural wetlands (69.22% or

10.564 m ha) and 27.13% (4.14 m ha) of coastal-natural wetlands, and high-

altitude wetlands of 126,249 ha.

15.3 Methods of Impact Study

15.3.1 Levels of Assessment

USEPA (US Environmental Protection Agency – Region 8) developed a three-tier,

or three-level, method of assessment of wetlands such as Level 1 (Assessment

Methods – Digital National Wetland Inventory (NWI) and Landscape Integrity

Model (LIM)), Level 2 (Assessment Methods – Ecological Integrity Assessment

EIA) and Level 3 (Assessment Methods – Floristic Quality Assessment (FQA),

Vegetation Index of Biotic Integrity (VIBI)).

Level 1 provides the Digital National Wetland Inventory (NWI) mapping. Using

this method the wetlands can be measured (in acres), its type, and distribution in a

certain landscape. Landscape Integrity Model (LIM) provides a state-wise data

based on GIS application.

In the Level 2, assessment is based on Ecological Integrity Assessment (EIA)

which gives a framework of ecological studies and biological responses. It evalu-

ates wetland condition based on a multi-matrix system which includes three major

factors like landscape context, condition and size of the ecological periphery.

According to Level 3, the Floristic Quality Assessment (FQA) is the use of

coefficients of conservatism (C-values) focusing on the concept of conservatism.

This is the existence and framing of all native species of flora. Actually, these

C-values species possess a wide tolerance to human interferences. FQA furnishes

the data on species richness and species abundance. FQA also provides an idea on

effective integration of spatial and temporal human impacts to ecological condition.

Level 3 also includes another subsystem called Vegetation Index of Biotic Integrity

(VIBI) which discloses the ability of an ecosystem to ‘support and maintain a

balance adaptive community of organisms having a species composition, diversity,

and functional organization comparable to that of natural habits within a region’.
During the assessment process of wetland, the biotic integrity poses its cost-

effectiveness as well as human interventions as biotic community. It can help in

restoration, enhancement and successful preservation of ecological integrity of the

wetlands by different projects.

In addition to these, Dr. Brad Johnson has developed another assessment

method known as ‘Functional Assessment of Colorado Wetlands’ (FACWet);

along with this Proper Functioning Condition (PFC) is adopted by the Bureau

of Land Management for assessment of the physical functions of riparian and

wetland regions.
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15.3.2 Impact Assessment on East Kolkata Wetlands (EKW)

15.3.2.1 Geographical Location of EKWL

East Kolkata Wetlands (EKW), located in the eastern part of Kolkata under the

districts of North and South 24 Parganas of West Bengal, India, are an important

portion of the mature delta of Ganga River. Presently, the total area of the wetland is

12,500 ha, among which there are 364 sewage-fed fisheries (5852 ha), agriculture

(4781 ha) and solid waste farms (603 ha) and some built-up areas for human

settlements (1326 ha) (Table 15.2). East Kolkata Wetlands lie approximately

between latitudes 20�250 to 22�400 North and longitudes 88�200 to 88�350 East. Its
monsoonal climate is usually hot and humid with an average annual rainfall of

nearly 1600 mm (mainly concentrated in the months of mid-June to mid-October).

Usually, January is recognized as the coolest and May as hottest. Ganga River

encompasses this region is a portion of the mature delta, and in this delta wetlands

form the inter-distributor marshes. The part of these streams once was the active

tributaries, distributaries and re-distributaries of the Ganga. But with the shifting of

the main river, the streams became inactive, and some of them even died with

consequent loss of headwaters, while some of them were still building land on both

sides. Between those raised tracts, the land was comparatively depressed, being

deprived of the annual deposition of silt. It was once covered with saltwater

marshes. These saltwater marshes were between the Hooghly River to the west

and the Bidyadhari River to the East. The mouths of some of the streams opened

into the Bay of Bengal and were influenced by tidal action, which accounted for the

tides and salinity of these saltwater lakes in the east of Kolkata. These lakes were

actually the spill reservoirs of the tidal channel Bidyadhari which opened into the

Bay of Bengal through the Matla River. One of the spill channels of the Bidyadhari,

the Central Lake Channel, extended practically into the heart of the city even until

early in the twentieth century and was the main drainage line for the city of Kolkata.

Local people in and around the EKW is exclusively dependent of this sewage-

fed fisheries which contributes a substantial portion of fish demand in the city of

Kolkata. City sewage was used for fish farming, agriculture and horticulture in the

adjoining areas. The mechanism of desiltation process of the canals carrying sewage

can be considered as an important method of conservation of EKW. There are major

four types of land use classes in the EKW areas, which are as follows: (1) substantially

Table 15.2 Description of land use pattern in the Study area in East Kolkata Wetlands (EKW)

Land use Area (in hectare)

Substantially water body 5852.14

Agricultural area 4718.56

Productive farming area 602.78

Urban/rural settlement area 1326.52 (91.53 ha urban + 1234 ha rural)

Total area 12,500

Source: Kundu et al. (2008)
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water body-oriented area, (2) agricultural area, (3) productive farming or garbage

farming area and (4) settlement area (Table 15.2). The settlement area again may be

categorized into urban and rural settlement area.

East Kolkata Wetlands have been recognized as ecologically sensitive areas and

named as Wetland of International Importance under the Article 8 of the Ramsar

Convention; site number 1208. The EKW sewage-fed fisheries have been recog-

nized as the largest site of wastewater-based fish cultivation in the world and

providing livelihood of more than 20,000 core group of people by yielding about

15,000 t of fish per year. Among these core group of people, 8500 are directly

involved and 90% of them are local. In fact, the sewage-fed fisheries act as

ecologically balanced wastewater treatment system converting it in an acceptable

effluent quality before discharge in the inland surface water because they act as

natural filters, also a container of harbouring pollutants and retention of nutrients.

15.3.2.2 Study on Impact Assessment

Impacts of parameters are divided into direct impacts, also called as primary or

first-order impacts, and indirect impacts, i.e. secondary or second order, third order

and so on. As per report of Initial Environmental Examination (IEE) – 2000

prepared by the Project Preparatory Technical Assistance (PPTA), the assessment

process of EKW requires revision and upgradation for necessary screening and

evaluation of environmental impact potentiality and copes with the proper mitiga-

tion measurements (Pragatheesh and Jain 2013). As early as 1690, the managers

and planners of Kolkata selected the eastern part of Kolkata as a reservoir of both

liquid and solid wastes as a discharge of the city to save the Hugli River from

receiving those wastes. There is an enough restructuring of wetland networks

during the last 5 years. Construction and formation of new sewerage and drainage

in Borough VII and pouring of untreated sewage in Borough VII, XI and XII into

the Dry Weather Flow (DWF) channels are made which is already in operation and

feeding of the wastewater fisheries. There is a combined drainage system in Kolkata

Municipal Area (KMA) – the DWF is the man-made channel started from Topsia

Point A through EKW from the east to west until it meets the Kulti River. DWF

mainly comes from Palmer Bazar and Ballygunge pumping stations. DWF is 36 km

long possessing a varying bed width of about 6 m. Presently, approximately 10% of

the total wastewater load, i.e. 1300 litre per second (lps), are discharged in DWF

channels through the pumping stations in Borough VII and XII and parts of

Borough XI.

It has been estimated that every day these wetlands receive approximately

250 million gallons of sewage water through these DWF. It is measured that the

Kolkata Municipal Corporation (KMC) every day produces roughly 600 million

litres of sewage and wastewater and more than 2500 metric tons of garbage.
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The owners of fisheries of EKW draw this sewage and wastewater into the

wetlands locally called bheries. There are all total 364 operating bheries in

EKW. It can accommodate about 18,800 litres of wastewater per seconds (lps)

in the existing 4400 ha of sewage-fed fisheries. Gradually, within a few days the

wastewater and content of the organic compounds undergo biodegradation. In

the fish ponds the quantum of organic load ranges from 20 to 70 kg per ha per

day. Overall report of the environmental impact assessment on East Kolkata

Wetlands is positive.

Initially, the EKW was considered as a conservation area by the order of the

Kolkata High Court in 1992, and subsequently the government has taken initiative

to conserve these water bodies by forming a management committee for EKW in

2004. In March 2006 the East Kolkata Wetlands (Conservation and Management)

Act became enacted as a law. The East Kolkata Wetlands (Conservation and

Management) Act, 2006, came into force on the 16th day of November 2005

which supports the policy of conservation and management of EKWs and the allied

matters concerned with it.

