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Preface

Estuaries, located at the interface between land and coastal oceans, are dynamic, 
highly productive systems that, in many cases, have been historically associated 
with the development of many of the great centers of early human civilization. 
Biogeochemistry of estuaries offers a comprehensive and interdisciplinary 
approach to understanding biogeochemical cycling in estuaries. Estuary and river 
systems play a critical role in the natural self-regulation of Earth’s surface condi-
tions by serving as a significant sink for anthropogenic CO2. Approximately 90% 
of global carbon burial occurs in ocean margins, and the majority of this carbon 
remains buried in large delta-front estuaries. Many of the existing books in estua-
rine science comprise a suite of edited volumes, typically focused on specific top-
ics in estuaries all over the world. However, the present book entitled Estuarine 
Biogeochemical Dynamics of the East Coast of India provides a unique founda-
tion for the first time on the east coast of India. This book utilizes numerous illus-
trations and an extensive literature base to impart the current state-of-the-art 
knowledge in this field on the east coast of India adjacent to the Bay of Bengal. 
We collated chapters on geomorphology, carbon dynamics, bacterial population, 
estuarine pollution, and nutrient cycling of this region. The book also comprised 
the role of microbial diversity, microzooplankton variability in estuaries, CDOM 
dynamics of the east coast of India, and anthropogenic impacts of Indian 
Sundarbans (the largest mangrove forest in the world) with linkages to physical 
and biological processes in estuarine sciences. Consequentially, these systems 
have and continued to be severely impacted by anthropogenic inputs. This timely 
book can act as the foundational basis of elemental cycling in estuaries of the east 
coast of India and estuarine management issues. Estuarine and marine scientists, 
ecologists, biogeochemists, and environmentalists around India and other parts of 
the world would find interest in the present title. Intermediate to advanced level 
students can benefit by going through this book. This book presents both review 
and original study findings involving estuaries on the east coast of India. The 
future state of all of these estuaries may be a sensitive indicator of shifts in global 
weather patterns.
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The book opens with an introductory chapter by the editors (Dr. Sourav Das and 
Prof. Tuhin Ghosh). Then, Mr. B.  K. Saha (Former Senior Deputy Director-
General, Geological Survey of India) presents a brief account of the geology of the 
east coast of India. Studies about the estuarine carbon dynamics along the east 
coast of India have seen tremendous growth over the past decade. Dr. Kunal 
Chakraborty (Scientist-E, INCOIS, Govt. of India) has reviewed these works in 
one of the chapters. A synthesis of previous research works on the biogeochemis-
try of the Mahanadi estuarine ecosystem is presented in one of the chapters by Dr. 
Tamoghna Acharyya (focusing on increased anthropogenic interferences). Dr. 
Abhra Chanda (Assistant Professor, School of Oceanographic Studies, Jadavpur 
University) has reviewed different pollution parameters along the east coast of 
India in three of the chapters (focusing on persistent organic pollutants, heavy met-
als, eutrophication, algal bloom, fecal coliform, organic matter, and petroleum 
hydrocarbon). Dr. Anirban Mukhopadhyay illustrated the variability of suspended 
particulate matter with the help of geo-statistical analysis. Dr. Rajdeep Roy 
(Scientist-E, National Remote Sensing Centre, India) has described the nutrient 
cycling, phytoplankton community structure, and seasonal dynamics of primary 
production of the estuarine waters of the east coast of India. Mercury-resistant 
marine bacterial population has been synthesized by Dr. Surajit Das. Dr. Biraja 
Kumar Sahu covered the microzooplankton studies carried out in estuaries, man-
groves, and lagoons of the east coast of India. The book continues with a chapter 
by Dr. Sudarsanarao Pandi covering all the information and gap on CDOM-related 
researches carried out in estuaries and rivers draining into the Bay of Bengal. The 
book closes with an overview of the current understanding of biogeochemical 
dynamics and anthropogenic impacts on the Indian Sundarbans ecosystems by 
A.  C. G.  Henderson (Faculty, School of Geography, Politics & Sociology, 
Newcastle University, UK), Dr. S.  Das, Prof. T.  Ghosh, Dr. V.  N. Panizzo, Dr. 
H. L. Moorhouse, Dr. L. R. Roberts, Dr. R. E. Walton, Dr. Y. Zheng, Dr. A. M. Bass, 
and Dr. S. McGowan.

Kolkata, India  Sourav Das
 Tuhin Ghosh  

Preface
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Chapter 1
Introduction: An Overview 
of Biogeochemical Cycle of Estuarine 
System

Sourav Das and Tuhin Ghosh

Abstract Estuaries are one of the most dynamic regions of the world where a suite 
of biogeochemical phenomena drives the ecosystem functions. This chapter has 
provided a brief overview of the role of estuaries as a fragile ecosystem and the 
environmental processes involved in this regime. The most significant topics which 
have gained impetus from the viewpoint of research are introduced in the chapter. 
These topics include the effect of climate change, nutrient dynamics, sedimentation, 
and the carbon cycle. India encompasses a long coastline, and the eastern side of the 
Indian peninsula has an intricate network of estuaries. This chapter has set up a 
background of the present book giving special emphasis on the estuaries of the east 
coast of India. The scope of the entire book along with the chapter summary is also 
included in this chapter to engage the readers. Overall, this chapter can be consid-
ered as a brief introduction to the book.

Keywords Overview of estuarine system · Coast · Estuarine nutrient dynamics · 
Estuarine carbon cycle · Sedimentation in estuarine ecosystems · Estuaries of India

1.1  Coast and Estuaries

Coastal environments are areas of substantial productivity and high convenience. 
Despite their comparatively small areal cover (only 7% of the biosphere ocean sur-
face), coastal regions play a significant role in the global carbon cycle and defending 
from human impacts on ocean systems. They are contributing to 12–16% of the 
biosphere ocean net annual productivity and approximately responsible for more 
than 40% of the yearly carbon sequestration (Muller Karger et al. 2005). The coastal 
sector characterizes more than 85% of the biosphere fish catch (Pauly and Christensen 
1995), and Costanza et  al. (1997) estimate its economic value, i.e., >40% of the 
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value of the world ecosystem services. Alongi et al. (1998) quantified the coastal 
area as a zone of severe human impact on the marine environs, and more than 60% 
of the world population survive along the shoreline. The present book is based on the 
biogeochemical characteristics of major coastal and estuarine regions (adjoining to 
the Bay of Bengal) of the east coast of India.

However, the estuary is an integral sector of the coastal environment. An estuary 
is a transitional zone between the fluvial and marine environments and the outfall 
province of the river. The estuarine ecosystem is the most dynamic and delivers a 
direct source of natural resources to humankind. These ecosystems are also used for 
industrial, commercial, and recreational purposes. Bianchi (2007) defines an estua-
rine system as a resource for commercially valuable estuarine species.

Estuaries also provide shelter and food for the juvenile stages of the economically 
important species. More than 85% of the world’s land surface is joined to the sea by 
rivers (Ludwig and Probst 1998). Present-day estuaries were shaped during the last 
5000–5500 years in a stable interglacial period. Only 12–15% of the world’s 180 
prominent rivers that empty freely from the source to the ocean form different types 
of estuaries (Wang et al. 2007). The Ganges River – one of the largest rivers (~2510 km 
in length) in the world – stands in the third position (first one is Amazon and second 
is the Congo River) for draining freshwater to the Bay of Bengal from terrestrial 
through the Hooghly estuary, one of the estuarine systems presented in the book.

1.2  Estuarine Processes

Estuaries represent a biogeochemically active zone since it receives massive inputs 
of terrestrial organic matter and nutrient and exchanges large amounts of matter and 
energy with the open ocean (Bouillon et al. 2007). In tropical estuaries, where the 
water temperature is more or less stable, a number of plants and animals are less 
affected. Tides are necessary for healthy estuaries as they flush the systems and 
provide nutrients to keep the food webs functional. However, the tides create inces-
santly changing conditions of exposure to air and inundation to water. Water circu-
lation is important because it transports animals and plants; mixes nutrients, oxygen, 
and sediments; and removes wastes. Estuarine circulation, river and groundwater 
discharge, tidal flooding, re-suspension events, and exchange flow with adjacent 
areas (Leonard and Luther 1995) all constitute important physical variables that 
exert some level of control on estuarine biogeochemical cycles.

1.3  Impact of Climate Change on Estuaries

Previous studies emphasized that disturbance in natural processes limits the estua-
rine health and viability (Goldberg 1995), making them all the more vulnerable to 
the consequences of climate change. Some of the critical potential impacts of cli-
mate change on estuaries may result from changes in physical mixing characteristics 
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caused by changes in freshwater runoff (Scavia et al. 2002). A globally intensified 
hydrological cycle and regional alterations in runoff all comprehensively indicate 
changes in coastal water quality. Freshwater inflows into estuaries influence water 
residence time, nutrient delivery, vertical stratification, salinity, and control of phy-
toplankton growth rates. Increased freshwater inflows decrease the water residence 
time and enhance vertical stratification and vice versa (Moore et  al. 1997). The 
effects of altered residence times can have significant impacts on phytoplankton 
populations, which have the potential to increase fourfold per day. Changes in the 
timing of freshwater delivery to estuaries could lead to a decoupling of the juvenile 
phases of many estuarine and marine fishery species from the available nursery hab-
itat. Increased water temperature also affects a suite of microbial processes such as 
nitrogen fixation and denitrification in estuaries (Lomas et  al. 2001). Apart from 
that, extreme weather events such as cyclones and flooding are likely to be a future 
threat to estuarine systems (Nicholls et al. 2007).

1.4  Estuarine Nutrient Dynamics

Ecosystem responses depend on several critical physicochemical characteristics and 
processes. The transport, transformation, retention, and export of nutrients in estua-
rine ecosystems are strongly influenced by estuary size (surface area), depth, vol-
ume, flushing rate, water residence time, tidal exchange, vertical mixing, and 
stratification. Riverine input influences estuarine hydrography by creating salinity 
gradients and stratification and assures large transport of silt, organic material, and 
inorganic nutrients to the estuaries. The open marine areas impose large-scale phys-
ical and chemical forcing on the estuarine ecosystem due to tide and wind-generated 
water exchange (Berner and Berner 1996; Flindt et al. 1999).

During the last six decades, global riverine C, N, and P inputs (inorganic nutrient 
flux) into the ocean have trebled due to regional climate, geology, and human activi-
ties, whereas the dissolved silicate stemming from natural sources was significantly 
reduced (Turner et al. 2005; Lohrenz et al. 2002). Changed ratios of the essential 
nutrients Si, N, and P entail changes of the plankton community and the biogeo-
chemical cycles (Smith et al. 2003). These enhanced inputs of C, N, and P are due 
to increasing population density in the areas of major river drainage basins and close 
oceanic coastlines; socio-economic development and changes in land-use practices; 
enhanced discharges of industrial, agricultural, and municipal waste into continen-
tal margin waters via the river; groundwater discharges; and atmospheric transport 
(Meybeck and Vörösmarty 2005). Engineering projects (damming of the rivers) 
have an opposite effect by altering the hydrological regime of most of the world’s 
major rivers. The current state of knowledge indicates that the impact of dams on 
estuarine ecosystems is profound, complex, varied, multiple, and mostly negative 
(Adams et al. 2002). By storing or diverting water, dams alter the natural distribu-
tion and timing of stream flows. This alteration in land use, in turn, changes sedi-
ment and nutrient regimes and alters water temperature and chemistry, with 
consequent ecological and economic impacts.

1 Introduction: An Overview of Biogeochemical Cycle of Estuarine System
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1.5  Estuarine Carbon Cycle

Recent observations have shown that river-estuary systems release a significant 
amount of CO2 into the atmosphere in addition to the commonly recognized fluvial 
export of inorganic/organic matter (Borges et al. 2006; Hofmann et al. 2009). Over 
97% of the runoff has been classified as the Ca(HCO3)2 type, making HCO3

−, Ca2+, 
SO4

2−, and SiO2 the dominant dissolved constituents in global surface river waters 
(Mehrbach et al. 1973; Bianchi 2007). Rivers are generally net heterotrophic, result-
ing in greater consumption of HCO3

− by river phytoplankton (Bianchi et al. 2004). 
High decomposition rates in estuarine systems may result in the export of DIC that 
rivals that of riverine export to coastal waters (Wang and Cai 2004). Estuarine and 
freshwater systems are close to equilibrium with atmospheric CO2 and are influ-
enced by temperature and salinity (Wetzel 2001).

The abiotic source of CO2 in rivers and estuaries is the photochemical mineral-
ization of dissolved organic carbon (DOC). This process happens either by direct 
photo-oxidation of DOC to CO2 by solar UV radiation (Granéli et al. 1996) or by 
cleavage of DOC molecules into low molecular weight compounds available for 
bacterial metabolism (Bertilsson and Stefan 1998). Allochthonous DOC is preferen-
tially photomineralized, while autochthonous DOC is preferentially mineralized by 
heterotrophic microbes (Obernosterer and Benner 2004). Finally, CO2 in estuarine 
water also is the result of respiration by heterotrophic organisms. CO2 loss from 
estuaries is supported largely by microbial decomposition of OC produced in coastal 
wetlands (Cai 2011).