15.3.2.3 Steps in EIA

The generic six-step model is followed (Canter 1996) for environmental impact

assessment (EIA). These six-step activities are as follows:

Step 1: Identification of problems such as types, sources and quantities of water

pollutants

Step 2: Description of the environment of wetlands including its meteorological

data like precipitation, evaporation and annual temperature and pollution

loadings

Step 3: Procurement of data on wetland water

Step 4: Preparation of statement on impact prediction

Step 5: Study on impact significance

Step 6: Suggestions on appropriate mitigation measures

In the first step, the objectives are to determine the features of the wetlands in

terms of:

1. Type of wetland and its operational nature in the order of water usage and

generation point of wastewater and causes of changes in water quality or

quantity

2. Location including mapping of the wetlands

3. Period or history of origin of wetland

4. Prime information based on its outcomes including disposals

In order to prepare a list of materials to be utilized during the study and their

subsequent disposal, the qualitative assessment of the wastewater in the wetlands

can be compared as population equivalent in the form:
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PE ¼ Að Þ Bð Þ 8:34ð Þ
0:17

where:

PE ¼ population equilibrium based on organic constituents in industrial water

A ¼ industrial water flow, mgd (million gallon per day)

B ¼ industrial wastewater BOD (mg/l)

8.34 ¼ lb/gel

0.17 ¼ lb BOD per person/day

It is also applicable for suspended solids, nutrients and other pertinent constituents

discharged both from point and non-point sources, and aquatic environment

receives maximum pollutants from non-point sources.

Step 2 is the background study of the wetlands including collection of data on

water body in terms of quantity and quality. The records of data can be compared

with the standard water quality. It is also true that water quality standards vary

according to the mode of uses. Therefore, selection of parameters of assessing the

water quality of wetlands is also important and essential in the context of uses of

these water resources.

In step 3, the impacts of the wetland are considered based on production,

particularly on pisciculture. It is also pertinent to consider the water quality

management policies in this respect.

Fourth stage of generic impact studies is impact prediction. Actually, it provides

data on quantification or qualitative description of anticipated impacts of the

wetlands and its factors. To make out this, the environmental index methods like

WQI (water quality index) or some other related techniques are required for addressing

the anticipated impacts that will result into anticipated changes in the water body,

although different types of pollutant load like organic (non-conservative), inorganic

(conservative), solid, nutrient and bacterial pollutants are involved but cannot be

quantified sometime due to different reasons. In wetlands, different discharge streams

are mixed together to form a final discharge canal received by the local wetlands, so it

requires to calculate the quantity of water flow and the characteristic pollutants of that

flow separately to frame in a mathematical model called mass-balance approach, which

can be expressed as follows:

Cavg ¼ εCiθi
εθi

¼ εMi

εθi

It is the summation of the mass contribution of all individual streams dividing by

total mass of the total flow from all the streams, where

Cavg ¼ average concentration of constituent for combined discharge stream

Ci ¼ concentration of constituent in ith discharge stream

Qi ¼ flow for ith discharge stream

Mi ¼ mass of constituent in ith discharge stream
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Different models such as CREAMS (Chemicals, Runoff, and Erosion from Agri-

cultural Management System) and GLEAMS (Groundwater Loading Effects of

Agricultural Management Systems) have been developed to measure the water

pollutant loadings from various non-point sources and its subsequent impacts. It

can be taken into account that urban area or rural runoff discharges constitute the

non-pollutant and municipal and/or industrial charges that endorse the point sources

(Knizel and Nicks 1980; Williams and Nicks 1982; Leonard 1988).

Fifth step in impact studies is very important, because it highlights the signifi-

cance of impact assessment followed by impact mitigation measures. Assessment

literally elicits the significant interpretation of anticipated impacts comparing after

the specific standards, here wastewater discharge standards.

Step 6, it is final stage of impact assessment which mainly deals with the

identification and incorporation of probable mitigation measures which are meant

for decreasing the magnitude of impacts of discharge water into the receptors

through separation, pre-treatment, sedimentation or dilution. Depending on the

non-point pollution sources, it is advised to adopt the best management practices

(BMPs) determined by the area-wise or project-wise operators/users. Olson and

Marshall (1991) proposed the furnished constructed wetlands to control the

discharge of non-source pollution by endorsing the control of nutrients, pesticides

and sediments. This can minimize the detrimental impact of wastewater.

15.3.2.4 Evidences of Impact Assessment

Impact implications of wetlands can be represented by its quantitative and/or

qualitative changes which in turn cause changes in aquatic faunal or floral species.

Wastewater-fed wetlands from industrial charges; municipal, agricultural, commer-

cial hazardous waste disposal; and domestic discharges are required to address the

quantity-quality considerations. The total maximum daily loads (TMDLs) influence

the status of the receiving water body. The common physical parameters are colour,

odour, temperature, residual solids, turbidity, oil and grease content, etc. Among

the chemical parameters, BOD, COD, TOC and TOD are important. Inorganic

chemical properties of wetland water are ascertained by salinity, hardness, pH,

acidity and alkalinity, including the presence of chlorides, sulphates, phosphates,

heavy metals, etc. Biological parameters include the qualitative and quantitative

estimation of phyto- and zooplankton, bacteriological and fish health.

Wetlands are fed through two main sources – the point and non-point sources.

Non-point pollutants are added as a result of discharges from urban area, industrial

area, or rural runoff; it is the main supplements to wetlands but difficult to trace the

origin of locations of the non-points; and point sources are due to discharges from

municipalities or industrial complexes. Depletion of dissolved oxygen concentra-

tion due to increase in soluble solids or organic materials causes serious excess

microbial load, high BOD and finally effects on fish health.
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From the point of human health risk assessment study, the consumption of

sewage-fed fish and the fishermen intimately associated with fish culture also

need an intensive research for careful assessment and mitigation. As mitigation

measures reduce the impacts on water quality, the following aspects can be

considered:

• Checking of improper dumping of solid wastes into the DWF channels.

• Introduction of restriction, enforcement and regular monitoring by KMC.

• Provision of fencing, repairing and checking the DWF channels will be

strengthened.

• Regular monitoring of water quality of DWF channels.

• Proper management of DWF channels through periodical cleaning, at least every

3 years, and lining checking and repairing on every 6 years.

The DWF channels receive the drainage of the core area of Kolkata which starts

from Topsia Point A and runs to the east through the EKW until it falls into Kulti

River.

In the wetlands there are some interactions between its constituents like water,

soil, air, energy, rocks, plants and animals and to form a complex ecosystem. The

basic pre-requirement for impact assessment of wetlands is to build up a conceptual

understanding on:

– Interaction between a wetland and its sources – generally, the water sources,

which are one of the three types, like rainfall, surface flow and groundwater

– Identification of possible impacts

– Suggestion on mitigation measures

After the Ramsar Convention (Ramsar 1971), 160 nations joined in the convention

as Contracting Parties in October 2010, and they documented and included in the

list a total of 1900 wetlands around the world covering over 186 million ha of area.

Actually, there are two outcomes of Agenda 21 and Rio Summit Declaration from

the ‘UN Conference on Environment and Development’ held in 1992, where it was
clearly mentioned to undertake EIA for every activities likely to make thrust

adversely on the environment; subsequently in the Plan and Implementation Com-

mittee called it to use all levels.

EIA is a continuous process that reveals some mitigation process in final for

the concerned project which is culminated into preparation of a report called

Environmental Impact Statement (EIS). EIA process is directly related with

local, regional and national development schemes, although sometimes it is

rushed due to some unwanted pressures from different point of interests. In

EIA, environmental evaluation system is followed to study the impact and to

identify the impact of particular parameters by selecting indirect and direct

forms of data.
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15.4 Impact Analysis Through Histophysiological
Investigations of Fish

Different biochemical and physiological investigations (Table 15.3) are key tools to

evaluate the health status of fish species as well as health of wetlands. The

histopathological changes at cellular or tissue level direct an indication of exposure

to environmental toxicants, changes in target organs like gill and gastrointestinal

tract and information on the mechanism of action of the toxicants (Das and

Mukherjee 2000). Biochemical alterations and pattern of fish growth reflect the

environment and the feeding state of fish (Grund et al. 2010; Poleksić et al. 2010;

Rajeshkumar and Munuswamy 2011). Likewise, changes in the ultramicroscopic

level through topological study of the gastrointestinal system of fish disclose the

toxicity of environmental pollutants (Grau et al. 1992). Biochemical assessments

using various intestinal enzymes such as amylase, pepsin, trypsin, esterases and

alkaline phosphatase (Moriarty 1973; Li and Fan 1997) are also good responsive

factors of toxicosis. Exposure to chemical pollutants can influence either increases

or decreases in haematological levels in the fishes. The enzymological as well as

hormonal levels of fish are more related to the effects on fish survival, growth and

reproduction (Yaron et al. 2003; Levavi-Sivan et al. 2010).

Embryonic and larval malformations are documented as a habitual problem in

fish aquaculture and characterize both ethical and economical challenges for the

fishery industry (Takle et al. 2005). It is well known that some environmental

factors such as temperature, salinity, pH, etc. can strongly influence the embryonic

development of fish (Kjørsvik et al. 1990). This information is pertinent on the

ground that sewage-fed wetland resources may be developed as a good source of

fish spawn by the development of a modified hatchery system.

15.4.1 Histopathological Observations of Fish Tissues

The histopathological investigations of fish reared in wastewater-fed aquaculture

pond systems would reflect the cumulative effects of different toxicants like heavy

metals and pesticides in different trophic levels of fish. The studies carried out on

two widely cultured fish species, Oreochromis niloticus and Glossogobius sp., in
EKW revealed the clear-cut histopathological lesions in the stomach, intestine, gill,

liver and kidney. Evaluation of these lesions can be used as suitable biomarkers.

Stomach: The stomach of Oreochromis niloticus and Glossogobius sp. showed

distortion of mucous epithelium; vacuolation in submucosa, especially in the

lamina propria; and degeneration of columnar epithelium, goblet cells and

basement membrane. The secretory cells and cuboidal cells of gastric glands

undergo necrosis.
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Intestine: Severe degenerative changes in the intestinal mucosa cause oedema

between the intestinal submucosa and mucosa in Glossogobius sp. and in

Oreochromis niloticus. The intestinal region offers a good source of lipase

enzyme and also helps in digestion of carbohydrate due to presence of amylase

as in Tilapia (Lagler et al. 1977).

Liver: The liver plays the most important role in detoxification of xenobiotics, and

it is known as the prime organ responsible for the detoxification biotransforma-

tion and excretion of xenobiotics (Thophon et al. 2003). The liver of the fish

O. niloticus showed distortion of the hepatic cords, appearance of syncytial

mass, dilation of the sinusoids, degeneration of endothelial lining cells,

clumping and pyknosis of nuclei and distortion of acinar cells, loss of zymogen

granules and shrinkage of exocrine acinar cells which are rather similar with

analysis of many workers (Sepulveda et al. 2004; Benli et al. 2008).

Kidney: In the sewage-contaminated condition, the fish O. niloticus discloses the
vacuolation and distortion of the glomerulus and the haematopoietic tissue and

enlargement in Bowman’s capsule and lumen of the proximal tubules. In the

proximal tubule, intercellular partitions are lost, nuclei became eccentric and the

brush border becomes damaged (Benli et al. 2008), effluents of pulp and paper

mills (Khan et al. 1994), and mixed environmental contaminants (Schwaiger

et al. 1997; Camargo and Martinez 2007).

15.4.2 Histochemical Observations of Fish Tissues

Gastric mucosa of Oreochromis niloticus and Glossogobius sp. showed positive

reaction to PAS-AB, which indicated presence of acid and neutral mucin with a

little alteration in the intensity of reaction. The columnar epithelial cell lining of fish

intestine produces different glycoconjugates (Scocco et al. 1997). So, the abun-

dance of mucus in the lumen of the digestive tract of the teleosts is the common

feature. The intestines of Glossogobius sp. contained numerous goblet cells in the

mucosa which react positively to PAS-AB; the number of total goblet cells was

affected in the stomach of Glossogobius sp. and decreases in the number of

PAS-positive goblet cells in Oreochromis niloticus. Sewage water alters the

mucin composition in the goblet cells as compared to control.

15.4.3 Scanning Electron Microscopic Observations (SEM)

Evaluation of ultra-morphological symptoms by using scanning electron micro-

scope depicts the various tissue alterations at the topological level due to intoxica-

tion of different xenobiotics (Kammenga et al. 2000).
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Gill: The topology of the cellular unit of gill lamellae is stratified epithelial cells

with double-ridged outer membrane and concentric microridges on the surface

as viewed through SEM, and the lesions like necrosis, hyperplasia, inflamma-

tion, epithelial cell lifting, cell swelling and hypersecretion of mucus were the

prominent features. According to Kossakowski and Ostaszewska (2003), exces-

sive mucus secretion is the first reaction; subsequently epithelial cell lifting,

hypertrophy and fusion of gill lamellae attribute the defence response of fish

against xenobiotics.

Buccopharynx: The buccopharyngeal epithelium of O. niloticus and Glossogobius
sp. exhibited the wrinkling and shrinkage of the polygonal stratified epithelial

cells, loss of double-ridged structure and disorganization of the regular array of

microridges. In Glossogobius sp., the most important alterations took place that

were different from an ideal pattern of cell array such as shrinkage of the

stratified epithelial cells, disorganization of the normal arrangement of concen-

tric microridges as well as lateral fusion of the epithelial cells.

Stomach: The topography of the stomach revealed that the gastric mucosa, stapled

together (anatomized) with each other to give appearance of an uneven depres-

sions, provided with numerous gastric folds. A few epithelial cells encircle the

gastric pits noticed in this region. O. niloticus showed that the apical surface of

the mucous folds was densely packed with oval or rounded columnar epithelial

cells hold with short and broad microridges. Secretions of mucus along with the

distortion of columnar epithelial cells on the mucosal surface were the distinct

observations in the stomach of O. niloticus in field condition. The mucin masses

were also adhered with the mucosal epithelium. In Glossogobius sp. mucin

masses were clogged in the gastric pits, and in some cases cellular contents

moved away from the ruptured cells.

Intestine: In O. niloticus the intestinal mucosal folds showed irregular orientation.

In Glossogobius sp., the important observations of the intestine were the pres-

ence of irregular and wavy mucosal folds in zigzag prototype surrounding a

number of concavities. The internal mucosa was supported by regularly

arranged, elongated or oval columnar epithelial cells.

Due to pollution load and contamination in EKW, large areas of intestinal

mucosal folds ofO. niloticus got injured and wreckage of the fragmented secondary

mucosal folds that was observed in the concavities in between the primary mucosal

folds. Intestinal columnar epithelial cells were disrupted due to metal

contamination. The microvilli on the apical portion of the columnar epithelial

cells were necrosed. Mucin masses were clogged in certain areas of epithelial cell

surfaces; some damages occurred in the columnar epithelial cells along the base-

ment membrane. Significant damages also brought into intestinal absorptive

columnar epithelial cells.
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15.4.4 Enzymological Study of Blood Parameters

The activities of the digestive enzymes were largely induced by environmental

parameters, such as temperature, pH, salinity and heavy metals as stressors. Under

normal circumstances, these enzymes remain within the cells of the liver. Under

stress condition and in the injured liver, these enzymes are spilled into the blood

stream, raising the enzyme levels in the blood and signalling liver damage. Among

the most sensitive and widely used of these liver enzymes are the amino trans-

ferases. The regular structural orientation of the hepatocytes and their enzyme

activities are greatly influenced by the diesel and grease contamination in the

water body (Azad 2005; Dimichele and Taylor 1978). The fluctuations in plasma

proteins (total protein and albumin) and liver enzymes (SGOT, SGPT, amylase,

alkaline phosphatase) and in the bilirubin level may be caused by the disturbance in

metabolic pathways caused by petroleum exposure. The increase in SGOT and

SGPT activities is the indicator of liver damage which may have occurred due to

petroleum exposure.

Amylase: The physiological functions of fishes under sewage contamination con-

ditions in EKW recorded that some enzymological analysis like amylase activity

was reduced. It has also been recorded that three different fish species of

different trophic levels, viz. Labeo bata, Labeo rohita and Oreochromis
niloticus, showed reduced amylase activity in the stomach and intestine.

Lipase: The experimental fish, viz. L. bata, L. rohita and O. niloticus, collected
from EKW showed lower lipase activity.

Protease: The protease activity of L. bata, the inhabitant of EKW, was decreased in

the stomach and intestine.

Serum glutamate oxaloacetate transaminase (SGOT): In the fish L. bata, L. rohita
and O. niloticus, the mean plasma SGOT (AST) values were higher in EKW

condition.

Serum glutamate-pyruvate transaminase (SGPT): The mean plasma SGPT (ALT)

values of the fish collected from EKW were higher.

Alkaline phosphatase (ALPase): The plasma alkaline phosphatase activity of the

fish collected from EKW was also higher in L. bata, L. rohita and O. niloticus.
Total bilirubin: The average total bilirubin concentration in L. bata was slightly

lower, but in case of L. rohita the average total bilirubin level was elevated. In

O. niloticus, the mean plasma total bilirubin level was higher.

15.4.5 Hormonal Observations

In fish, follicle-stimulating hormone (FSH) is generally important for early gonadal

development and vitellogenesis. In case of mammals, it is a heterodimer comprised

an alpha subunit which is associated with the hormone-specific beta subunit
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noncovalently. Low concentration of pollutants could affect any part of this pro-

cess. Hormones, the endocrine secretions, are released into the blood stream for

onward transportation to their target organs.

Luteinizing hormone (LH): In females, a sharp rise of LH causes ovulation and

development of the corpus luteum. In males, LH also called interstitial cell-

stimulating hormone (ICSH) stimulates production of testosterone by Leydig

cells which has a synergistic action with FSH. In the breeding season, the concen-

tration of LH in the fishes like L. bata, L. rohita and O. niloticus was higher

followed by post- and pre-breeding seasons.

Follicle-stimulating hormone (FSH): Follicle-stimulating hormone (FSH) also

followed the similar trends as LH where the increased values in breeding were

followed by post- and prebreeding seasons.