Annually, world rivers transport large quantities of C to coastal seas (0.9 Gt C, 
out of which 40% is organic and 60% inorganic) (Etcheber et al. 2007). Particulate 
organic carbon (POC) in estuarine systems is derived from a multitude of sources. 
The autochthonous POC includes phytoplankton, submerged vegetation, benthic 
diatoms and cyanobacteria, and periphyton living on stems of emergent plants, 
whereas the allochthonous sources of POC consist of marginal marsh and swamp 
vegetation, marine- or river-borne phytoplankton and detritus, and beach, shoreline, 
and wind-blown material (Schlesinger 1997).

Several studies showed that nearshore ecosystems such as estuaries, mangrove 
waters, salt marsh waters, and coral reefs are assumed to be a net source of CO2 (Cai 
et al. 2004; Borges et al. 2006; Abril and Borges 2005). In general, estuaries are 
CO2-supersaturated as a result of the respiration of the riverine OC input. The over-
all source of CO2 from nearshore ecosystems has been evaluated to ~0.50 Pg C y–1, 
mainly related to the emission of CO2 to the atmosphere from estuaries (~0.36 Pg C 
y–1) (Chen and Borges 2009). Bouillon et al. (2008) reported oversaturation of CO2 
in different mangrove forests surrounding waters, suggesting that this surface water 
is a significant source of CO2 to the atmosphere. The direction and magnitude of 
air-water CO2 exchanges strongly depend on the type of ecosystem at the coast 
(Borges et al. 2006), the ocean currents dominating at a respective coast (Liu et al. 
2000), and the geographical latitude (Liu et al. 2000; Borges et al. 2006). Isotopic 
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signatures from sediments suggest that most of the terrestrial POCs are degraded in 
estuaries (Hedges et al. 1997) under the strong net heterotrophic nature of the sys-
tem (Gattuso et al. 1998; Hopkinson and Smith 2005).

Estuarine water and wetlands are the dominant natural source of CH4 all over the 
globe and emit between 100 and 230 Tg CH4 y−1 globally (Denman et al. 2007) and 
are expected to remain largely unchanged in the future. Bange et al. (1994) reported 
that up to 75% of total oceanic CH4 emissions are from estuarine and coastal areas 
that contribute around 2% of global atmospheric CH4 emission.

1.6  Sedimentation in Coastal/Estuarine Ecosystems

Sedimentation (as well as erosion) is an elementary phenomenon of nature dealing 
with loose sediments within the transporting cycle from source to sink locations. 
Sedimentation of the coastal environment is often associated with human interfer-
ence in the physical system, such as land-use changes (Walling 2006), construction 
of artificial structures, or the dredging of sediment from the bed to increase the flow 
depth or width. Sedimentation affects the navigation, shoreline erosion and stability, 
migration of shoals, fate of nutrients, contaminants such as heavy metals and pesti-
cides, turbidity, and the primary productivity of estuaries (Wolanski 1995).

Estuaries are recognized as a trap for fine, cohesive coastal sediments (FitzGerald 
and Knight 2005; Syvitski et al. 2005). Coastal sedimentary processes are inher-
ently dynamic, but significant changes have been related to anthropogenic activities 
in upland areas (Syvitski et al. 2005). Estuaries are associated with rivers or other 
forms of runoff from land. They are the immediate recipients of sediment carried by 
those rivers, as manifest by the formation of river deltas. In the long term, sediment 
build-up in estuaries is limited by a dynamic balance between the effects of tides, 
waves, and rivers on sediment inputs and outputs in different parts of an estuary. 
Estuarine export of fine and coarse sediment is poorly understood because of the 
tidal pumping mechanism involved in estuarine sediment import (Wolanski et al. 
2006). The Hooghly is a macro-tidal estuary that receives high sediment loads from 
the river Ganges, majorly filled with fluvial sediments. Particle settling in this estu-
ary can be enhanced by the change from fresh to saltwater, the rise and fall of the 
water level with the tides, and the presence of turbidity maxima during slack tides.

1.7  Estuaries of India

The length of the total coastline in India is approximately 7515 km, and estuaries 
cover about 27,000 square km area. The Indian subcontinent has 160 minor, 45 
medium, and 14 major rivers with an overall catchment region of 3.12 × 106 square 
km. The combined length of all rivers is 4.5 × 104 km. Kumar et al. (2006) stated 
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that about 26% of the total population survive within 100  km from the coast in 
India. There are five major rivers, namely, Ganges, Mahanadi, Godavari, Krishna, 
and Cauvery, on the east coast (Table 1.1) and Narmada and Tapti on the west coast. 
The Ganges estuary is considered the largest estuary on the east coast of India as 
well as in India. Geological processes along with various physical processes like 
wave, wind, current, tide, and also sediment influx play a crucial role in the forma-
tion of the coastal domain and for the development of the estuarine system as well 
to characterize the water quality of the coastal water of India. The coast is experi-
encing varying tidal ranges of 4.3 m at Sagar Island (the mouth of Hooghly River), 
1.3  m at Kakinada, 1.0  m at Chennai, and 0.9  m at Pondicherry (Nayak and 
Hanamgond 2010). Besides, there are several ecologically sensitive zones along the 
east coast of India (Table 1.2). The Ganges estuary, also known as the Hooghly- 

Table 1.1 Major estuaries in the east coast of India

States in the east coast of India Estuaries Average discharge (m3/s/day)

West Bengal Ganges delta 35,217
Odisha Mahanadi 2100
Andhra Pradesh Godavari 3500

Krishna 2100
Pennar 200

Tamil Nadu Cauvery 600
Ponnaiyar 21
Vaigai 28

Source: http://iomenvis.nic.in

Table 1.2 The status of important ecologically sensitive areas along the east coast of India

Sensitive area State
Area (sq 
km)

Coast 
length

Status of inlet/
channels Importance

Indian Sundarban West Bengal 
(40%), 
Bangladesh

4260 85 km 
inland

Cluster of 102 islands World’s largest 
mangrove, 
erosion

Chilika (Asia’s 
largest lagoon)

Odisha 906–1155 64 North shifting/
opening and closing 
inlets

Aqua catch, 
dolphins, birds

Kolleru
(Asia’s largest 
freshwater body)

Andhra 
Pradesh

308–954 Inland 
lake

60 km long river 
Upputeru joining sea 
and lake

Aquaculture, 
agriculture, 
birds

Pulicat Lake
(Asia’s second 
largest lagoon)

Andhra 
Pradesh 
(84%)/Tamil 
Nadu (16%)

350–450 60 Three inlets – Tupili 
Palem, Pulicat, 
Rayadoruvu

Mangroves, 
aqua culture

Golf of Mannar Tamil Nadu 10,500 63.22 21 islands, coral reefs, 
estuaries, mangrove

Coral hub

Source: Mishra (2016)
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Matla estuarine systems, deserves a special mention in this regard. Millions of peo-
ple are directly and indirectly dependent on this estuarine system, which is also one 
of the most polluted estuaries of this country as well. This estuarine system also 
exhibits unique carbon dynamics. The eastern part of the estuary essentially acts as 
a source of CO2, whereas the other counterpart acts as transient sinks, especially in 
the post-monsoon season (Akhand et al. 2016). Due to its vast north to south as well 
as east to west stretch, the spatial variability in the carbon dynamics depends on an 
array of biogeochemical and metrological factors.

1.8  Scope of the Book

The biogeochemical properties from upland to coastal margin ecosystems of the 
northeastern flank of the Indian Ocean (east coast of India) are least understood. 
There are various research carried out along the east coast of India, while one or 
two estuaries encompassed most of those studies. Several small to large estuaries, 
like the Hooghly, Mahanadi, Godavari, Krishna, and Cauvery (Table 1.1), inter-
sperse the east coast of India facing the Bay of Bengal (BoB). This coastal region 
is one of the most dynamic regimes in the world. A significant amount of river 
discharge from several perennial estuaries vis-à-vis the effect of monsoon and 
frequent depression and tropical cyclones makes the estuarine and coastal waters 
of the east coast of India unique from various perspectives. These physical forc-
ing and extreme atmospheric events exert a substantial impact on the biogeo-
chemistry of the water column in the east coast estuaries and nearshore waters. 
The purpose of the present work (book) is to understand the water quality param-
eters and their biogeochemical interaction within the estuarine ecosystem of the 
east coast of India.

Therefore, it is necessary to identify the principal anthropogenic activities 
impacting the estuaries of the east coast of India, including the physicochemical 
variability, nutrient fluxes, organic carbon loading, and heavy metal pollution. It is 
worth examining these in detail to develop effective management strategies to miti-
gate their impacts. Moreover, this book addresses a few critical global change 
problems on the regional estuarine ecosystem, emphasizing their interactions with 
water quality.

Because of the complex nature of the processes (geologic or anthropogenic) 
occurring in the coastal zone of the east coast of India, a multi-disciplinary effort is 
necessary to find a holistic solution for their implementable management options, 
and the present book is a step forward in that direction (Table 1.3).

1 Introduction: An Overview of Biogeochemical Cycle of Estuarine System
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Table 1.3 Chapter outline of the present book

Chapter no. Outline of the chapters

Chapter 2 A brief account of the geology of the east coast of India is presented to 
describe the geological processes which play an important role in the 
development of the different type of estuarine systems

Chapter 3 Discusses the present state of the art of several biogeochemical parameters 
in the estuaries along the east coast of India under normal conditions and 
the impact of different physical forcing in modulating these parameters. 
Moreover, it defines a stark difference between the northern estuaries of the 
east coast and the southern estuaries concerning biogeochemical 
characteristics

Chapter 4 Discusses the understanding of estuarine carbon dynamics along the east 
coast of India

Chapter 5 Synthesizes previous research works on the biogeochemistry of the 
Mahanadi estuarine ecosystem concerning increased anthropogenic 
interferences

Chapter 6 Presents a detailed study on the mercury-resistant marine bacterial (MRMB) 
population along the Odisha coast and the effect of the physicochemical 
parameters on the population dynamics

Chapter 7 The chapter focuses on the persistent organic pollutant (POP) accumulation 
in the sediments, water column, and selected biotas in the estuaries along 
the east coast of India

Chapter 8 Discusses the present state of the art of heavy metal contamination in the 
water column, sediments, and marine organisms adjoining the estuaries of 
the east coast of India as well as assesses the human health risk

Chapter 9 Confers on the suspended particulate matter concentration variability along 
the northwestern coastal waters of Bay of Bengal to explain the regionalized 
coastal phenomenon affecting the environmental state by geo-statistical 
analysis

Chapter 10 Discusses all the principal findings observed concerning pollutions 
(eutrophication, algal bloom, fecal coliform, organic matter, and petroleum 
hydrocarbon) in the estuaries and nearshore waters along the east coast of 
India

Chapter 11 Describes the nutrient cycling, phytoplankton community structure, and 
seasonal dynamics of primary production of the estuarine waters of the east 
coast of India

Chapter 12 The chapter describes all the information on microzooplankton studies 
carried out in estuaries, mangroves, and lagoons to give a holistic view of 
the microzooplankton of the east coast of India

Chapter 13 This chapter addresses the impact of physical forcing mechanisms on 
spatiotemporal variation of biological productivity aided by nutrient 
dynamics in the coastal waters of the Bay of Bengal (east coast of India)

Chapter 14 The chapter describes all the information and gap on CDOM related 
researches carried out in estuaries of the east coast of India

Chapter 15 The present chapter presents an overview of our current understanding of 
biogeochemical dynamics and anthropogenic impacts on the Indian 
Sundarbans ecosystems
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Chapter 2
Geological Setup of the East Coast of India

Bijan Kumar Saha

Abstract Precambrian crystalline highlands, quaternary sediments, marine depos-
its, and alluvium occupy the east coast of India and its hinterland. The Precambrian 
comprising charnockite, khondalite, granite gneiss, and schist are exposed in the 
central and southern part of the east coast. The major part of the east coast pertains 
to the low-lying deltaic and estuarine environment at an average elevation of 1–3 m 
above sea level. The sand dunes on the east coast, at places, are well developed, hav-
ing considerable width, notably a height of 18 m along Ganjam, Orissa, and 17 m 
along Baruva, Andhra Pradesh. Neotectonic faults have resulted in upliftment/sub-
sidence of seabed and adjoining coast at several places, e.g. the one across Pulicat 
Lagoon and offshore extension of east-west faults and vertical upliftment of the 
seabed in Palk Bay, Tamil Nadu. The east-west trending lineaments associated with 
thermal springs on the Palk Bay coast are deep-seated. Near Baruva, Mid- Holocene 
transgression coincided with neotectonic upliftment and led to the evolution of the 
barrier-lagoon coast. Geological and physical processes play a crucial role in the 
development of different types of estuaries. The Hooghly estuary is one of the sig-
nificant estuarine systems of India, having a long tidal intrusion and characterized 
by season-wise and location-wise variation in salinity and dissolved oxygen levels.

Keywords East coast of India · Bay of Bengal · Eastern continental shelf · 
Neotectonics · Active faults · Precambrian · Eastern Ghats · Promontories and cliff 
· Delta · Estuaries · Lagoon · Rocky coast · Aeolian sand dunes · Red sediments · 
Sandy beaches · Placer minerals · Erosion · Coast configuration · Salinity

2.1  Introduction

The coastal zone extends from the coastal plains to continental shelves, approxi-
mately matching the region that has been alternately flooded and exposed during the 
sea-level fluctuations of the late Quaternary period. Thereby, the coastal domain 
covers parts of the area above and below the present sea level.
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The east coast of India has a long coastline from Ganga Delta in the northeast to 
Kanyakumari in the southwest, stretching over the Indian states of West Bengal, 
Orissa, Andhra Pradesh, and Tamil Nadu from north to south. The coast configura-
tion varies from NE-SW direction in the northern and central part (north of 15˚ lati-
tudes) of the east coast to N-S in the southern sector, especially from Chennai to 
Point Calimere, and swerves southwest to Kanyakumari along Palk Bay and Gulf of 
Mannar. The coastline along the Ganga Delta trends in the E-W direction. The east- 
west trending sand shoals/coral ridges around Rameswaram-Dhanushkodi area with 
a few of them submerged, known as Adam’s Bridge connecting Jaffna Peninsula 
(Sri Lanka), separate Palk Bay from the Gulf of Mannar. Thick mangrove forests of 
Sunderbans and Pichavaram, as well as around Godavari and Mahanadi deltas, have 
emerged as protective barriers.