15.5 Conclusions

Due to rapid urbanization and industrial growth, wetlands are facing reduction of its

available space and contamination by excessive runoff from agricultural fertilizers,

pesticides or herbicides. Therefore, EIA of wetlands is required to prevent the loss

and destruction. It also requires conservation and collaborative sustainable strategy

to promote its restoration. Study of impact analysis based on histological, histo-

chemical, topological, enzymological and hormonal studies in regard to the fish

health discloses some prominent lesions or alterations in the intestine, liver and

kidney of the fishes. However, this suggests an adoption of good management of

wetlands for ‘wise use of wetlands’ for converting organic loads into protein

sources. Extensive research is needed to the better solution for formulation of the

national strategy and planners to save the wetlands.
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Chapter 16

Law and Regulation of Wastes
and Wastewater: Indian Perspective

S. K. Sadhu and A. R. Ghosh

Abstract The United Nations Conference on the Human Environment, 1972,

declared environment of quality is the basic right of human being. It laid emphasis

on protection and improvement of environment for inter- and intra-generational

equity. India as a participatory nation by the 42nd amendment of the constitution

incorporated provisions under Art. 48A and Art. 51A (g) for protection and

improvement of natural environment. Environment (Protection) Act, 1986, is the

elaborate text of such constitutional mandate. The Act has made provisions for

creation of institutions to shape an environmentally sound future. Consequently, by

considering alarming effects of wastes� solid, liquid or e-waste – on environment,

various rules are framed by the Central Government for the establishment of

regulatory authorities to manage the situation. Present study covers the enforce-

ability of such laws and rules to achieve the end, i.e. salubrious environment for all.

Keywords Wastewater · Wetlands · Wastes · Rules · Act
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16.1 Introduction

16.1.1 Why Wetland and Wastewater Laws and Regulations?

Wetlands are the most important beneficial ecosystems for human beings. It

harbours as well as makes a habitat for large number of diverse flora and fauna

maintaining a certain depth of water as its characteristics. Classification of wetlands

is based on different aspects. Most commonly, they are classified with respect to

types of vegetation, types of soil, availability of water (constant wet and temporary

dry up), etc. Wetlands have a diverse nature of distribution starting from coastal

plain to middle (marshes) up to high altitude of mountain areas (seeps). It includes

floodplains, marshes, bogs, swamps, peat lands, estuaries, lakes, etc. Wetlands are

natural filters of immense importance in maintaining the ecosystem balance in the

climate change of the world. It performs many important functions maintaining the

homeostasis in the ecological physiology, reducing flood flow and its impact,

groundwater recharge by soaking and releasing the water, reduction of soil erosion,

maintenance of biological diversity and habitats, nutrient cycling, fish production,

creation of employment opportunity by providing pisciculture, building materials

and handicrafts and agricultural and recreational usages. But in recent times, this

ecosystem is under serious threat due to rapid urbanisation and industrial develop-

ment by reducing its total available space and severe contamination from discharge

materials like pesticides, herbicides and fertilisers causing direct impact on func-

tioning of wetlands. So, for the management and monitoring, introduction of

environmental assessment process and application of laws and regulations are

inevitable. The present chapter is intended to highlight the importance of laws on

wetlands with historical background and finally culmination into implementation

of laws.

Protection of environment has emerged as a challenging issue in modern world.

Strain on environment for rapid betterment of human civilization reflects hard

reaction against world population. Pollution episodes throughout the world forced

the world community to manage the situation expeditiously.

The United Nations Conference on the Human Environment held in Stockholm,

1972, is the major initiative on the part of international organisation. Participating

nations declared the right to live in an environment of quality is a basic human right

and citizens have a duty to protect and improve environment for intra-generational

and inter-generational equity. Such impressive international efforts are indeed

genesis of modern environmental jurisprudence.

Principles of environmental equity give rise to the idea of sustainable develop-

ment. World commission on environment and development in its report “Our

Common Future” has specified it. The concept is obviously a new dimension in

environmental law. “Agenda 21” is its best example. Under such Agenda, human

beings “are entitled of healthy and productive life in harmony with nature”.

Moreover eradication of poverty, satisfying the needs of majority of people,

reducing the disparity of standard of living etc. are the indispensable part of
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sustainable development. The United Nations Conference on Sustainable Develop-

ment (Earth Summit, 2012 or Rio 2012 or Rio+20) has widened this concept under

the framework of “The Future We Want”. The ultimate objectives of such princi-

ples are to make strong legal instrument by sovereigns for ensuring a balance

between development and preservation of natural environment.

In order to achieve the above stated objectives, jurisprudential concept in India

has taken a new shape. Two Articles incorporated after the 42nd amendment in the

Indian Constitution in 1976 are directly involved in environmental protection and

improvement. Art. 48A relates to obligation of state to make law for protection and

improvement of environment, while under Art. 51A (g), citizens have a duty to

protect and improve natural environment. The Apex Court by wider interpretation

of these provisions has evolved some principles which can be construed as law of

the land. Stockholm declared quality environment is an inherent right of man. The

Supreme Court in that spirit has observed the right to life enshrined in Art. 21 in the

Indian Constitution includes the right to salubrious environment for all. State under

Art. 48A has a duty to provide such right. For failure of state to perform such

obligation, a person is deprived of his fundamental right, and he has remedy under

Art. 32 or Art. 226 of the Constitution. A writ may lie against the state in such

situation.

It is worth mentioning that pollution does not affect the individual only but it is

deleterious for the whole society, therefore, pollution is a social wrong. At this

juncture, the Supreme Court has strongly opined that the right of standing before the

Supreme Court or High Courts for ecological disorder must not be confined to that

person whose right has been infringed on the contrary for public interest on behalf

of such person it would be extended to any public-spirited citizen or social action

group. This new concept, mass advocacy against mass tort, has transformed the

constitutional obligation of state to protect and improve the environment as con-

stitutional mandate. It generates a new movement for ensuring quality environment

through judicial intervention which can be termed as neo-environmentalism.

16.2 Laws for Waste Management

Generation of e-wastes by technological advancement is a serious threat to clean

environment. The vision of the twenty-first century is “to ensure the promotion of

economically, socially and environmentally sustainable future for our planet and

for present and future generations” (Future we want – outcome document . . . .
Sustainable Development Knowledge Platform; http://sustainabledevelopment.un.

org/ft). Indian judiciary in the case of Vellore Citizens Welfare Forum vs. Union of
India, AIR 1996 SC 2715, has also observed that the traditional views on ecology

and environment are enemies no longer acceptable. Under the blueprint of the

world community for survival of planet, sustainable development is the answer.

Therefore, the statement, ‘regulation is better than restriction’ is more important in

managing environmental quality.
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Environment (Protection) Act, 1986, is a comprehensive legislation for protec-

tion and improvement of environment. The Act has defined environment on broader

perspective. Under Sec. 2(a) of the Act, “Environment includes water, air and land

and the inter-relationship which exists among and between water, air and land and

human beings; other living creatures, plants, micro-organism and property”. The

law while defining environment had made no distinction between environment and

ecosystem. It laid an emphasis on inter-relationship between biotic and abiotic

components of earth. This act has conferred power to the Central Government to

take all measures thinks inexpedient to protect and improve the environment quality

and shall prevent, control and abate environmental pollution. To perform such

statutory obligations, the Central Government may lay down procedures and

safeguard for hazardous substances. Hazardous substance means substance which

due to its characteristics is liable to cause harm to the environment. Wastes liable to

cause harm to the environment are hazardous wastes. To prevent pollution, Central

Government has power to take regulatory measures. The Central Government has

power to appoint regulatory authority or authorities. Authorities can exercise

statutory powers to maintain environmental order. Under such power, directions

can be issued to any person or authority. Direction includes power to closure or

regulation of any industry operation or process or stoppage or regulation or supply

of electricity, water, etc. To comply such provisions, rule-making power in the form

of delegated legislation has colossal importance in this connection.

16.3 Subordinate Legislations for Waste Management

Appropriate regulatory measure is the only solution to manage wastes which are

harmful to fragile ecology. To protect sensitive ecosystem, a number of rules are

made by the Central Government under the provisions of the Environment (Pro-

tection) Act, 1986. Such rules are:

1. Hazardous and Other Wastes (Management and Transboundary Movement)

Rules, 2016 (envfor.nic.in > content > hazardous and . . . .)
2. Plastic Waste Management Rules, 2016 (www.moef.gov.in/content/gsr 320.e)

3. Solid Waste Management Rules, 2016 (www.moef.gov.in/content/so 1357 e-o)

4. Bio-Medical Waste Management Rules, 2016 (envfor.nic.in > content > gsr

343 e)

5. E-Waste (Management) Rules, 2016 (www.moef.gov.in/gsr 338 e)

6. Construction and Demolition Waste Management Rules, 2016 (www.moef.nic.

in>content/gsr - 317 e)

Persons handling hazardous substances shall be liable to comply the procedural

safeguards to be prescribed by the Central Government under hazardous waste

management rules. These rules shall not be applicable to wastewater, biomedical

waste, municipal wastes, etc., and the authorities to enforce such rules are the

Ministry of Environment and Forest and Climate Change, Central Pollution Control
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Board (CPCB) and State Pollution Control Board (SPCB) constituted under the

Water Act, State Government, Union Territory, Directorate General of Foreign

Trade and Port Authority.

Authorities have powers to take required steps for environmentally sound

management for hazardous and other wastes. Steps shall also include the responsi-

bility of occupier handling with such wastes to take measures for treatment facility

either captive or common; prevention, minimising, reuse, recycling, recovery and

safe disposal; transfer for disposal and obtaining permission for disposal from the

concerned authority; utilisation after processing as resource with permission from

concerned authority; permission from the special authority for import-export of

such wastes. Non-compliance of rules is an illegal activity of the occupier, and he

shall be punished under the Environment (Protection) Act.

Plastic Waste Management Rules, 2016, shall apply to every generator, local

body, manufacturer, gram panchayat (the cornerstone of a local self-government

organisation in India of the Panchayati Raj system at the village or small town

level), producer and importer. Rules are made to give thrust to minimise, segregate

and recycle plastic wastes. Waste pickers, waste possessors and waste recyclers

shall be involved to collect plastic fractions from households. Another purpose of

such rules is to adopt polluter pays principle for sustainability of waste

management.

Manufacturers, importers, possessors, stockists, distributors, sellers and users of

carry bags, plastic sheets, etc. are required to comply certain conditions as men-

tioned in rules. Under the rules, carry bags and plastic sheets shall not be less than

50 microns thickness. To manage plastic wastes, street food sellers and the sellers

of food items have some responsibilities fixed under the provisions of these rules.

These rules have also imposed obligations upon urban bodies, local bodies and

gram panchayats (the cornerstone of a local self-government organisation in India

of the Panchayati Raj system at the village or small town level) to take measures

against pollution by plastic wastes.

E-Waste (Management) Rules, 2016, has come into force on October 2016.

Rules provide manufacturers generating e-wastes are bound to collect and chan-

nelize such wastes for recycling or disposal for environmentally sound manage-

ment. E-waste means “Electrical and electronic equipment, whole or in part

discarded as waste by the consumer or bulk consumers as well as rejects from

manufacturing, refurbishment and repair processes”. Rules have introduced respon-

sibility upon manufacturer, producer and refurbisher generating e-waste either for

manufacturing or for end of life or for repairing to comply the directions of

authority for environmentally sound management of such wastes.

Dealers on behalf of the producers have a responsibility to collect e-waste from

consumer by providing box or bin or by take-back system or by demarcating areas

to deposit e-waste. After collection, it would be sent to the collection centre or

dismantler or recycler as designated by the producer. E-waste generated by con-

sumer or by bulk consumers of electrical and electronic equipment listed in

Schedule 1 have a responsibility to ensure that such wastes are channelized for

dismantling or recycling under the process which the rules have prescribed.
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Dismantler, collection centre and recycler shall perform their duties as prescribed in

these rules.

Decent environment is not only the desire of human being but essential for

existence. Solid waste is not less important than that of other kinds of pollutant.

Law, though a key regulator to manage every evil in society, nevertheless is

meaningless in the absence of interaction with society. Considering the matter,

the Apex Court in the case of MC Mehta vs. Union of India, AIR 1992 SC

382, directed the Government to introduce environmental education in every

educational institution of the country as a compulsory subject. People’s response
is the best way to solve every crisis.

Solid Waste Management Rules, 2016, have paramount importance in managing

environmental crisis. These rules have laid emphasis on internalities to regulate

solid waste hazards. Waste generators, namely domestic, street vendor, shop

owners, market complex, gated community, hotel, restaurant and eating place,

have a duty to store waste in separate bin or container after segregating it as

biodegradable, non-biodegradable, sanitary waste, domestic hazardous wastes,

etc. and shall hand over the separated wastes to the authorised waste collectors or

waste pickers daily. Construction wastes or demolition wastes shall be stored in

place by waste generator under directions of local authority. Under no circum-

stances, such wastes shall be thrown in drains or watercourse or water body.

Various ministries of Central Government, State Government, and state instru-

mentalities, namely the Central Pollution Control Board (CPCB), State Pollution

Control Board (SPCB), urban authority, local authority, local self-government, etc.,

have responsibilities to ensure proper collection, treatment and disposal of such

wastes. State authority has duties to make policy, review and monitor the system for

sound management of wastes. Creating awareness among general masses regarding

their rights and duties provided in law shall be the true mechanism to manage the

prevailing crisis, and the state should play a pivotal role in this connection.

Bio-Medical Waste Management Rules, 2016, and Construction and Demolition

Waste Management Rules, 2016, have immense importance to regulate waste

disposal causing harm to society. Prescribed authorities and waste generators

have legal compulsion to manage the situation.

Unauthorised waste disposal is a serious threat to the environment. That is why

the Supreme Court in a landmark judgement in the case of Sterlite Industries (India)

Ltd. Etc vs. Union of India and Ors, [2013] 6SCR 573, relying on polluter pays

principle, directed the appellant company to deposit rupees 100 crores with the

Collector of Thoothukudi District of Tamil Nadu with a condition that it would be

kept in a fixed deposit of a nationalised bank for 5 years and renewable after expiry

and interest of such fixed deposit shall be spent to improve the quality of environ-

ment including water and soil of the vicinity. The Apex Court, however, by

considering importance of sustainable development set aside the order of Madras

High Court regarding closure of plant of appellant company in Tuticorin.

Wetland is the greatest service provider of the country. In the case of MC Mehta

vs. Union of India and Ors. [WP(C) No 4677/85] (www.elaw.in), the Supreme

Court observed “the Badkhal and Surajkund are monsoon fed water bodies. The
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natural drainage pattern of the surrounding hill areas feed these water bodies during

rainy season. Large scale construction in the vicinity of these tourist resorts may

disturb the rain water drains which in turn may badly affect the water level as well

as the water quality of these water bodies. . . . the hydrology of the area may also be

disturbed”. Under such observation, the apex judiciary on 10th November 1996

ordered that no construction of any type shall be permitted within 5 km radius of

Badkhal and Surajkund lakes.

To meet the challenges of pollution of wetland, the National Environment

Policy (NEP) Action Plan 2006 was in favour of setting up regulatory forces.

Consequently, rules under the title, Wetlands (Conservation and Management)

Rules, 2017 (http://www.moef.nic.in/content/gsr-1203e-wetlands-conservation-

and-management-rules-2017), are notified in Official Gazette. These rules relate

to imposing prohibition in case of setting up industries in wetland area; manu-

facture, storage and disposal of hazardous substances; dumping up solid wastes;

discharge of untreated wastes and effluents from industries, cities or towns; any

construction of permanent nature; poaching; and an activity having adverse

impact on ecosystem of wetland. Rules aim at constituting State Wetlands

Authority to improve the conditions of wetland. Rules also relate to constituting

the National Wetland Committee. The committee has an advisory jurisdction and

shall perform functions to formulate policies for conservation of wetland. These

rules surely would be an effective instrument for sound management of wetland

ecosystem.

16.4 State Laws

State laws, namely East Kolkata Wetlands (Conservation and Management) Act,

2006 (Annexure I) and Kerala Conservation of Paddy Land and Wetland Act,

2008 (KERALA GAZETTE EXTRAORDINARY PUBLISHED BY 12 August

2008, www.sanitation.kerala.gov.in), are equally important for wetland manage-

ment and conservation. East Kolkata Wetlands have international importance as

per Convention on Wetlands of International Importance held in Ramsar, Iran, in

1971 and enforced in 1975 (www.ramsar.org). The East Kolkata Wetlands Act

has provision of constituting the East Kolkata Wetlands Management Authority

which shall exercise powers for conservation of flora, fauna and biodiversity of

that area. The Authority may restrict activities having adverse impact on wetland

ecosystem. Authority shall perform some functions to promote sewage-fed

pisciculture.
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16.5 Law for Wastewater

In MC Mehta vs. Union of India and Ors. (1997) SCC388, the Supreme Court by

applying Roman law concept res communious decided that the natural property of

natural resources must be protected for public interest. State as a trustee has an

obligation to take effective measures for conservation of heritage property of

natural resources. Natural resource, therefore, converted into waste for alteration

of its natural properties must be protected. The Water (Prevention and Control of

Pollution) Act, 1974, has a significant role to maintain wholesomeness of water.

Pollution under the Water Act means alteration of properties of water or contam-

ination of water for discharge of sewage or trade effluents into water in such a way

that it renders the water harmful or injurious for health safety and various kinds of

its uses. Water if polluted becomes wastewater.

The Act has plethora of provisions in respect of prevention and control of water

pollution. Moreover to maintain or restore wholesomeness of water, some functions

are to be performed by concerned authority. The Central Pollution Control Board

and the State Pollution Control Board constituted under this Act are authorised to

take appropriate action in respect of water pollution. It is the duty of CPCB to

promote cleanliness of streams and wells of the country. Stream under this Act

includes river, water course, inland water, groundwater and tidal water up to

notified area. SPCB is also bound to perform statutory functions in respect of

water pollution. Such functions are, inspection of plant’s set up for treatment of

wastewater, system for disposal of waste and trade effluents, evolve methods of

utilisation of sewage and trade effluents in agriculture, evolve methods of disposal

of sewage on land essential for noticeable condition of scant stream flows which

cannot provide minimum degree of dilution in major part of the year, to make or

revoke any order essential for prevention, control or abatement of discharge of

waste into stream or wells, to give advice to the State Government in respect to

location of industries whose carrying on is likely to cause water pollution, to send

water sample to recognised laboratories for its analysis and to take measures on the

basis of report of analyst. To bring into use new outlet for disposal of sewage or to

establish any industry, prior permission from SPCB is essential.