The Indian subcontinent witnessed climate changes since the last glacial maxi-
mum (LGM). During LGM, the climate was marked by weak southwest monsoon 
with reduced rainstorms and reduced fluvial activity and domination of the north-
east monsoon with scanty rainfall in Bengal Basin. At the end of LGM, the north-
east monsoon weakened, and the intensity of the southwest monsoon became 
stronger. The maximum southwest monsoon precipitation was recorded during the 
early Holocene to 5500 years BP, and the reduced minimum precipitation was in the 
late Holocene (around 3500 years BP). Cool and dry phases witnessed the wide-
spread deposition of sediments by rivers and also the active dune-building processes 
along the coast, whereas warm and wet monsoonal phases experienced large-scale 
fluvial erosion (Kale 2004). The changes in monsoon precipitation, wind pattern, 
sea level, runoff, and sediment load had shaped the configuration of the coast.

Keeping in view the overall perspective of the book, this chapter presented a 
brief account of the geology of the east coast of India.

2.2  Geology and Tectonics of the East Coast of India

It is postulated that the east coast of India came into existence after its separation 
from Australia and Antarctica (Subramanya 1994). Since the last century, the penin-
sular shield or the stable continental region has been witnessing moderate seismic-
ity, indicating tectonic activity or reactivation of Precambrian faults in the area 
(Murthy 2006).

Presently, the east coast can be categorized as (a) stable coast, (b) coastal tract 
with active faults, and (c) pre-Holocene seismic imprints (Banerjee et  al. 2001). 
Coastal areas that are relatively free from the late Quaternary faulting lie from 
Bheemunipatnam to Pudimadaka on either side of Vishakhapatnam. Further south, 
a 380 km stretch of stable coast occurs along the Gulf of Mannar, where no indica-
tion of an active fault is recorded (Banerjee et al. 2001). Beach ridges, sand dunes, 
Quaternary  aeolinite and grainstone, Neogene grainstone, and limestone mostly 
cover this stretch of coast, underlain by Precambrian garnetiferous charnockite.

B. K. Saha
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There are areas of active faults in the eastern coastal belt. Seismological section 
delineated a series of faults cutting across up to Jurassic sediments, up to ~4.5 km 
beneath, from off Paradip to off west of Ganga Delta (surface seabed map off 
Paradip: GSI 2005). In Mahanadi offshore Precambrian basement about 3  km 
beneath near the coast and 8.5 km beneath in the seaward, which is faulted at several 
places, has been picked up from coastline up to ~75 km seaward (surface seabed 
map off Chilika-1; GSI 2002). Jagannathan et al. (1983) have established the horst- 
graben structure of the sedimentary formations of lower Cretaceous to upper 
Miocene off Puri-Konarak.

Shallow seismic surveys by the Geological Survey of India (GSI) picked up sig-
natures of faults in the different offshore domains of the east coast. On the coast 
near Baruva, Vaz et al. (1998) recorded lateral shifting of coastline along the E-W 
trending fault. Offshore extension of this fault is also reported (Banerjee et al. 2001). 
Mid-Holocene transgression coincided with this neotectonic upliftment of the 
southern part along the lineament had led to the evolution of the barrier-lagoon 
coast near Baruva. Transgressed shoreline on the western side of Vasishta Godavari 
River mouth can be due to subsidence caused by neotectonism. The signatures of 
neotectonism have been reported both on land and offshore in the area. Other factors 
are divergence of littoral current caused by the perpendicular oriented shoreline and 
the presence of river mouth bar (Mahapatra et al. 2002). Vaz and Banerjee (1997) 
discussed the block faults in the basement across Pulicat Lagoon. This lagoon might 
have reached its maximum spread in the Mid-Holocene period. The submergence of 
coastal forests along Palk Bay in recent times may be due to relative vertical move-
ments along E-W lineaments, as reported by Vaz et al. (2006). A landward shift of 
the coast and the formation of a localized bay north of River Vellar and Manamelkudi 
lineaments (~10˚ N lat.) support the movement of the southern block of the linea-
ments. Offshore extension of E-W faults and vertical upliftment of the seabed in the 
southern block formed the shore perpendicular 9 km spit off Manamelkudi. The 
east-west trending lineaments in association with thermal springs on the Palk Bay 
coast are deep-seated and neotectonically activated. A linear alignment of hot 
springs far away from the volcanic arc is indicative of recent movements along fault 
zones. Water samples collected from thermal springs located close to the Palk Bay 
coast show higher values of Na (568 ppm) and Cl (1015 ppm), indicating possible 
mixing of seawater with thermal water at shallow levels. The geomorphic shape of 
the Dhanushkodi coast has changed. The southern part of erstwhile Dhanushkodi 
Town subsided during the year 1948–1949 (Vaz et al. 2007). Analysis of magnetic 
data of Cauvery Basin indicated that the basin is controlled with two major E-W 
faults extending from land into offshore at north off Pondicherry and at north off 
Vedaranyam (Murthy et al. 2006). Diamond Harbour lies in the delta of river Ganga 
(about 50 km upstream of the coast), where subsidence rates vary up to 4 mm/year 
(Goodbred and Kuel 2000).

The east coast of India and its hinterland can be categorized as (a) highlands 
predominantly constituting Precambrian crystalline, (b) sedimentaries and raised 
matured dunes, and (c) coastal plains composed of unconsolidated aeolian and 
marine deposits.

2 Geological Setup of the East Coast of India
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The Precambrian rocks comprising charnockite, khondalite, granite gneiss, and 
schist with emplacement of dykes occupy mostly the central and southern parts of 
the east coast of India (Fig. 2.1). The rocky coastline around Visakhapatnam stretches 
intermittently for about 100 km and exposes rocks of khondalite of Eastern Ghats 
Mobile Belt. Promontories and cliffs are present in northern Andhra Pradesh and the 
Tamil Nadu coast. At Erayyapalem, 30 km north of Visakhapatnam, a cliff is present 

Fig. 2.1 Outline geological map of east coast of India: compiled after map published by Geological 
Survey of India (1968) and after map by Acharyya (2004)

B. K. Saha



17

right on the coastline. Khondalite is the predominant rock type in the Visakhapatnam 
area, with the presence of charnockite in the hinterland. In Visakhapatnam, there is 
a rocky cliff on the sea face (Fig. 2.2). In Jodugullapalem, Visakhapatnam, there is a 
beautiful rocky (khondalite) coast (Fig.  2.3). Here, the wave-cut platform/coastal 
bench/shore platform is a flat-topped rock. It is a gently sloping surface having con-
siderable width. A small detached part (farthest in the photograph towards/in the sea) 
is headland eroded by seawater action (wave) crashing against the rock, which 
caused them later to collapse and form free-standing stacks (Fig. 2.3). A sea arch 
(Fig. 2.4) has been developed near Thotlakonda, about 10 km north of Visakhapatnam. 
Sea arch/natural arch have been formed due to wave erosion with an opening under-
neath. Soft rock materials got eroded because of continuous seawater (wave and 
current) action. Near the Gopalpur coast, there are patches of khondalite. On the 
western flank of Chilika Lake, the hill made up of this rock is prominent with patchy 
charnockite occurrences. The geological map (1968), published by GSI, describes 
the rest of the Eastern Ghats rocks as unclassified crystalline. A geological map 
compiled by Aftalion et al. (1988) shows the principal areas of khondalite and char-
nockite occurrences. Khondalite is exposed along the coast from near Puri to 
Vishakhapatnam and slightly beyond south with patches of charnockite about 
100 km inland. In the hinterland of Chennai, charnockite is exposed, like St. Thomas 
hills in the south of Chennai. Tamil Nadu, along with the Union Territory of 
Pondicherry coast, is known for Precambrian crystalline rocks overlain by Gondwana, 

Fig. 2.2 Rocky cliff near Visakhapatnam Light House, Andhra Pradesh, India
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Fig. 2.3 Rocky coast near Jodugullapalem, Andhra Pradesh, India

Fig. 2.4 Sea arch near Thotlakonda, Andhra Pradesh, India

B. K. Saha
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Cretaceous, and Tertiary sediments with a cover of soils and alluvium (Subramanian 
and Selvan 2001). The city of Chennai is on a broad sandy coastal plain, formed by 
Holocene progradation of beach with several coast-parallel beach ridges.

The deltas, formed by the rivers like Cauvery, Pennar, Krishna, Godavari, 
Mahanadi, Subarnarekha, and Ganges, are the most significant features on the east 
coast. A substantial part of the east coast pertains to the low-lying deltaic and estua-
rine environment at an average elevation of 1–3  m above sea level. The studies 
brought out progradation of delta in the river mouths of Hooghly (60  m/year), 
Mahanadi (10 m/year), Krishna and Godavari (15 m/year), and Cauvery (5 m/year) 
(Nayak and Hanamgond 2010). The Cauvery delta stretches from near Pondicherry 
in the north to Vedaranyam in the south.

There are prominent geomorphic elements on the east coast like beaches, spits, 
aeolian dunes, wetlands, estuaries, tidal inlets, and lagoons. The dunes on the coast, 
at places, are well developed, having considerable width. The height of the dune is 
18 m near Ganjam and 17 m along Baruva. In the central and southern parts of the 
east coast, the dunes are stabilized and paved the way for habitation. North of 
Baruva, the dunes are migrating towards land. On either side of Baruva, there are 
shore-linear patches of red sediments, sandwiched between the beach in the east 
and  pediplains (composed of highly deformed metamorphic rocks of khondalite 
group with soil cover) in the west, occurring from Bhavanapadu to Ichchapuram. 
The width of these red sediments is about 10 km north of Baruva (Vaz et al. 2002). 
The red sediments attain a height of 15–30 m in the area south of Baruva. Red dunes 
also exist along the coastal tract between Visakhapatnam and Bheemunipatnam 
(Vaz et al. 1998). These low-lying loose and unconsolidated dunes have beautiful 
exposures near Bheemunipatnam, located 20  km northeast of Visakhapatnam 
(Fig. 2.5). These are migrating dunes with denudation, and the presence of gullies is 
attributed to the badland topography. The bottom-most sand unit is fluvial, whereas 
the overlying counterparts are aeolian in origin. The sediments of aeolian parts 
underwent transport during the lowered sea level of the last glacial maximum. Iron-
bearing minerals in the sand, because of geochemical activity, resulted in the red 
colouring of the sediments. Calcareous concretions are also present, which yielded 
a radiometric age of Mid-Holocene. The growth of the spit, enclosing Kakinada 
Bay, is due to enhanced sediment discharge from the Godavari River. Krishna delta 
is growing with the addition of spits and bars. In the Krishna delta, 4–6 m above 
mean sea level, beach ridges occur even 20 km inland (Nayak and Hanamgond 2010).

The Orissa coast is under strong littoral drift and longshore current from south to 
north (Mohanty et  al. 2008). There are significant shoreline changes near the 
Mahanadi estuary. The Orissa coast is prograding and depositional in nature, having 
estuaries, mangrove forest of Bhitarkanika, Chilika lagoon, and sandy beaches 
(Mohanty et al. 2008). The Gopalpur coast of Ganjam is characterized by a steep 
slope beach (5˚–8˚) with a well-developed berm. Along the Ganjam coast, there are 
three rows of dunes: neo dune, old dune, and ancient dune (Chakraborty et al. 2019). 
Major aeolian processes in the coastal domain were more active during LGM, dur-
ing which period aeolian deposit formation took place in the coast of Southeast 
Asia, east coast of India, and Sri Lanka and considered as an oldest aeolian unit 
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(Bowler et al. 1995). The ancient dune unit of the Ganjam coast, occurring about 
700 m inland, might have been formed during the last glacial maximum. Three aeo-
lian dune units along the Ganjam coast might have been formed by the three succes-
sive dune-building phases during LGM (18,000  years BP), Mid-Holocene 
(4500 years BP), and medieval period (1400–1800 AD) or modern period (Dash and 
Adhikari 2008). The red colour of an ancient dune is due to the highly oxidized dark 
red colour sediments, which formed due to in situ weathering of iron-bearing heavy 
minerals (Chakraborty et al. 2019) (Fig. 2.6).

The West Bengal coast, lying in the northeastern part of India, is characterized by 
the presence of the largest tide-dominated Hooghly estuary with numerous channels, 
creeks, and mangroves of Sunderbans. This part of the coast can be distinguished 
into two geological environments, having contrasting tidal range, beach morphol-
ogy, and provenance of sediments: (1) coast lying east of Hooghly River (down-
stream part of river Ganga) mouth from Sagar Island to Bakkhali – Henry’s Island 
and further east – which is under meso- to macro-tidal environment with erosion and 
accretion in phases, where sediments are mostly derived from Ganga River system 
and (2) coast lying west of Hooghly River from Shankarpur to Udaipur (Subarnarekha 
River mouth), which is under meso-tidal environment with strong erosive phases and 
not much of sediment input from Hooghly River. The Junput coast, lying along the 
western flank of Hooghly River mouth, may be categorized in between where sedi-
ments are derived from the Hooghly River (Chakraborty et al. 2017). The author has 
studied the entire coast from Subarnarekha River mouth to Saptamukhi River mouth 

Fig. 2.5 Red sand dunes in Bheemunipatnam, Andhra Pradesh, India

B. K. Saha



21

since the 1970s. Presently, in several places, due to anthropogenic activities, dunes 
are being damaged and flattened, and only a few are left for studies. Sagar Island, 
Bakkhali, and Henry’s Island are part of the subaerial delta plain of the Ganga Delta 
system as well as part of the Hooghly estuarine environment.