16.6 Conclusions

Ignorance of law is the main hindrance to make regulatory measures more effective.

Regulatory authorities need to be more effective to ensure mass participation in

waste management. The essence of such target is sound knowledge of environmen-

tal protection.
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Annexure-I

5. The East Kolkata Wetlands (Conservation
and Management) Act, 2006

GOVERNMENT OF WEST BENGAL LAW DEPARTMENT NOTIFICATION

31 March 2006

No. 404-L.–31 March 2006–the following act of the West Bengal Legislature,

having been assented to by the Governor, is hereby published for general

information:

West Bengal Act VII of 2006

THE EAST KOLKATA WETLANDS ﴾CONSERVATION AND MANAGE-

MENT﴿ ACT, 2006
﴾Passed by the West Bengal Legislature﴿
[Assent of the Governor was first published in the Kolkata Gazette, Extraordinary,

on 31 March 2006]

An Act to provide for conservation and management of the East Kolkata wetlands
and for matters connected therewith and incidental thereto.

WHEREAS the wetlands act as regulator of water regime, source for under-

ground water recharging, mechanism for wastewater treatment, air quality purifier

and store of water for firefighting and have great ecological significance for human

life

AND WHEREAS there is an increasing pressure on land for human settlement

leading to filling up of the wetlands

AND WHEREAS the East Kolkata Wetlands are ecologically and socio-

economically very important

ANDWHEREAS it is expedient to provide for conservation and management of

the East Kolkata Wetlands and for matters connected therewith and incidental

thereto

1. Short title and commencement

It is hereby enacted in the 57th Year of the Republic of India, by the

legislature of West Bengal, as follows:

(1) This Act may be called the East Kolkata Wetlands ﴾Conservation and

Management﴿ Act, 2006.
(2) It shall be deemed to have come into force on the 16th day of

November, 2005.

2. Definitions

In this Act, unless the context otherwise requires:

(a) “Authority” means the East Kolkata Wetlands Management Authority

constituted under Section 3

16 Law and Regulation of Wastes and Wastewater: Indian Perspective 313



(b) “Chairperson” means the Chairperson of the Authority.

(c) “East Kolkata Wetlands” means such of the areas included in the list of

Ramsar Sites as are specified in Schedule I and shown in the map in

Schedule II.

(d) Explanation I. For the purposes of this Act, “Ramsar Sites” means the

wetlands of international importance under Ramsar Convention.

(e) Explanation II. For the purposes of this Act, “Ramsar Convention” means

the Ramsar Convention on Wetlands, Ramsar, Iran.

(f) “Land” includes any wetland.

(g) “Land and Land Reforms Department” means the Land and Land Reforms

Department of the Government of West Bengal.

(h) “Local body” means a Panchayat within the meaning of clause ﴾1﴿ of Article
243B, or a municipality within the meaning of clause ﴾1﴿ of Article 243Q, of
the Constitution, or, in the absence of a Panchayat or municipality, an

institution of self-government constituted or established under any other

provision of the Constitution or by or under any Central Act or State Act.

(i) “Member-Secretary” means the Member-Secretary of the Authority.

(j) “Notification” means a notification published in the Official Gazette.

(k) “Prescribed” means prescribed by rules made under this Act.

(l) “State Government” means the Government of West Bengal in the Depart-

ment of Environment.

(m) “Water body” includes any land holding water.

3. Constitution of East Kolkata Wetlands Management Authority

(1) The State Government shall, with effect from such date as it may, by

notification, appoint and constitute an authority to be called the East Kolkata

Wetlands Management Authority.

(2) The Authority shall consist of the following Members:

(i) Chief Secretary to the Government of West Bengal Chairperson

(ii) Secretary, Department of Environment, Government of West Bengal Member-

Secretary

(iii) Secretary, Department of Urban Development, Government of West

Bengal

Member

(iv) Secretary, Department of Irrigation and Waterways, Government of West

Bengal

Member

(v) Secretary, Department of Fisheries, Government of West Bengal Member

(v) Secretary, Department of Fisheries, Government of West Bengal Member

(vi) Secretary, Department of Forest, Government of West Bengal Member

(vii) Secretary, Department of Municipal Affairs, Government of West Bengal Member

(viii) Secretary, Department of Land and Land Reforms, Government of West

Bengal

Member

(ix) Secretary, Department of Panchayat and Rural Development, Government

of West Bengal

Member

(x) Chairman, West Bengal Pollution Control Board Member

(continued)
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(xi) Member-Secretary, West Bengal Pollution Control Board Member

(xii) Chief Executive Officer, Kolkata Metropolitan Development Authority Member

(xiii) Commissioner, Kolkata Municipal Corporation Member

(xiv) District Magistrate, 24 Parganas ﴾South﴿ Member

(xv) District Magistrate, 24 Parganas ﴾North﴿ Member

(xvi) Three persons to be nominated by the State Government of whom one

each shall be from among the representatives of:

Members

(a) The non-government organisations having expertise in the field of

wetland conservation

(b) The non-government organisations having expertise in the field of

wetland management

(c) The fishermen’s co-operative societies formed for the purpose under the

West Bengal Inland Fisheries Act, 1984

(xvii) One representative of the Institute of Environmental Studies and Wet-

land Management, Kolkata, to be nominated by the State Government

Members

(3) The Authority shall be a body corporate with the name specified in Subsection

(1) having perpetual succession and a common seal with power to acquire, hold

and dispose of property and to contract and may, by the aforesaid name, sue or

be sued.

4. Functions and powers of Authority

(1) The functions and powers of the East Kolkata Wetlands Management

Authority shall be:

(a) To demarcate the boundaries of the East Kolkata Wetlands on the

field as shown in the map in Schedule II

(b) To take measures or make an order to stop, undo and prevent any

unauthorised development project in, or unauthorised use of, or

unauthorised act on, the East Kolkata Wetlands

(c) To make an order directing demolition or alteration of any hoarding,

frame, post, kiosk, structure, neon-signed or sky-signed, erected or

exhibited illegally for the purpose of advertisement on any land

within the East Kolkata Wetlands

(d) To make an order to prevent, prohibit or restrict any mining, quarry-

ing, blasting or other operations of like nature, for the purpose of

protecting or conserving the East Kolkata Wetlands

(e) To take measures to abate pollution in the East Kolkata wetlands and

conserve the flora, fauna and biodiversity in general

(f) To prepare action plans conforming to the resolutions taken and

recommendations made, from time to time, under the Ramsar Con-

vention and to update the land use maps of the East Kolkata Wetlands

(g) To implement and monitor the activities specified in the action plans

(h) To promote research and disseminate findings of such research

among the stakeholders
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(i) To raise awareness about the utility of the wetlands in general and the

East Kolkata Wetlands in particular

(j) To promote basic conservation principles like sewage-fed piscicul-

ture and eco-tourism in the East Kolkata Wetlands

(k) To enforce land use control in the substantially water body oriented

areas and other areas in the East Kolkata Wetlands

(l) To detect changes of ecological character and in land use in the East

Kolkata Wetlands

(m) To establish network with other Ramsar Sites in India

(n) To conduct inquiry or scientific study for any purpose of this Act

(o) To constitute expert committee for any purpose of this Act

(p) To enter any land or premises, including to collect samples of air,

water, soil and other biological resources, for any purpose of this Act

(q) To call for relevant records and documents and information from any

department, organisation or local body for any purpose of this Act

(r) To do such act, or pass such order, which may be necessary and

expedient for the purpose of conservation and management of the

East Kolkata Wetlands

(2) The Authority shall, before making an order under clause (b), or clause

(c), or clause (d), of Subsection (I), give the person affected thereby a

reasonable opportunity of being heard.

5. Term of office, allowances, etc. of nominated Member of Authority

(1) The term of office and allowances of a nominated Member of the Author-

ity shall be such as may be prescribed:

Provided that the State Government may, if it thinks fit, terminate, by

order and for the reasons to be recorded in writing, the appointment of any

nominated Member before the expiry of his term of office.

(2) A nominated Member of the Authority may resign his membership under

his hand addressed to the State Government and, on acceptance of such

resignation by the State Government, he shall cease to be a Member

as such.

(3) Any vacancy, by resignation, death or otherwise, of a nominated Member

shall be filled by fresh nomination by the State Government.

6. Meeting of Authority

(1) The Authority shall meet at such place and time, and the meeting shall be

conducted in such manner, as may be prescribed.

(2) All orders and decisions of the Authority shall be authenticated by the

Chairperson or by such other Members or such officer of the Authority as

may be authorised in this behalf by the Chairperson.
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7. Vacancy, etc. not to invalidate acts or proceedings of Authority

No act or proceeding of the Authority shall be called in question on the

ground merely of the existence of any vacancy in, or any defect in the

constitution of, the Authority.

8. Officers and employees of Authority

(1) The Authority may appoint such officers and employees as it considers

necessary for the efficient performance of its functions.

(2) The method of recruitment and the terms and conditions of service of the

officers and employees shall be such as may be prescribed.

Explanation. For the purposes of Subsection ﴾1﴿ and Subsection ﴾2﴿, the
expression “officers and employees” does not include the Chairperson or

the Member-Secretary or any other Member of the Authority.

(3) Notwithstanding anything contained in Subsection ﴾1﴿ or Subsection ﴾2﴿,
the State Government, on request of the Authority, may, by order in

writing, require, for performance of any function of the Authority, ser-

vices of any officer or employee of the State Government by way of duties

in addition to his normal duties.

9. Maintenance and preservation of land in East Kolkata Wetlands
Notwithstanding anything contained in any law for the time being in force,

every person holding any land in the East Kolkata Wetlands shall maintain

and preserve such land in a manner that its area is not diminished, or its

character is not changed, or it is not converted for any purpose other than the

purpose for which it was settled or previously held, except with the previous

sanction of the Authority under Section 10.

10. Procedure for granting sanction

(1) Any person holding a land in the East Kolkata Wetlands may apply, in

such manner as may be prescribed, to the Authority for change of char-

acter or mode of use of the land.

(2) The Authority shall, on receipt of the application, examine the merit of the

case and, if necessary, inspect the proposed site.

(3) After examination of the case and inspection, if any, of the proposed site

under Subsection ﴾2﴿, the Authority shall refer the case to the Collector of
the concerned District for taking necessary action for issuance of an order

under Section 4C of the West Bengal Land Reforms Act, 1955.

(4) On receipt of the order from the Collector of the concerned District, the

Authority may pass, in such form and with such restrictions and condi-

tions as may be prescribed, an order granting sanction for change of

character or mode of use of the land:

Provided that if the sanction may result in filling up of any water body,

the Authority shall, prior to granting sanction under this subsection.

Require the person to create at an appropriate place within the East

Kolkata Wetlands a water body of which the area shall not be less than

the area of the water body which may be so filled up.
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(5) Nothing in this section shall empower the Authority to grant sanction for

change of character or mode of use of a land unless the change is for

improvement or upkeep of the local environment and its surroundings.

11. Restoration of land to original character or mode of use

(1) If the Authority is, either suo motu or on receipt of any information,

satisfied that the character or mode of use of a land is being changed or

has been changed in contravention of any provision of this Act, it may, by

order in writing, require the person responsible for the change to restore

the land, at his own expense, to the original character or mode of use

within such period as may be specified in the order and, in case of default

by such person, undertake the restoration by itself and recover the cost

thereof as arrears of land revenue:

Provided that before passing the order, the Authority shall give the

person a reasonable opportunity of being heard.

(2) The Authority may use appropriate technology and method in determin-

ing whether a land comprises or has comprised a wetland or whether water

is being or has been drawn from a wetland so as to change the character or

mode of use of the wetland or whether a wetland is being or has been filled

up partially or fully or whether a wetland is being or has been encroached

upon in any manner.

12. Fund of Authority

The Authority shall have its own fund and the sums which may be paid to

the Authority by the State Government and all other receipts. By way of

grants, gifts, donations, benefactions or otherwise of the Authority shall be

carried to the fund, and all payments by the Authority shall be made

therefrom.

13. Accounts and audit

(1) The Authority shall maintain proper accounts and other relevant records

and prepare an annual statement of accounts in such form as may be

prescribed.

(2) Subject to the provisions of the Comptroller and Auditor General’s ﴾Duties,
Powers and Conditions of Service﴿ Act, 1971, and the rules and orders

made thereunder, the Governor of West Bengal may entrust the audit of the

accounts of the Authority to the Comptroller and Auditor General of India.

(3) The Comptroller and Auditor General of India or any other person

appointed by him in this behalf shall have the same rights, privileges and

authority in connection with such audit as the Comptroller and Auditor

General of India has in connection with the audit of the Government

accounts.

(4) The accounts of the Authority as certified by the Comptroller and Auditor

General of India or any other person appointed by him in this behalf

together with the audit report and the audit certificate thereon shall be

forwarded to the State Government, and the State Government shall cause
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the same to be laid, as soon as may be after it is received, before the West

Bengal Legislative Assembly.

14. Annual report

The Authority shall prepare for each financial year, in such form and at such

time each year as may be prescribed, its annual report giving a full account of

its activities during such financial year and forward a copy thereof to the State

Government.

15. Powers and duties of Chairperson and Member-Secretary

(1) The Chairperson shall exercise such powers and discharge such duties as

may be prescribed or as may, from time to time, be delegated to him by the

Authority.

(2) The Member-Secretary shall exercise such powers and discharge such

duties as may be prescribed or as may, from time to time, be delegated to

him by the Authority or the Chairperson.

16. Directions by State Government

The Authority shall be guided in performance of its functions, by such

directions as may be given from time to time to it by the State Government:

provided that no such direction shall be inconsistent with any provision of this

Act.

17. Power to include any area in or enlarge any area of East Kolkata Wetlands

(1) The State Government may, if it is of opinion that it is necessary or

expedient in the public interest to do so, by notification, include any area

in, or enlarge any area of, the East Kolkata Wetlands, and, thereupon,

Schedule I and Schedule II shall be deemed to have been amended

accordingly.

(2) Every notification issued under Subsection ﴾i﴿ shall, as soon as may be after

it is issued, be laid before the state legislature.

18. Penalties

(1) Whoever fails to comply with or contravenes any provision of this Act or

the rules made, or orders issued, thereunder shall be guilty of an offence

and shall, in respect of each such failure or contravention, be punished with

imprisonment for a term which may extend to 3 years or with fine which

may extend to 1 lac rupees or with both and, in case such failure or

contravention continues, with an additional fine which may extend up to

5000 rupees for every day during which such failure or contravention

continues after the conviction for first such failure or contravention.

(2) Every such offence shall be cognizable and non-bailable.

19. Offences by companies

(1) Where an offence under this Act has been committed by a company, every

person, who at the time the offence was committed, was in charge of, and

was responsible to, the company for the conduct of the business of the
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company, as well as the company, shall be deemed to be guilty of the

offence and shall be liable to be proceeded against and punished accord-

ingly: provided that nothing contained in this subsection shall render any

such person liable to any punishment, if he proves that the offence was

committed without his knowledge or that he had exercised all due diligence

to prevent the commission of such offence.

(2) Notwithstanding anything contained in Subsection (1), where an offence

under this Act has been committed by a company and it is proved that the

offence has been committed with the consent or connivance of, or is

attributable to, any neglect on the part of, any director, manager, secretary

or other officer of the company, such director, manager, secretary or other

officer shall also be deemed to be guilty of that offence and shall be liable

to be proceeded against and punished accordingly.

Explanation. For the purposes of this section:

(a) “Company” means anybody corporate and includes a firm or other

associations of individuals.

(b) “Director”, in relation to a firm, means a partner in the firm.

20. Offences by officers of State Government or local bodies
If any officer of the State Government or of a local body permits or neglects

doing, or wilfully fails to do, any act whereby an offence under this Act is

committed, he shall, notwithstanding anything contained in the service law

applicable to him for the time being in force, be deemed to have committed

under such service law misconduct in discharge of his official duties and be

subjected to the disciplinary proceedings and penalties accordingly.

21. Protection of action taken in good faith

No suit, prosecution or other legal proceeding shall lie against the Authority

or any Member, officer or employee thereof or the State Government or any

officer or employee thereof for anything or any damage caused or likely to be

caused by anything, which is in good faith done or intended to be done under

this Act or the rules made there under.

22. Act to override other laws

The provisions of this Act shall have effect notwithstanding anything

contained in any law for the time being in force or in any contract, expressed

or implied, or in any instrument having effect by virtue of any law or in any

custom or usage.

23. Power to make rules

(1) The State Government may, by notification, make rules for carrying out the

purposes of this Act.

(2) In particular and without prejudice to the generality of the foregoing power,

such rules may provide for all or any of the following matters:

(a) The term of office and allowances of a nominated Member of the

Authority under Subsection (1) of Section 5
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(b) The place and time and manner of conducting the meeting of the

Authority under Section 6

(c) The method of recruitment and the terms and conditions of service of

the officers and employees of the Authority under Subsection (2) of

Section 8

(d) The manner of making application for change of character or mode of

use of the land under Subsection (1) of Section 10

(e) The form and the restrictions and conditions of an order granting

sanction for change of character or mode of use of the land under

Subsection (4) of Section 10

(f) The form of maintaining accounts and other relevant records and

preparing an annual statement of accounts under Subsection (1) of

Section 13

(g) The form and time for preparing the annual report under Section 14

(h) The powers and duties to be exercised and discharged by the Chairper-

son and the Member-Secretary under Section 15

(i) Any other matter which is required to be or may be prescribed

(3) All rules made under this section shall be laid, as soon as may be after it is

made before the state legislature, while it is in session, for a total period of

14 days which may be comprised in one session or in two or more

successive sessions. And, if before the expiry of the session immediately

following the session or the successive sessions aforesaid the state legisla-

ture agrees in making any modification in the rules or the state legislature

agrees that such rules should not be made, the rules shall thereafter have

effect only in such modified form or be of no effect, as the case may be, so,

however, that any such modification or annulment shall be without preju-

dice to the validity of anything previously done under those rules.