The gently sloping (1.30–0.50) 84–528 m wide beach of Bakkhali is covered by 
greyish-white fine to very fine sands with exposed palaeomud, at places, in the 
lower part of the intertidal zone. In the backshore area of Bakkhali coast, there are 
aeolian dunes like neo dunes, followed landward by a continuous belt of mature 
dunes and older dunes with undulating topography. A strong storm in the year 1984 
has washed out 13 m high dunes in the Bakkhali area. There is a net erosion of coast 
of 100 to 175 m from the year 1969 to 2001. After this period, the coast is more or 
less stable concerning erosion and accretion with marginal seasonal changes (Saha 
et al. 2011). The swampy intertidal zone and part of the backshore of Henry’s Island 
(adjoining east of Bakkhali) of the year 1969 have been eroded and submerged. The 
inundation was up to 1000 m inland. The present intertidal zone was a part of an 
erstwhile mixed forest with clayey/silt sediments. Modern sands, transported from 
the near-coastal seabed, are now being deposited over the clayey/silt bed of the pres-
ent intertidal zone, and this has resulted in the development of a beautiful sand 
beach (Saha et al. 2014) (Fig. 2.7).

Sagar Island is the largest island of the Ganga deltaic system. Hooghly River 
flows to its west. Perhaps, the island was completely covered by mangroves until the 
year 1811. From the changing configuration of the island during the years 
1851–1992, it appears that the island area was reduced significantly by fluvial and 
marine processes (Bandyopadhyay 1997) and due to slope failure and landslide 
(Saha and Saha 2014). The Gangasagar coast, lying in the southernmost part of 
Sagar Island and facing the Bay of Bengal, is 2.8 m above MSL with a width of 

Fig. 2.6 Ancient dune of Ganjam coast, Orissa, India
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intertidal zone varying from 65 m to 382 m and slope varying from 1.510 to 0.420. 
The entire coast is strongly influenced by high tidal waves, especially during spring 
tide. The coast has experienced several erosion-accretion phases, recorded since 
1969. There is a net landward shift of coastline in the eastern sector by 600–800 m 
and the western sector by 250–500 m.

Udaipur-Shankarpur and Junput coasts are having three distinct rows of dunes, 
separated by an old clayey tidal flat. These are neo dunes, followed landward by the 
older dune, old tidal flat, and older dune ridge. Well-preserved older dune ridge 
might have been formed during late Holocene higher sea level, before 3000 years 
BP (Chakraborty et al. 2017). After stabilization of the present sea level at around 
3000 years BP, older dunes might have been formed due to strong aeolian action. 
Another dune unit, described as an ancient dune complex (brownish colour sands), 
lying about 10 km inland from the coast, is well documented from Udaipur to the 
west of Junput (Chakrabarty 1990). Its age and process of formation are yet to be 
established. Perhaps, this ancient dune might have been formed in similar environ-
ments like the red dune on the Ganjam coast and on the Bheemunipatnam coast.

2.3  Seabed Character of Eastern Continental Shelf of India, 
Bay of Bengal

The coastline of the east coast of India is fronted by a well-defined continental shelf 
of the Bay of Bengal. The Bay of Bengal is an embayment bound by the east coast 
of India, Bangladesh, Myanmar, Sri Lanka, and Andaman-Nicobar Islands. River 

Fig. 2.7 Henry’s Island coast, West Bengal, India
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systems like Ganga, Mahanadi, Godavari, and Krishna on the Indian side, the 
Brahmaputra in Bangladesh, and Irrawaddy in Myanmar are the principal contribu-
tors of sediments in the Bay of Bengal. There are several active channels and sub-
marine canyons on the eastern shelf and beyond.

The width of the eastern continental shelf of India is relatively narrow compared 
to the western shelf. The shelf width is about 100 km off Ganga Delta, 60 km off 
Chilika Lake, 15–20  km off Krishna and Godavari delta, and 25–35  km off 
Pondicherry-Porto Novo (Mahapatra et al. 1992; Mahapatra and Hari Prasad 2005; 
Saha 2009). In general, terrigenous sands occupy the continental shelf mostly within 
200 m isobath, except in the deltaic area, and clay/silty sediments cover the outer 
shelf. From Ganga Delta to Paradip offshore off the northern part of the east coast, 
these sands occur within 100 m isobath, and off Tuticorin Coast in the south this is 
within 200 m water depth, where sands are having coral fragments (surface seabed 
sediment map, GSI 2003). There are relict sands in the inner/middle shelf. These 
palaeosands are differentiated from the modern sands by their coarser size, iron 
staining, and dissolution pitting due to subaerial weathering. Relict sands were 
partly reworked by transgressed sea or covered by modern sediments (sands and 
clay/silt) at many places on the eastern shelf. Some of these situations are cited. The 
palaeosands off Bahuda River, south of Gopalpur, are exposed on the seabed, close 
to the river mouth. Away from the coast, the relict sands are veneered by 110 cm 
thick silty sediments. The radiocarbon date of these buried relict sands is 10, 
690 ± 120 years BP (Bhattacharjee et al. 2007). Finer sediments cover the seabed 
close to the Krishna River mouth off Nizampatnam, whereas the sandy zone is 
20 km away and around 100 m isobaths (Rao and Sesha Rao 2002). Off the Digha- 
Udaipur coast, modern sands are present up to 1.5 km, followed seaward by clayey 
silt (Mitra and Samadder 2003).

The northeastern part of the continental shelf of India is characterized by the 
presence of several deltaic islands. The major contribution of sediments to this part 
is through the River Ganga. One-third of the total sediment load of this river is accu-
mulated on the shelf. A substantial load of sediments carried by Ganga River sys-
tems and the tidal regime resulted in the formation of sand bars and shoals in the 
inner shelf, making significant changes in the geomorphic pattern in the near coastal 
seabed in recent times. This part of the shelf is about 100 km wide with an average 
slope of less than 1˚. Prominent U- to V-shaped submarine canyon known as 
“Swatch of No Ground” accepts sediment load in this part of the shelf. This canyon 
is the presumed location of the river mouth at the last glacial sea-level low. The 
canyon is 8–10 km wide (Sengupta et al. 1992a). The coarse sediments on the floor 
of the canyon and the finer sediments on the flank indicate that the canyon is active 
as a conduit for sediment transport.

Erosion in the Ganga Delta front is not only localized along the land-sea bound-
ary but also in the marine domain. The delta front zone of Sagar Island offshore is 
being eroded, as evident from the shoreward shifting of 10 m isobath by about 3 to 
8 km from the year 1985 to 2000 (Biswas et al. 2007). The rate of erosion is not 
uniform everywhere. Off Sagar Island, submarine erosion of sandy shoals and sub-
sequent landward movement of materials by tidal current leading to deposition of 
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new sandbar close to the coast are prominent. Subsidence due to compaction or 
neotectonic activity and strong tidal currents are also probable reasons for the disap-
pearance of some of the earlier shoals. The signature of underwater slope failure 
followed by slumping is recorded in the near-coastal seabed off the southwest coast 
of Sagar Island (Saha and Saha 2014). Dredging, being done regularly in the main 
navigation channel of the Hooghly River, may also cause instability of the slope. 
The eastern coast of Sagar Island has been under strong cliff erosion. In the eastern-
most part of Bakkhali, deposition of very fine to fine sands on palaeomud in the low 
tide area might have been caused by shoreward transportation of sandy sediments 
after submarine erosion of sandbar. Near Bakkhali, the shifting of seabed sediment 
towards the coast is illustrated by silting up of Saptamukhi creek mouth and the 
appearance of new shoals in the estuary. Comparison of isobath drawn in the year 
2012 with that of 1969 indicated a shoreward shifting of deeper isobath lines and 
steep slope along the sandy shoal all along due to submarine erosion by bottom fric-
tion of strong tidal current in this narrow entrance (Saha et al. 2011).

2.4  Impact of Late Quaternary Sea-Level Fluctuations

The sea has stood at both higher and lower levels on the east coast during the late 
Quaternary in respect to the present sea level. The existing coastal geomorphology 
has evolved during the late Quaternary marine transgression.

The signatures of the last glacial maximum and subsequent rise of sea level as 
well as its fluctuations during the late Quaternary are traced on the seabed from the 
near shelf edge to the middle shelf of the east coast. During the late Holocene 
marine transgression, the rise of seawater by 2–3 m above the present sea level is 
witnessed in the form of raised marine terraces, sea cliffs, natural bridge, and wave- 
cut terraces/notches/sea caves on the Precambrian rocks in the central part of the 
east coast in the areas of Rishkonda, Erayyapalem, Tugidam, and near Visakhapatnam. 
This transgressed phase was followed by a regressed one, as evidenced by the pres-
ence of palaeobeach ridges 2–5 km and further inland. Wave-cut notches are present 
near Erayyapalem at different levels of 1.06 m, 1.8 m, 2.73 m, and 4.73 m higher 
than the present sea level, which indicated imprints of higher sea levels of the last 
glacial cycle. Banerjee et al. (2001) recorded six terraces near Visakhapatnam at 
6 m, 3.84–4.00 m, 2.3 m (radiocarbon date, 3480 ± 90 years BP), 1.8 m, 1.3 m, and 
1.00 m (date 1730 ± 140 years BP) above the present sea level. The coral reefs in the 
Rameswaram peninsula appear to have formed around 6000 years BP.

Bathymetry and shallow seismic surveys of GSI recorded three to four distinct 
palaeostrand lines on the seabed, mostly between 20 and 120 m of water depths. 
Terraces/platforms, oolites, coarse sands, oxidized sands, peaty materials, and buried 
corals are the salient characteristics of strandlines/palaeoshorelines at different stages 
of the lowered sea (Saha 2011). The studies carried out by several workers, namely, 
Banerjee and Sengupta (1992), Vaz (1996, 2000), Ramamohana and Viswanath 
(2008), and Sreenivas et al. (1990), have given the following radiocarbon dates:
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Off Visakhapatnam, corals exist at 80 m (10,790 ± 170 years BP) and 100 m 
(12,530 ± 170 years BP) of water depths. Off Nizampatnam Bay, the mollusc shells 
at 17 m of water depth yielded dates of 8200 ± 120 years BP. The corals from 115 m 
of water depth off Mahabalipuram and from 125 m of water depth off northeast of 
Karaikal dated 14,510 ± 190 years BP and 18,390 ± 220 years BP, respectively.

Off Gopalpur, the terrace/topographic highs are at 20–25 m, 30–35 m, 40–45 m, 
50–55 m, 60–65 m, and 75–80 m of present water depths. Off Chennai, ooids are 
recorded at 60 m and 110 m water depths. Terrace/ridges around 100 m isobaths are 
distinct and continuous throughout, unlike the one at 120 m, perhaps coinciding 
with the LGM.

2.5  Placer Mineral Resources

Placers are deposits of economic heavy minerals, deposited by mechanical concen-
trations of detrital mineral particles after liberating on the breakdown of rocks or 
vein minerals. The formation of placers takes place through dynamic processes hav-
ing suitable source rocks, favourable climatic conditions, weathering, transportation 
by the drainage system, and sorting.

Beach placer minerals are present in patches along the east coast of India. There 
are good concentrations of placer minerals in the Kalingapatnam area, north Andhra 
Pradesh coast, and in the Ganjam area, south Orissa coast. The intertidal zone, as 
well as the dunes of Gopalpur in Ganjam, contains a good  concentration of 
heavy minerals having economic potential. Among the heavy minerals, ilmenite is 
the dominant one. Extensive dune sand deposits with heavy mineral content like 
ilmenite, sillimanite, garnet, zircon, rutile, and monazite occur along Chatrapur 
(Ganjam) coast over a linear stretch of 18  km in an area of 26 sq. km between 
Gopalpur in the south and Rushikulya River in the north and contain about 230 mil-
lion tons of sands with 20–25% of heavy minerals (source: a pamphlet of Indian 
Rare Earth Ltd n.d.). The placer mineral deposits contain 9.4% ilmenite, 6.8% gar-
net, 0.4% rutile, 0.33% zircon, and 0.29% monazite (Rajamanickam 1999; source: 
Indian Mineral yearbook 1995). The heavy minerals are being exploited by IRE at 
its Chatrapur plant. Beach placer minerals are also present in the Tirunelveli, 
Ramnad, and Tanjore districts of Tamil Nadu (Rajamanickam 1999).

During the lowered sea level of Pleistocene time, heavy minerals were deposited 
on the exposed middle shelf area. When the sea level rose during the end of 
Pleistocene, these placer minerals were covered by rising water levels and are 
reworked, spread over the area destroyed, or partly covered by recent sediments. 
Offshore exploration by GSI brought out a rich incidence of placer minerals like 
ilmenite, sillimanite, garnet, monazite, zircon, and rutile in the inner shelf off 
Orissa between Gopalpur and Chilika Lake. The heavy mineral-bearing sands 
extend up to 10–12  km offshore and occur mostly within 30  m of water depth 
(Sengupta et al. 1992b, 2002; Saha 2005, 2007). The concentration is high (~15 wt. 
%) off Gopalpur. The continental shelf off Kalingapatnam-Baruva area has a sub-
stantial concentration (~6 wt. %) of economic heavy minerals within 15–20 m of 
water depth (Ravi Kumar et al. 2002; Saha 2007).
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2.6  Physical Processes Along the East Coast of India

Geological processes, along with physical processes, like, wave, wind, current, and 
tide and sediment influx, play a critical role in the formation of the coastal domain 
and for the development of the estuarine system. The east coast is experiencing 
varying tidal ranges of 4.3 m at Sagar Island (the mouth of Hooghly River), 1.3 m 
at Kakinada, 1.0  m at Chennai, and 0.9  m at Pondicherry (Nayak and 
Hanamgond 2010).

The Hooghly estuary is one of the most important estuarine systems of India 
because of its large drainage area of the Himalayan originated River Ganga and 
a long tidal intrusion up to 280 km inland. Season-wise and location-wise changes 
are observed in the salinity and dissolved oxygen values from the river mouth to 
away. This estuary has three distinct geographical zones characterized by varying 
physicochemical and hydrological parameters (Bhattathiri 2001). Tidal creeks of 
the Hooghly estuarine system have dissected the landmass into many smaller 
islands. Mahanadi estuary is a tide-dominated coastal plain shallow estuary, where 
temperatures of surface and bottom waters do not differ much. The estuary of 
Rushikulya River is shallow and well mixed. The Godavari estuary is having a max-
imum width of 1000 m. The Vasishta Godavari estuarine system experiences sea-
sonal stratification variation like salt wedge type in July, partly mixed type in 
September, and well-mixed type during February (Ramana et al. 1989). The maxi-
mum depth of the Cauvery estuary is 12 m. The Vellar estuary comprises four zones 
with varying salinity distribution patterns (Bhattathiri 2001). When the rivers dis-
charge freshwater in the sea, a low salinity zone occurs at the discharge points, 
closer to the coast than offshore. In contrast, from in situ observations, Mahapatra 
and Rao (2017) recorded low salinity pool(s) in the offshore region (south of 16˚ N 
lat.) and its migration to further offshore, compared to the discharge points of 
Krishna and Godavari Rivers. They suggested that this anomalous low salinity pool 
in the offshore away from the coast would be due to orientation of coastline from 
140 to 170N lat., surface circulation along with weak East India Coastal Current, and 
influx of low salinity water from larger rivers to the north.

Chilika Lake is a large coastal lagoon partly enclosed by a long sandy barrier 
with seawater entrances at the southern and northern ends. Two of the three open-
ings of this lagoon towards the sea (as in 1973) eventually closed because of long-
shore current and littoral drift (Chandramohan and Nayak 1994). After opening the 
new mouth along the outer channel in September 2000, the average salinity near 
Satpada increased to 14% in December 2000, when compared to the salinity of 
3–4% during the same period one decade ago. The primary threats of Chilika lagoon 
are siltation, reduction in salinity, weed infestation, a decline of fishery resources, 
and an overall loss of biodiversity (Mohanty et al. 2008). It changes from freshwater 
domination during southwest monsoon to seawater domination during pre- and 
post-monsoon. Pulicat Lake is brackish with huge intertidal flats and faced sea-level 
changes during the middle and late Holocene (Vaz and Banerjee 1997). The east 
coast is vulnerable to geohazards like a cyclone, storm surge, and tsunami though 
rare. Sri Lanka provides a shelter to the southwestern coast from the high wave 
action. The Palk Strait coast has low wave energy (Nayak and Hanamgond 2010).
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2.7  Discussion and Conclusion

The east coast of India and its hinterland is having geological formations compris-
ing of Precambrian crystalline, Quaternary sediments, marine deposits, and modern 
sediments. Precambrian, represented by khondalite, charnockite, and basic rocks, 
occurs mostly in the central and southern part of the coast, at places right on the sea 
face. A substantial part of the east coast encompasses deltas with estuaries and man-
grove forests. There are extensive sandy beaches, often backed by a chain of beach 
ridges/matured dunes, aligned parallel to the coast. There are sand bars and shoals. 
Longshore current and littoral drift have nourished sand spits and barrier in front of 
lagoons. Coral reefs are rare on the east coast. There are defunct coral reefs in 
Rameswaram Island and Adam’s Bridge. Hooghly estuary has a tidal intrusion up to 
280 km inland. Erosion along the delta front of Ganga, Mahanadi, and Godavari 
Rivers and adjoining offshore has changed the configuration of the coast and as well 
as seabed character. This observation is evident, in particular, from the morpho-
bathymetric changes in the Ganga Delta offshore. Submarine erosion of seabed off 
Sagar Island is prominent. The shoreline changes may be due to a combination of 
several factors like erosion-accretion, landslide, and neotectonic movements. 
Continental shelf, adjoining the east coast of India is veneered by terrigenous sands 
up to 200 m water depth. But in the deltaic domain, clay-silt covers the seabed. 
Gopalpur coast and its offshore are endowed with placer deposits, containing ilmen-
ite, sillimanite, garnet, monazite, zircon, and rutile.

Though the east coast was considered to be a part of a stable continental margin, 
there are active faults, now recorded along the coast and offshore. Banerjee et al. 
(2001) opined that up to the 1960s Indian peninsular shield was considered to be 
practically aseismic because instrumentally recorded global seismic events listed 
only a few earthquakes from the Indian peninsula, not that seismicity was mild and 
rare. The theme-based geoscience database on coast and seabed terrain analysis are 
essential to classify the coast, especially in the context of the continuing growth of 
coastal settlements and sustainable developmental activities in the coastal domain 
(Saha 2009). Areas affected by active faults, coastal landslides, slope failure, and 
changes in seabed morphobathymetric patterns are to be mapped. Instrumental evi-
dence of seismicity along the coast and adjoining offshore is required to be re- 
looked. A tsunami in December 2004 has alerted the geoscientific community about 
the need for theme-based geological appraisal of the east coast of India.
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Chapter 3
Aquatic Biogeochemistry of the Estuarine 
and Coastal Waters of the Bay of Bengal: 
Impact of Physical Forcing and Extreme 
Atmospheric Events
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Abstract The northeastern flank of the Indian ocean, i.e., the Bay of Bengal (BoB), 
is considered to be one of the most dynamic oceanic regions of the world. A signifi-
cant amount of river discharge from several perennial estuaries vis-à-vis the effect 
of monsoon and frequent depression and tropical cyclones makes the estuarine and 
coastal waters of the BoB unique from various perspectives. These physical forcing 
and extreme atmospheric events exert a substantial impact on the biogeochemistry 
of the water column in these east coast estuaries and nearshore waters. We discussed 
the general biogeochemical conditions of the major estuaries along the east coast of 
India in this chapter with an emphasis on (i) thermal stratification induced during 
the monsoon and by the tropical cyclones (TCs), (ii) phytoplankton bloom and bio-
logical productivity along with their relationship with freshwater discharge and 
extreme weather events, (iii) variability in dissolved oxygen levels with relation to 
the physical forcing, and (iv) nutrient injection and cycling driven by monsoonal 
discharge and extreme weather events. We observed a stark difference between the 
northern estuaries of the east coast and the southern estuaries concerning biogeo-
chemical characteristics.
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3.1  Introduction

Several small to large estuaries, like the Hooghly, Mahanadi, Godavari, Krishna, 
and Cauvery, intersperse the east coast of India facing the Bay of Bengal (BoB). The 
monsoonal rainfall drives most of these estuaries and is, therefore, referred to as 
monsoonal estuaries (Sarma et al. 2014). These estuaries experience significantly 
variable freshwater discharges annually. At the peak of monsoon, most of these 
estuaries receive so much freshwater from the monsoon rain and associated land 
runoff that they lose their estuarine character and temporarily transform into a riv-
erine one (Sarma et al. 2009). Compared to the other estuaries of the world, Indian 
estuaries are different as freshwater discharge during the monsoon leads to loss of 
vertical salinity gradient, whereas, in most of the other estuaries of the world, fresh-
water discharge promotes vertical stratification (Christopher et al. 2002; Vijith et al. 
2009). Such contrasting observations show that monsoon-associated freshet exerts 
a physical forcing in these estuaries, and several researchers observed that this 
freshwater discharge strongly influences the biogeochemistry and productivity of 
these estuaries (Acharyya et al. 2012; Sarma et al. 2009, 2011).

Apart from river discharge and monsoonal rain, tides also play a crucial role in 
regulating several biogeochemical parameters in these estuaries. The estuaries along 
the east coast of India, depending on their size and width, exhibit a wide range of 
tidal amplitudes, making some of the estuaries micro-tidal in nature and some act as 
meso-macro-tidal estuaries (Sarma et al. 2014). Unlike river discharge, tides regu-
late the variability of the estuarine biogeochemistry on a short-term scale, as most 
of these estuaries experience a semidiurnal tidal cycle (Ganguly et al. 2011; Akhand 
et al. 2016). Such a tidal nature implies that a regular shifting of riverine and marine 
influence takes place two times during a 24-hour cycle within these estuaries.

In addition to these forces, the BoB frequently experiences extreme weather 
events like tropical cyclones (TCs), and the wrath of such events often leaves severe 
impacts on life and property in the coastal periphery. These TCs are capable of sig-
nificantly altering the mixing and hence the biogeochemistry of the upper layer of 
ocean water (Maneesha et  al. 2012), and thus such effects are often seen in the 
coastal waters adjacent to the estuarine mouths. Manifestations like drastic enhance-
ment in primary productivity, cooling of water surface temperature, and nutrient 
enrichment in the euphotic zone often take place along the east coast of India 
(Chacko 2017).

3.2  Aims and Objective

Several studies have observed that physical forcing like the monsoon, freshwater 
discharge, and tides along with extreme atmospheric events like TCs governs the 
aquatic biogeochemistry of the estuaries along the east coast of India. The main aim 
of this chapter is to collate all the principal findings and observations in this regard 
and, at the same time, discuss the present state of the art of several biogeochemical 
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parameters in the estuaries along the east coast of India under normal conditions. 
We laid stress on the role of the abovementioned physical forcing in modulating 
these parameters.

3.3  Variability of the Basic Physicochemical Parameters 
in the Major Estuaries and Coastal Waters of the East 
Coast of India

3.3.1  Hooghly-Matla Estuarine Complex

The Hooghly River Estuary is the first deltaic offshoot of the River Ganges. Hooghly, 
along with several other estuaries like Saptamukhi, Thakuran, Matla, Bidya, Gosaba, 
Raimangal, and Haribhanga, intersects the world’s largest mangrove of Sundarban 
(Indian part). This complex network of estuaries in the southern end of the Ganges- 
Brahmaputra- Meghna (GBM) delta (in the Indian state of West Bengal) forms the 
Hooghly-Matla Estuarine complex (Chatterjee et al. 2013). Among these estuaries, 
only the Hooghly Estuary and the Raimangal-Haribhanga estuaries, which flow 
through the west and east of this estuarine complex, carry freshwater perennially. 
However, all the other estuaries of this complex have lost their connection with the 
upper riverine reaches (Raha et al. 2012). This differential freshwater discharge has 
not only led to a marked difference in annual mean salinity between the Hooghly 
Estuary (≈20.0) and the Matla Estuary (≈7.1) but also led to a difference in carbon-
ate chemistry dynamics between the two (Akhand et al. 2016). Due to higher fresh-
water discharge, there is a higher dominance of sediment-laden suspended 
particulate matter in the Hooghly Estuary, which is testified by the higher turbidity 
observed in the Hooghly compared to Matla (Akhand et al. 2016). Annual mean DO 
was more or less similar in the two estuaries (175 ± 19 μmol kg−1 in Hooghly and 
185 ± 25 μmol kg−1 in Matla). However, the annual mean pH was significantly low 
in Hooghly (7.850–8.040) compared to Matla (8.044–8.205) (Akhand et al. 2016).

3.3.2  Mahanadi Estuarine System

The Mahanadi River Estuary system situated in Odisha is the third largest river 
system in India. The estuarine reaches of Mahanadi bifurcate into various distribu-
taries, which in turn meets the BoB mainly through the Paradip Port and Harbours 
and the Chilika lagoon (Panda et  al. 2006). The Mahanadi Estuary experiences 
perennial freshwater flow with peak discharge as high as ~45,000 m3 s−1, coupled 
with substantial sewage discharge from the adjacent industrial setup and port 
 activities (Panda et al. 2006; Ganguly et al. 2011). Unlike the Hooghly, this estuary 
is comparatively narrower toward the sea end. Salinity varies over a wide range of 
1.1–26.5. Dissolved oxygen (DO) and pH vary from 5.6 to 8.05 mg l−1 and 7.77 to 
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8.40, respectively, throughout an annual cycle (Pattanaik et al. 2020a). Similar DO 
and pH ranges prevailed in other indirect distributaries of Mahanadi, like the 
Dhamra Estuary (which shelters the mangrove forest of Bhitarkanika). However, 
the salinity varied over a narrower range of 11.8–27.4 for being situated much closer 
to the BoB and thus having more marine dominance (Pattanaik et  al. 2020b). 
Additionally, the magnitude of physical forcing, in terms of monsoonal and non- 
monsoonal freshwater discharge in the Mahanadi Estuary, is several times higher 
than that of Dhamra Estuary, thus influencing the range of salinity. Unlike many 
other eastern Indian estuaries, this estuary exhibited the lowest oxygen saturation 
coupled with the highest CO2 efflux during the pre-monsoon (summer) season, 
whereas, during the monsoon and post-monsoon seasons, a reverse scenario pre-
vailed (Ganguly et al. 2011; Pattanaik et al. 2019).