24. Power to remove difficulties

(1) If any difficulty arises in giving effect to the provisions of this Act, the State

Government may, for the purpose of removing such difficulty, by order

published in the Official Gazette, make such provisions not inconsistent

with the provisions of this Act, as it may deem to be necessary or expedient:

Provided that no such order shall be made after the expiry of a period of

2 years from the commencement of this Act.

(2) Every order made under Subsection (1) shall, as soon as may be after it is

made, be laid before the state legislature.

25. Repeal and saving

(1) The East Kolkata Wetlands (Conservation and Management) Ordinance,

2005, is hereby repealed.

(2) Notwithstanding such repeal, anything done or any action taken under the

said Ordinance shall be deemed to have been validly done or taken under

the corresponding provisions of this Act.
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Glossary

Act It refers to a set of laws passed by the parliament to take action, take steps, take

measures, take the initiative, make a move, do something, and go ahead for the

benefit or achieving of something.

Adsorption It means to be the physical binding of atoms, ions, or molecules from

a gas, liquid, or dissolved solid to the surface of another by adhesion.

Agricultural crops It refers to products that are grown on the Earth or intention-

ally managed by man for economic purposes.

Aquaculture It refers to the farming of economically important fish, crustaceans,

mollusks, echinoderms, weeds, algae, plankton, and other aquatic organisms in

natural or controlled conditions of freshwater, marine water, or brackishwater

for human consumption or other uses.

Aquaponics It refers to a green and sustainable eco-technology integrating aqua-

culture in hydroponic system in which waste produced by farmed fish or other

aquatic creatures or wastewater supplies the nutrients for plants grown hydro-

ponically, which in turn reclaim the water.

Biodiversity It refers to the variety of species and ecosystems on Earth and the

ecological processes of which they are a part. Three components of biodiver-

sity are ecosystem, species, and genetic diversity.

Biological production It refers to the total amount of biomass produced by living

organisms within a given area in a specific period of time.

Bioremediation It is a waste management technique that involves the use of

naturally occurring organisms such as living plants and animals, microbes and

bacteria, etc. to break down or neutralize hazardous substances to less toxic or

nontoxic form.

Biosorption It is a physiochemical process that occurs naturally in certain biomass

which allows it to passively concentrate and bind contaminants onto its cellular

structure.

Contamination It means the presence of an unwanted, harmful constituent, con-

taminant or impurity in a material, physical body, natural environment, work-

place, etc.

DPSIR It stands for Driving Forces-Pressures-State-Impacts-Responses used to

assess and manage environmental problems.
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Ecological engineering It is defined as the design of sustainable ecosystem that

integrates the human society and its natural environment for the mutual benefit

of both.

Economic benefit It can be expressed numerically as an amount of money that

will be saved or generated as I the result of an action.

Ecosystem resilient It refers to the capacity of an ecosystem to response to a

peruturbation or disturbance by resisting damage and recovering quickly or

withstand ongoing pressures or tolerate disturbance without collapsing into a

different state that is controlled by a different set of processes.

Edible crops It refers here to ensure the most healthy, delicious, and inexpensive

food which are grown easily by yourself in homestead or in backyard garden.

EKW It stands for East Kolkata Wetlands which is considered to be one of the

largest wastewater fed aquaculture systems in Asia and declared as an important

RAMSAR site.

Environmental benefit It refers to the reduction of biosolids amount, mentions

the facility that is to reduce the environmental impacts associated with disposing

of the biosolids, including less greenhouse gases emitted from landfills, fewer

emissions from the heavy vehicles that transport the waste, and less pollution

caused by litter and spills.

Environmental impact assessment (EIA) It is an important management tool for

ensuring optimal use of natural resources for sustainable development or

the assessment of the environmental consequences (positive and negative) of a

plan, policy, program, or actual project.

Environmental management It offers research and opinions on the use and

conservation of natural resources, protection of habitats, and control of hazards,

spanning the field of environmental management without regard to traditional

disciplinary boundaries.

Environmental valuation It refers to be an economic theory devised to assign

monetary values to environmental goods and services, and these values can then

be incorporated into decision-making at the project, sectoral, and national levels.

Eutrophication It refers to an excessive richness of nutrients in a water body due

to runoff from the land, which causes a dense growth of plant life.

Fish diseases It refers to fish to suffer from deterioration of normal health due to

physiological disorder or pathological infection.

Health assessment index (HAI) It refers to a biomonitoring technique, developed

in the USA and subsequently tested in South Africa, to revaluate condition of

health in the existing environmental context.

Heavy metal It may refer to a relatively dense metals and metalloids which create

toxic and thus become harmful for any system, particularly organism.

Hydroponics It means a procedure of hydroculture, the method of growing plants

without soil, using mineral nutrient solutions in a water solvent.

ICAR-CIFA ICAR stands for Indian Council of Agricultural Research and CIFA

for Central Institute of Freshwater Aquaculture.
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Impact analyses It is defined by Bohner and Arnold as “identifying the potential

consequences of a change, or estimating what needs to be modified to accom-

plish a change.”

In situ It refers to the natural or original position.

In vitro It expresses living state in the test tubes (in glass) or an artificial

environment.

Management It means the process of dealing with or controlling things or people.

Microbial fuel cell It refers to a microbial fuel cell (MFC), or biological fuel cell,

which is a bio-electrochemical system that drives an electric current by using

bacteria and mimicking bacterial interactions found in nature.

Mud-water exchange It refers to mud as defined as a soil mixed with liquid or

semiliquid mixture of water or any combination of different kinds of soil

involved in exchanging of minerals between mud and overlying water through

chemical reaction.

Municipal wastewater Also known as sewage which is usually transported

through a combined sewer or sanitary sewer and treated at awastewater treatment

plant.

Nanocomposites It refers to be a multiphase solid material where one of the

phases has one, two, or three dimensions of less than 100 nanometers (nm) or

structures having nanoscale repeat distances between the different phases that

make up the material.

Nanotechnology It refers to the branch of technology that deals with dimensions

and tolerances of less than 100 nanometres, especially the manipulation of

individual atoms and molecules.

Nutrients cycle It means the movement and exchange of organic and inorganic

matter back into the production of living matter through a systematic food web

pathway that decomposes organic matter into minerals.

Nutrients recovery It refers to the technique by which the desirable amount of

nutrients may be restored from the system being lost by living biomass and

chemical or physical processes, which may be reused for development.

Opportunity cost It refers to a benefit that a person could have received, but gave

up, to take another course of action.

Phytoremediation It refers to the use of certain macrophytes, plants, or algae to

remove pollutantsfrom wastewater soil or environment.

Polymer It refers to be a large molecule, or macromolecule, composed of many

repeated subunits.

Polymerase chain reaction (PCR) It refers to a reaction using the enzyme DNA

polymerase to catalyze the amplification of a DNA strand through multiple

cycles of DNA synthesis.

Remedial measure It comprises some steps to eliminate something that we don’t
desire to experience.

Remediation It usually refers to environmental remediation which deals with the

removal of pollution or contaminants from environmental substrata such as soil,

groundwater, sediment, or surface water.
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Reservoir It is a large natural or artificial lake used as a source of water storage.

Rules It refers to a set of explicit or understood regulations or principles governing

conduct or procedure within a particular area of activity.

Safe reuse It means to reduce preventable harm by identifying specific, prevent-

able medication risks and developing, implementing, and evaluating cross-

sector interventions with partners who are committed to safe medication use.

Safety It refers to the state of being safe and protected from danger or harm.

SDGs It stands for sustainable development goals.

Social costs It may be distinguished from private cost and is considered to be the

private cost plus externalities.

Socioeconomics It deals with a branch of economics that studies how eco-
nomic activity affects and is shaped by social processes.

Soil composition It is the components of soils; it is a mixture of minerals, organic

matter, gases, liquids, and countless organisms.

Soil structure It refers to the arrangement of the solid parts of the soil and of the

pore space located between them. It is determined by how individual soil granules
clump, bind together, and aggregate, resulting in the arrangement of soil pores
between them.

STEPS It stands for social, technical, environmental, political/institutional and

sustainability framework, used for assessment of quality of wastewater.

Stressor The factors which develop stress or are causes to create stress to any

organism/individual/system.

Sustainability It refers to the property of biological systems to remain diverse and

productive indefinitely.

SWOT It comprises four words strength, weakness, opportunity, and threat.

UN United Nation

Waste stabilization It is a natural process for wastewater treatment that includes a

combination of ponds or water bodies used for treatment of

municipal wastewater.
Wastes It means to any substance which is discarded after primary use or it is

worthless, defective, and of no use. It is also called society’s discarded product.

Wastewater systems It refers to the physical structure utilized for different pur-

poses of wastewater treatment and its utility.

Wastewater treatment It is a process to convert wastewater—the water no longer

needed or suitable for its most recent use—into an effluent that can be either

returned to the water cycle with minimal environmental issues or reused.

Wastewater It refers to used water which is not used further for its wastes-laden

substances.

Wetlands It refers to a land area that is saturated with water, either permanently or

seasonally, such that it takes on the characteristics of a distinct ecosystem.
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