3.3.3  Godavari Estuarine System

The Godavari River, the second-longest river of India (1465 km), drains into the 
BoB through Andhra Pradesh and encompasses a catchment area of >3,00,000 km2. 
Despite its large catchment area, the river discharge from the Godavari is low, com-
pared to other north Indian rivers because of moderate annual average precipitation 
(Acharyya et al. 2012). The river water is widely used for domestic and industrial 
purposes by a large urban population, and consequently, enormous quantities of 
domestic and industrial wastes enter the river (Deshmukh and Ambore 2006). The 
biogeochemical processes in the Godavari estuary during the monsoonal discharge 
period vary from the dry period. The seasonal runoff exceeds the total volume of the 
estuary during the phase of peak discharge (Sarma et al. 2011). Mean salinity and 
pH as low as 0.08 and 6.43, respectively, were observed during monsoon, whereas, 
during the dry periods, these parameters exhibited values like 33.5 and 8.608, 
respectively (Table  3.1). The DO was under-saturated during the peak discharge 
period and relatively supersaturated during the dry period (Sarma et al. 2010). Chl-a 
concentrations varied over a wide range, and regular bloom formations occur in the 
months of October and November (Acharyya et al. 2012).

3.3.4  Cauvery and Krishna Estuarine Systems

The Rivers Cauvery (805 km) and Krishna (1288 km), in south India, are compara-
tively less studied than the northern estuaries. The variation of physicochemical 
parameters in these two estuaries was more or less found in the same order and 
range as other Indian monsoonal estuaries influenced by both tidal cycle and 
 seasonal variation (Senthilkumar et al. 2008; Kumari and Rao 2009). However, the 
chl-a concentration was very high compared to the other estuaries mentioned above 
(Table 3.1) (Senthilkumar et al. 2008).
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3.4  Characteristic Features of Principal Physical Forcing 
and Extreme Atmospheric Events in the East Coast 
of India

3.4.1  Monsoonal Rainfall

Indian subcontinent experiences two monsoons in a year. The southwest monsoon 
(June–September) brings in the rain for the entire country. The effect of this mon-
soonal rain is mainly predominant in the central and northeastern parts of the east 
coast of India (Bharathi and Sarma 2019). On the contrary, the northeast monsoon 
(October–December), which is also known as retreating monsoon, mostly influ-
ences the southeast coast of India, as the Western Ghats mountain range obstructs 
the return flow of monsoon toward the Arabian Sea (Deepthy and Balakrishnan 
2005). India receives more than 75% of the annual total rainfall between the months 
of June and September. The precipitation pattern significantly varies along the east 
coast of India, with substantially high rainfall in the northeast (1000–2500 mm) and 
comparatively less in the southeast (300–500  mm) (Soman and Kumar 1990). 

Table 3.1 Range of physicochemical parameters observed throughout an annual cycle in the 
major estuaries along the east coast of India

Estuary Salinity
Temp. 
(°C) pH

DO  
(mg/l)

Turbidity 
(NTU)

Chl-a  
(mg/m3) Authors

Mahanadi 4.3–22.3 21.6–31.4 7.525–
8.467

4.5–8.1 0.5–126.7 0.27–5.07 Pattanaik et al. 
(2020a, b) and 
Ganguly et al. 
(2011)

Dhamra 11.8–27.4 24.1–31.0 7.061–
8.930

4.0–8.9 40.0–
462.9

1.69–5.29 Pattanaik et al. 
(2019, 2020a)

Hooghly 0.1–20.1 19.7–31.4 7.433–
8.316

4.0–7.3 109–402 0.52–4.98 Akhand et al. 
(2016) and Das 
et al. (2017)

Matla 8.5–29.7 18.6–31.2 7.419–
8.564

4.5–8.2 75–301 0.41–4.19 Akhand et al. 
(2016)

Godavari 0.08–33.5 24.0–31.2 6.437–
8.608

6.4–8.7 95–163 0.69–3.31 Sarma et al. 
(2010, 2011, 
2013) and Bhalla 
and Sekhon 
(2010)

Krishna 2.6–33.2 26.6–30.0 7.300–
7.430

5.3–11.7 67–141 Sarwade and 
Kamble (2014) 
and Kumari and 
Rao (2009)

Cauvery 16.0–34.0 24.0–32.0 7.000–
8.800

4.0–5.8 6.50–
12.74

Krishna et al. 
(2012), Vijayan 
et al. (2018), and 
Senthilkumar 
et al. (2008)
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However, in the past decades, severe erratic and irregular patterns in southwest 
monsoon were noticed, often leading to higher rainfall in non-monsoon months 
(Thomas and Prasannakumar 2016).

3.4.2  Freshwater Discharge

Based on the magnitude and pattern of monsoonal rain, freshwater discharge varies 
over a wide range in the estuaries of India (Vijith et al. 2009; Sarma et al. 2014). 
During the peak of the southwest monsoon, river discharges vary between very low 
magnitudes like 28 m3 s−1 to magnitudes as high as 3505 m3 s−1 (Kumar et al. 2005). 
On the whole, the estuaries in the northern part of the east coast exhibited signifi-
cantly higher freshwater discharges than those present in the southern part of the 
coastline, as most of the perennial rivers, which has a steady source of freshwater 
from the glacial Himalayas, are situated in the northern part (Bharathi and Sarma 
2019). Major estuaries like Hooghly, Mahanadi, Godavari, Krishna, and Cauvery 
exhibit very high peak discharge rates of ~1600 m3 s−1, ~2100 m3 s−1, ~3500 m3 s−1, 
550 m3 s−1, and ~700 m3 s−1, respectively (Kumar et al. 2005).

3.4.3  Tropical Cyclones

TC is a common natural calamity that develops in the BoB and eventually makes 
landfall on the east coast of India and the neighboring countries. In the last five 
decades, more than 200 cyclonic storms hit the east coast of India (Sahoo and 
Bhaskaran 2016). Table 3.2 shows the list of the most disastrous cyclones. In the 
present date, on average, 5–6 TCs generate each year in the BoB (Sahoo and 
Bhaskaran 2018). Several researchers argue that due to the ongoing global warm-
ing, the sea surface temperature in BoB has increased over the past decades, and 
often it exceeds the threshold, which is conducive for cyclone genesis. However, the 
frequency and intensity of the cyclones, both in terms of their size and maximum 
sustained wind speed, have significantly increased over the last decades and likely 
to continue shortly as well (Murty et al. 2016; Sahoo and Bhaskaran 2016).

3.4.4  Tides

The entire east coast of India, along with all the estuaries in this coastline, exhibit 
semi-diurnal tides of varying amplitudes throughout the year (Jithin et al. 2017). 
The tidal amplitude varies following the lunar cycle, with the highest amplitudes 
during the new moon/full moon (known as spring tide) and the lowest during the 
first quarter/third quarter (known as neap tide) (Das et al. 2017). The tidal amplitude 
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Table 3.2 Tropical cyclones that affected the east coast of India during 1980–2020

Serial 
number Name of the cyclone Date of landfall

Max. wind speed during 
landfall (km/h)

Tropical cyclones that affected West Bengal

1 1981 North Indian Ocean cyclone 20/06/1981 140
2 1988 Bangladesh cyclone 21/11/1988 205
3 1997 North Indian Ocean cyclone 14/05/1997 100
4 1998 North Indian Ocean cyclone 17/05/1998 145
5 2000 North Indian Ocean cyclone 27/03/2000 75
6 2002 West Bengal cyclone 10/11/2002 100
7 Sidr 11/11/2007 215
8 Rashmi 25/10/2008 85
9 Aila 26/05/2009 120
10 Komen 26/07/2015 75
11 Roanu 19/05/2016 85
12 Mora 28/05/2017 150
13 Fani 26/04/2019 215
14 Bulbul 05/11/2019 145
15 Amphan 20/05/2020 260
Tropical cyclones that affected Odisha

1 1999 Odisha cyclone 29/10/1999 276
2 Phailin 04/10/2013 215
3 Hudhud 07/10/2014 185
4 Titli 08/10/2018 110
5 Fani 29/10/1999 250
Tropical cyclones that affected Andhra Pradesh

1 1990 Andhra Pradesh cyclone 04/05/1990 230
2 1998 North Indian Ocean cyclone 17/05/1998 195
3 2003 North Indian Ocean cyclone 10/05/2003 140
4 Yemyin 21/06/2007 95
5 Khai-Muk 27/04/2008 165
6 Laila 17/05/2010 120
7 Nilam 28/10/2012 100
8 Helen 19/11/2013 130
9 Lehar 19/11/2013 140
10 Hudhud 07/10/2014 215
11 Kyant 17/05/2016 130
12 Titli 08/10/2018 150
Tropical cyclones that affected Tamil Nadu

1 1991 North Indian Ocean cyclone 17/01/1991 85
2 1992 North Indian Ocean cyclone 16/05/1992 85
3 1993 North Indian Ocean cyclone 17/06/1993 175
4 1996 North Indian Ocean cyclone 07/05/1996 120

(continued)
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varies in the estuaries of the east coast. However, estuaries on the north of the coast-
line exhibit higher amplitudes (>2 m), and those in the south show lower amplitudes 
(<2 m) (Bharathi and Sarma 2019). The Hooghly Estuary deserves a special men-
tion, in this regard, as tidal amplitude in this estuary can be as high as 7 m, and the 
water current ranges between 108 and 117 cm s−1 during high tide and low tide, 
respectively, rendering it to be a macro-tidal estuary (De et al. 2011). Moreover, the 
Hooghly Estuary is one of the rare estuaries of earth, where tidal bores (occasional 
intense nonlinear wave propagation) take place due to its typical geometry and tidal 
amplitude (Bonneton et al. 2016).

3.5  Influence of Physical Forcing on the Variability 
of Biogeochemistry

3.5.1  Thermal Stratification in the Water Column Induced by 
Monsoon and TCs

Bharathi and Sarma (2019) reported that the estuaries of the east coast of India 
remain comparatively warmer (~30.8  °C) than that of the west coast estuaries 
(~27.1 °C) during the monsoon months. Reddy and Rao (1994) observed a typical 
monsoon induced stratification in the Gautami-Godavari Estuary. From the onset to 
the mid of monsoon, the water column remains well stratified, in terms of salinity, 
due to freshwater discharge. However, in the latter end of monsoon months, the 
salinity profile becomes uniform due to massive freshwater discharge making the 

Table 3.2 (continued)

Serial 
number Name of the cyclone Date of landfall

Max. wind speed during 
landfall (km/h)

5 2000 North Indian Ocean cyclone 27/03/2000 190
6 Fanoos 07/01/2005 85
7 Nisha 25/11/2008 85
8 Jal 01/11/2010 100
9 Thane 25/12/2011 140
10 Nilam 28/102012 85
11 Madi 10/05/2013 120
12 Roanu 19/05/2016 85
13 Kyant 17/05/2016 85
14 Nada 29/11/2016 75
15 Vardah 06/12/2016 130
16 Ockhi 29/11/2017 155
17 Gaja 10/11/2018 128

Data source: Rao (1994), Mohapatra et al. (2012), Bahinipati (2014), Muthusamy et al. (2018), and 
Nandi et al. (2020)
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entire water column full of freshwater. On the contrary, the difference in surface and 
bottom temperatures within the estuary remains substantially high (~4 to ~4.5 °C) 
all around the monsoon season, compared to monsoon months, with low tempera-
ture prevailing in the bottom of the estuary, which shows that monsoon favors strong 
thermal stratification in this estuary. However, such monsoon-induced thermal strat-
ification is not prominent in the Hooghly Estuary. The dominant effect of tidal mix-
ing and the typical geomorphology of the estuary could be the principal reasons 
behind the absence of such stratification (Manna et al. 2013).

The TCs, depending on the seasons, exerted different impacts on the water tem-
perature. The TCs originating in the pre-monsoon season cooled the surface waters 
by ~3 °C. However, even the strongest TCs during the post-monsoon season did not 
show any such cooling effect (Sengupta et al. 2008). The cyclone Hudhud deepened 
the isothermal layer by favoring upwelling and thus bringing nutrient-rich cold 
waters from the bottom (Girishkumar et al. 2019). Similar observations prevailed 
during most of the TCs (13) that occurred between 1980 and 2015 (Qiu et al. 2019).

3.5.2  Effect on Primary Productivity and Phytoplankton 
Bloom

Several studies indicated that the monsoonal discharges could not stimulate algal 
bloom despite bringing a high amount of nutrients in the estuaries adjacent to BoB. A 
highly turbid water column that inhibits light penetration in photic layers hampers 
the photosynthetic potential of phytoplankton (Vinayachandran and Mathew 2003). 
The occurrence of phytoplankton blooms has been observed during the dry winter 
seasons in the absence or reduced freshwater discharge, as observed by Acharyya 
et al. (2012) in Godavari Estuary and Biswas et al. (2007) in Hooghly- Matla Estuary. 
Nutrient contribution from the adjoining mangrove patches, comparatively transpar-
ent water column due to decreased discharge, and cloud-free clear sky facilitated 
photosynthesis during the dry seasons and led to bloom formation. Though the 
occurrence of bloom formation is absent from the Mahanadi Estuary, the highest 
seasonal mean chlorophyll-a prevailed during the post- monsoon by Naik et al. (2009).

Thus, monsoonal discharge, in a way, delimited phytoplankton productivity. On 
the contrary, TCs lead to intense mixing of ocean waters, subsequently resulting in 
entrainment and upwelling of nutrients, which promotes phytoplankton blooms in 
the coastal BoB (Gomes et al. 2000). Based on the remotely sensed data, Maneesha 
et al. (2012) have reported that episodic atmospheric events enhanced phytoplank-
ton biomass, thereby increasing the primary productivity, which remained sustained 
for up to 2–3 weeks. Estuarine and coastal ocean’s biogeochemistry concerning the 
TCs such as Nargis, Laila, Phailin, and Hudhud showed that in all these cases, local 
Ekman pumping of nutrients into the photic layer enhanced the phytoplankton pro-
ductivity (Lotliker et  al. 2014; Baliarsingh et  al. 2015). The degree of enhanced 
productivity largely depended upon the translation speed of the cyclone along with 
its prevailing period (Chacko 2017).
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3.5.3  Variability in Dissolved Oxygen Levels Induced by 
Physical Forcing

DO, a crucial parameter that regulates the overall health of an aquatic ecosystem, 
was significantly controlled by tides, freshwater discharge, monsoonal rain, and 
TCs in the estuaries along the east coast of India. The estuaries that experience high 
freshwater discharge like Hooghly and Mahanadi had significantly higher DO all 
round the year, compared to those estuaries, which experience lower freshwater 
discharge, like Godavari and Krishna (Kumari and Rao 2013). Godavari and Krishna 
exhibit very low annual mean DO levels, which indicated that these estuaries are 
hypoxic in nature. Seasonally, most of the estuaries exhibit very high DO during the 
monsoon, when the estuaries are flooded with freshwater, compared to that observed 
in the dry seasons (Kumari and Rao 2013). Depending on the severity of the deple-
tion in DO, the shallow continental shelf waters off the Tamil Nadu coast in the Bay 
of Bengal also suffer from hypoxia (Satpathy et al. 2013). This showed that physical 
forcing like a monsoon and freshwater discharge enhances the DO levels in these 
estuaries. Kumari and Rao (2013) reported that semidiurnal tides led to the fluctua-
tion of DO in these estuaries, as the contribution of DO from freshwater and seawa-
ter continually changed depending on the tidal phases. TCs are also found to enhance 
DO levels in the estuaries and nearshore coastal waters because of drastic enhance-
ment in productivity induced by the cyclones. Though the water surface DO levels 
increase substantially during the TCs, a reduction in DO levels concomitantly takes 
place in the bottom layers. However, once the effect of cyclone subsides, re- 
oxygenation of the bottom layers starts taking place (Sarma et al. 2013).

3.5.4  Nutrient Dynamics in Relation to Physical Forcing

The Indian Ocean receives about 0.22 ± 0.05, 0.11 ± 0.03, and 1.03 ± 0.26 Tg of 
dissolved inorganic nitrogen, phosphorus, and silicate per year, respectively, from 
the rivers and estuaries of India, out of which 76% falls into the BoB through the 
estuaries ending in the east coast (Krishna et al. 2016). The main reason behind such 
a disparity between the BoB and the Arabian Sea is the higher freshwater discharge 
covering a comparatively larger catchment area of the rivers ending on the east coast 
of India. A bulk-some part of the nutrients received by these estuaries throughout 
the annual cycle flows to the BoB during the monsoon season. Mukhopadhyay et al. 
(2006) reported 71% of inorganic nitrogen, 76% of inorganic phosphorus, and 76% 
of silicate of the annual total drains through the Hooghly Estuary during the mon-
soon season.

During the dry seasons, groundwater and exchanges at the sediment-water inter-
face act as the principal source of nutrients to these estuaries (Sarma et al. 2010). In 
general, wind speed in the dry season is not enough to break the surface stratification 
in the BoB. Therefore, the nutrient supply through vertical mixing is not sufficient for 
algal growth. On the contrary, strong winds associated with cyclones provide nutri-
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ents into the photic layer by physical churning and eroding the density layer 
(Vinayachandran and Mathew 2003). Baliarsingh et  al. (2015), in this regard, 
observed a two- to fourfold increase in nitrogenous and phosphorus nutrients in the 
coastal waters of BoB after the passage of cyclone Hudhud. Thus, all the physical 
forcing events that take place in these estuaries enhance the nutrient levels in the water.

3.6  Summary and Conclusion

Overall, we can summarize that the physical forcing and extreme atmospheric events 
significantly regulate the biogeochemistry of the estuaries along the east coast of 
India. The estuaries situated in the northern part of the coastline receive substantially 
higher river discharge than those situated down south, and there is a significant dif-
ference in the overall biogeochemical dynamics between these two sets of estuaries. 
Monsoonal rain favors thermal stratification in estuaries, which are micro-meso-
tidal in nature. Macro-tidal estuaries did not show such monsoon induced stratifica-
tion. Tropical cyclones favored phytoplankton bloom. However, monsoonal 
discharge delimited biological productivity. Monsoon-induced freshwater discharge 
and tropical cyclones both lead to significant enhancement in nutrient concentration. 
Many of the estuaries in the southern end of the coastline are experiencing hypoxia.
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Chapter 4
Carbon Dynamics of the Estuaries Along 
the East Coast of India
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Abstract The estuaries are highly dynamic in terms of carbon cycling, considering 
the emission of CO2 to the atmosphere, which is quantitatively significant for the 
global carbon cycle. The estuaries along the east coast of India, which flow into the 
northwestern coastal Bay of Bengal, are located in the tropics extending between 
latitudes 9°N and 22°N. The carbon dynamics of these estuaries is primarily influ-
enced by monsoonal river discharge and seawater intrusion into the estuary. The 
solubility and biological pumps characterize the potential of an estuarine ecosystem 
as a source or sink of CO2. In most cases, the inner estuaries act as useful sieves for 
terrestrial/riverine inputs and provide a way for the passage of carbon to the atmo-
sphere. The transport of carbon from estuaries plays a significant role in determin-
ing whether the adjacent coastal ocean is a net source or sink of CO2. Among all the 
estuaries on the east coast of India, the dissolved inorganic carbon concentration in 
the Hooghly estuary is the highest. However, in the Chilka lagoon, the dissolved 
organic carbon concentration is higher than the Godavari and Hooghly estuary. The 
Indian monsoonal estuaries along the east coast of India emit relatively less CO2 to 
the atmosphere than elsewhere in the world. The estuaries supply a high amount of 
organic carbon flux, in addition to excess inorganic carbon, which is mineralized in 

K. Chakraborty (*) · T. Bhattacharya · R. S. Mahendra 
Indian National Centre for Ocean Information Services, Ministry of Earth Sciences, 
Government of India, Hyderabad, India
e-mail: kunal.c@incois.gov.in 

J. Ghosh 
Indian National Centre for Ocean Information Services, Ministry of Earth Sciences, 
Government of India, Hyderabad, India 

School of Ocean Science and Technology, Kerala University of Fisheries and Ocean Studies, 
Kochi, India 

A. Akhand 
Coastal and Estuarine Environment Research Group, Port and Airport Research Institute, 
Yokosuka, Japan 

V. Valsala 
Indian Institute of Tropical Meteorology, Ministry of Earth Sciences, Pune, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-68980-3_4&domain=pdf
https://doi.org/10.1007/978-3-030-68980-3_4#DOI
mailto:kunal.c@incois.gov.in


46

the estuary and elevates the pCO2 levels. The significant changes in the land-use 
pattern, along with human intervention, have influenced the transport of carbon 
from land to adjacent coastal ocean to a great extent over the last few decades.

Keywords Estuaries · Northwestern coastal Bay of Bengal · Organic carbon 
dynamics · Inorganic carbon dynamics · CO2 flux

4.1  Introduction

An estuary is commonly known as the transition zone between the river and the sea 
where salinity variations, circulation, and tidal influence act together to define the 
physicochemical characteristics of the region. Perillo (1995) defined an estuary as 
“a semi-enclosed coastal body of water that extends to the effective limit of tidal 
influence, within which seawater entering from one or more free connections with 
the open sea, or any other saline coastal body of water, is significantly diluted with 
freshwater derived from land drainage and can sustain euryhaline biological species 
from either, part or the whole of their life cycle.”

The structure of estuaries is essential because of their characteristic of being a 
transition zone between the anthropogenic input-laden rivers and the ocean deficit 
in inorganic elements. The anthropogenic inputs, which are primarily inorganic and 
derived from the weathering of rocks, are the primary source of nutrients to the estu-
ary and hence one of the most critical drivers of the biogeochemical cycles within 
the estuary. The estuarine waters are, in general, understudied all over the world, 
and this is especially true for the Indian estuaries (Sarma et al. 2011, 2012). The 
biogeochemical cycling of materials in these tropical estuaries is different from 
those in estuaries in other parts of the world because of the high atmospheric tem-
peratures, seasonal changes in the monsoon circulation, and many other reasons 
(Sarma et al. 2011). River discharges containing both particulate and dissolved mat-
ter in organic and inorganic forms have a profound effect on the carbon cycle of the 
ocean. The amount of carbon input from river discharge can be taken to be a mea-
sure of how much the anthropogenic activities play a part in controlling the carbon 
dynamics. Therefore, the study of estuarine ecosystems in carbon cycling is an 
essential step in that direction.

4.2  East Coast of India

More than 30 million people reside along the coastlines of India, and they are depen-
dent on the ocean resources for survival. The Indian coastline is being subjected to 
a wide variety of anthropogenic pressures. Local factors such as changes in land use, 
particularly agricultural activities, urbanization and industrialization, construction 
of new ports all along the Indian coast, etc. make the Indian coastal waters espe-
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cially vulnerable to anthropogenic perturbations. It will have far- reaching conse-
quences on biogeochemistry and ecology, adversely affecting marine living 
resources. In this chapter, we have discussed the carbon dynamics of the estuaries 
along the east coast of India by making use of the reported results of various previ-
ously done studies on different estuaries located along the east coast of India.

4.2.1  Major Estuaries and Their Characteristics

The estuaries along the east coast of India, namely, Matla, Hooghly, Dhamra, 
Mahanadi, Godavari, Krishna, Vellar, Cauvery, and Chilka lagoon, are considered in 
this chapter based on the reports available in the literature (Fig. 4.1). The Hooghly 
estuary is a perennial estuary being fed by the glaciers, while the Matla estuary is a 
marine-dominated estuary with no connection with the rivers in their northern end. 
However, it receives some amount of riverine freshwater from the Hooghly River 
through different waterways through Hatania Doania Canal (Ray et al. 2018). The 
Sundarban and Pichavaram mangroves are located on the northeast and southeast 
coast of India, respectively. The Pichavaram is located between two estuaries, Vellar 
in the north and Coleroon in the south. The mangroves in the Gautami-Godavari 
estuary are an active site for the mineralization and subsequent efflux of CO2 into 
the atmosphere (Bouillon et al. 2003a, b). The estuaries on the southeast coast of 
India are known as monsoonal estuaries due to their distinct runoff periods and non- 
steady- state behavior (Vijith et  al. 2009). During the monsoon season, when the 
river discharge is high, these estuaries entirely assume riverine conditions (Sarma 
2009; Sarma et al. 2010, 2011). These estuaries are different from one another con-
cerning their source of water input, which in itself creates differences in their 
dynamics of element cycling.

4.2.2  Significance of the Study

The solubility and biological pumps characterize the potential of an estuarine eco-
system as a sink or source of CO2. In most cases, the inner estuaries act as useful 
sieves for terrestrial/riverine inputs and provide a way for the passage of carbon to 
the atmosphere. The transport of carbon from estuaries plays a significant role in 
determining whether the adjacent coastal ocean is a net source or sink of CO2. The 
CO2 from the atmosphere fixed by the terrestrial plants is either stored as plant bio-
mass or in soil. It can also be decomposed back to CO2 through respiration. This 
carbon can then enter rivers where transformation to inorganic carbon can take 
place. Organic and inorganic carbon in the dissolved form may be transported to the 
deep sea where they may reside for many centuries. This overall transfer and loss 
are accounted for by their cycling in the estuarine waters. Therefore, the study of 
dynamics in these regions is of utmost importance.

4 Carbon Dynamics of the Estuaries Along the East Coast of India
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Fig. 4.1 Map of the major estuaries located along the east coast of India. (Sources: Esri, HERE, 
Garmin, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, 
Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong), (c) OpenStreetMap 
contributors, and the GIS User Community)
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4.3  Spatial Variability of the Carbon Dynamics

4.3.1  Inorganic Carbon Dynamics

In the Hooghly estuary, the dissolved inorganic carbon (DIC) concentration varied 
in the range of 2073–2560μmol kg−1 throughout the year (Mukhopadhyay et  al. 
2006). In the Mahanadi estuary, the total alkalinity (TA) was reported to vary 
between 1102 and 2206μmol  kg−1. DIC was found with a range of 
1121–1181μmol kg−1 (Pattanaik et al. 2017). The TA and DIC in the Dhamra estu-
ary were found to be in the range of 990–2235μmol kg−1 and 903–2070μmol kg−1, 
respectively (Pattanaik et al. 2020). In both the Mahanadi and Dhamra estuaries, 
the variation of TA and DIC was mainly controlled by the mixing of river and ocean 
water. The variation in TA and DIC range was more prevalent in Dhamra estuary 
than in Mahanadi estuary. In another important fresh- and marine-water mixing 
zone in Odisha, the Chilka lagoon, DIC concentration varied widely between 315 
and 2567μmol kg−1 (Muduli et al. 2013). The annual mean concentration of DIC 
(1586μmol kg−1) in the Chilka lagoon was reportedly lower than that of the Hooghly 
estuary (2291μmol kg−1; Mukhopadhyay et al. 2006). However, the DIC concentra-
tion was relatively higher than the Godavari estuary (1216μmol kg−1; Table 4.1). In 
the case of the Gautami- Godavari estuarine system, a relatively small decrease in 
TA is observed along the salinity gradient of the Godavari estuary, i.e., with lower 
values (approximately 2260μmol kg−1) in the marine end of the estuary. The DIC 
concentration in Subarnarekha, Rushikulya, Vamsadhara, Nagavali, and Krishna 
estuaries is 1340, 862, 1809, 2262, 2023, and 2915μmol kg−1, respectively (Sarma 
et  al. 2012). The DIC concentration for the estuaries Penna, Vellar, Ponnayaar, 
Cauvery, Ambalayaar, and Vaigai, located along the southeast coast of India, is 
3068, 4166, 3447, 3420, 2686, and 2033μmol kg−1, respectively (Sarma et al. 2012).

Table 4.1 Comparison of the annual mean concentration of TA and DIC of the estuaries along the 
east coast of India

Study site
TA 
(μmol kg−1)

DIC 
(μmol kg−1) Authors

Matla estuary 1734 1611 Akhand et al. (2016)
Hooghly estuary 2400 2560 Mukhopadhyay et al. (2006)
Mahanadi 
estuary

1706 1211 Pattanaik et al. (2017)

Dhamra estuary 1612 1486 Pattanaik et al. (2020)
Chilka lagoon … 2567 Muduli et al. (2013)
Godavari 
estuary

2260 1216 Bouillon et al. (2003a, b) and Sarma et al. 
(2012)

Krishna … 2915 Sarma et al. (2012)
Vellar … 4166 Sarma et al. (2012)
Cauvery … 3420 Sarma et al. (2012)
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4.3.2  Organic Carbon Dynamics

The dissolved organic carbon (DOC) constituted the majority of the total organic 
carbon in the Hooghly estuary. The DOC concentration was in the range of 
205–224 μmol kg−1 in the Hooghly estuary (Ray et al. 2018). In the Chilka lagoon, 
the DOC concentration was in the range of 669–2815μmol kg−1. The values were 
relatively higher compared to other Indian estuaries like Hooghly and Godavari 
(100–300μmol kg−1; Sarin et al. 2002; Bouillon et al. 2003a, b). In Pichavaram 
mangroves, the DOC concentration varied between 192 and 410μM (Senthilkumar 
et al. 2008). The concentrations of particulate organic carbon (POC) were in the 
range of 33.8–368μmol  kg−1 for the estuaries that received high discharge 
(>200 m3 s−1) of freshwater (Sarma et al. 2014). The POC constitutes 2.42% of 
the total carbon concentration in the Cauvery estuary (Ramanathan et al. 1996). 
The POC concentration in the Godavari estuary is 166.66μmol  kg−1 (Bouillon 
et al. 2003a, b).

4.4  Seasonal Variability of the Carbon Dynamics

4.4.1  Inorganic Carbon Dynamics

The TA and DIC concentrations follow a consistent trend of monsoon minima and 
pre- and post-monsoon high in the case of Hooghly estuary, whereas in the case of 
Matla, the TA and DIC concentrations show monsoon high in comparison to the 
other two seasons (Akhand et al. 2016). In the Mahanadi estuary, the concentration 
of TA and DIC was observed to be maximum in February (2055μmol kg−1), fol-
lowed by December (1854μmol kg−1), whereas the lowest TA and DIC concentra-
tions were observed during August (1201μmol  kg−1 and 1210μmol  kg−1, 
respectively). The TA and DIC concentrations of the Dhamra estuary were found to 
be high in December (2235μmol kg−1 and 2070μmol kg−1, respectively) and the low 
concentrations were observed in August (990μmol kg−1 and 903μmol kg−1, respec-
tively; Pattanaik et al. 2020).

4.4.2  Organic Carbon Dynamics

The reported DOC concentration in the Chilka lagoon was maximum during the 
premonsoon due to in situ production (Gupta et al. 2008). During monsoon, both the 
DOC and POC concentrations were inversely related to salinity, suggesting that 
river runoff plays a vital role in the seasonal variability of DOC and POC in the 
lagoon. In the Pichavaram mangroves, the DOC concentration varied between 192 
and 421μmol kg−1 in the dry and wet seasons, respectively (Senthilkumar et al. 2008).
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4.5  CO2 Flux Across the Air-Water Interface

The solubility of CO2 in estuarine water is controlled by temperature and salinity. 
The seasonal variation of the air-water CO2 flux in the Hooghly estuary is controlled 
by the intrusion of seawater into the river water. In a comparative study of the 
Hooghly and Matla estuaries by Akhand et  al. (2016), it was reported that the 
Hooghly estuary was supersaturated with CO2 throughout the year (annual mean 
~2200μatm). However, in the case of the Matla estuary, it was not as oversaturated 
(annual mean ~530μatm) as the Hooghly estuary. Moreover, during the post- monsoon 
season, the outer region of the Matla estuary was undersaturated concerning CO2 and 
subsequently acted as a sink of CO2. Akhand et al. (2016) reported that the annual 
mean CO2 emission from the Hooghly estuary was significantly higher than that of 
the Matla estuary. The outer estuarine region of the Sundarban mangroves was found 
as a sink of CO2 in the winter months (Biswas et al., 2004; Akhand et al. 2013a, b), 
while the inner estuarine region of the Sundarban was also reported as a lesser sink 
during the winter months (Biswas et al. 2004; Mukhopadhyay et al. 2006).

In contrast, the Mahanadi estuary located on the east coast of India acted as a net 
source of CO2 (Ganguly et al. 2011). Other studies on Sundarban estuary concluded 
that the Sundarbans could play a simultaneous role as the CO2 source as well as a 
sink (Akhand et al. 2013a, b). The annual average air-water CO2 fluxes at the mouth 
of Mahanadi and the Dhamra estuaries were −3.9 ± 21.4 (mean ± standard  deviation) 
μmol m−2  h−1 and −2.9 ± 11.6μmol m−2  h−1, respectively (Pattanaik et  al. 2020; 
Table 4.2). The Mahanadi estuary acted as a CO2 source toward atmosphere during 
monsoon months, and the Dhamra estuary acted as a CO2 source during premon-
soon. However, both the Mahanadi and Dhamra estuaries are situated in close vicin-
ity to each other and have a similar climate regime. They both exhibited significant 
intra-annual variability for air-water CO2 fluxes. Annually both these estuaries acted 
as mild sinks for atmospheric CO2. The Mahanadi estuary acted as a CO2 source 
during summer and monsoon months. High water temperature and re- mineralization 
of monsoonal runoff-driven organic load from a vast catchment area of Mahanadi 
River were considered to be the main factors behind the CO2 source character, 
despite showing an autotrophic nature on the water surface. It can be inferred that 
the degassing of CO2 from the water column was substantially more than the surface 

Table 4.2 Comparison of air-water CO2 flux values for the estuaries along the east coast of India

Study site Air-water CO2 flux (μmol m−2 h−1) Authors

Matla estuary 593.16 Akhand et al. (2016)
Hooghly estuary 6818.37 Akhand et al. (2016)
Mahanadi estuary −3.9 Pattanaik et al. (2020)
Dhamra estuary −2.9 Pattanaik et al. (2020)
Chilka lagoon 3.56 Muduli et al. (2012)
Godavari estuary 2527 Sarma et al. (2011)
Krishna 283 Sarma et al. (2012)
Vellar 708.75 Sarma et al. (2012)
Cauvery 92.91 Sarma et al. (2012)
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water net primary productivity (NPP), which leads to the CO2 source nature during 
August, October, and December. In the case of Dhamra estuary, it is presumed that 
comparatively lower freshwater discharge in comparison with Mahanadi, which is 
evident from high salinity values, especially in February and December, led to 
insufficient availability of nutrients, which in turn reduce productivity. Moreover, 
the turbidity in the Dhamra estuary was much high compared to Mahanadi, which 
also inhibited the penetration of light in the euphotic zone.

In another study of air-water CO2 flux in Mahanadi estuary, it was found that the 
seasonal oscillations in the air-water CO2 gradient were negative during winter and 
positive during summer, wherein the estuary acted as a weak source (Pattanaik et al. 
2020a, b). The average air-water CO2 flux values in the estuary varied between 
−5.65 and 13.11μmol m−2 h−1. The study also showed that the Mahanadi estuarine 
system has dual characteristics, varying between CO2 sink and source. It was also 
observed that seasonal changes in the air-water CO2 gradient were more pronounced 
during winter compared to summer when the estuary acted as a net sink. However, 
the magnitude of this seasonal gradient was lower. The low pCO2 (water) was 
observed in the Mahanadi estuary. Chilka lagoon showed a net CO2 source character, 
which is a net heterotrophic system. The CO2 efflux during monsoon was strong, and 
excess CO2 transported by rivers represented only 15–16% of total efflux from the 
lagoon. The net ecosystem production derived through the mass balancing of O2 and 
total carbon revealed that the large flux of trapped organic carbon from rivers is 
biologically respired in the lake, and the converted CO2 is pumped out to the atmo-
sphere instead of exporting it to the sea. In this study, it was concluded that such 
evasion rates of CO2 could be a characteristic feature for lagoons having large 
dimensions. Coastal lagoons, along with the estuaries, develop into “hot spots” 
influencing carbon cycle, thus contributing to regional carbon budgets (Gupta et al. 
2008). The CO2 efflux from the Krishna, Vellar, and Cauvery estuary is 283, 708.75, 
and 92.91 μmol m−2 h−1, respectively (Sarma et al. 2012). The observed pCO2 values 
for the estuaries Subarnarekha, Rushikulya, Vamsadhara, Nagavali, and Krishna are 
866, 7247, 293, 669, 515, and 7473 μatm, respectively (Sarma et al. 2012). In con-
trast, the observed pCO2 values for the estuaries like Penna, Vellar, Ponnayaar, 
Cauvery, Ambalayaar, and Vaigai, located along the southeast coast of India, are 
1767, 2351, 11,153, 2989, 359 and 400 μatm, respectively. A record magnitude of 
pCO2 > 30,000 μatm in the Godavari estuary was found during the discharge period 
of 2008 (Sarma et al. 2011). The Indian estuaries act as a source of atmospheric CO2 
during the wet season. The magnitude of river discharge in an estuary is proportional 
to the pCO2 levels and organic matter concentrations. It indicates that aerobic micro-
bial respiration due to the large amounts of organic matter brought to the estuaries is 
a primary mechanism leading to CO2 efflux to the atmosphere. The mean CO2 flux 
from the Indian estuaries is significantly low. The low CO2 fluxes in the Indian estu-
aries were attributed to significantly low flushing time of water in the estuary during 
the wet period. As a result, the Indian monsoonal estuaries emit relatively less CO2 
to the atmosphere than elsewhere in the world. Although pCO2 and the resulting 
fluxes in the mangrove creeks were high, a relatively low degree of saturation of CO2 
with respect to the atmospheric CO2 concentration is observed in the case of the 
Godavari estuary during the pre-monsoon season.
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4.6  Drivers of Organic and Inorganic Carbon Dynamics

The Hooghly estuary carries a sizeable organic load, which subsequently leads to 
oversaturation of CO2 and hence acts as a substantial source of CO2. In contrast, the 
marine-dominated estuary of Matla in the Sundarban is almost disconnected from 
any perennial river sources from the north and showed lower values of CO2 fluxes 
(Akhand et al. 2016). The aquatic environment and sediments receive a consider-
able quantity of organic matter from their surroundings, which leads to the net het-
erotrophic nature of air-water CO2 fluxes (Alongi et  al. 1998). If an estuarine 
ecosystem is heterotrophic, then in most cases, it becomes a significant source of 
CO2 to the atmosphere. In such estuaries, total respiration exceeds gross primary 
production (Frankignoulle et al. 1998; Gattuso et al. 1998; Bouillon et al. 2003a, b, 
2007; Abril and Borges 2004; Biswas et al. 2004; Hopkinson and Smith 2005; Zhai 
et al. 2005). Also, the river water entering estuaries generally has higher pCO2 than 
the atmosphere due to organic carbon mineralization in soils, river waters, and sedi-
ments (Cole and Caraco 2001; Sarma et al. 2001; Richey et al. 2002; Ferguson et al. 
2003; Gazeau et al. 2004; Hopkinson and Smith 2005; Kortelainen et al. 2006; Cole 
et al. 2007). However, if the residence time of estuaries is long, then the contribution 
of CO2 from rivers to its emission from estuaries is relatively less (Borges et al. 
2006). The rivers supply high flux of DOC, apart from excess DIC, which is miner-
alized in the estuary and elevates the pCO2 levels. During the windy periods, the 
production is masked by high sediment resuspension that reduces the photic depth. 
The additional CO2 that is being added to the water column from the sediments 
leads to the super-saturation of CO2. Mangroves are known for exchanging organic 
and inorganic carbon with estuaries and oceans. The organic matter generated from 
the mangrove plants, followed by its subsequent degradation, is the primary source 
of DIC and DOC in the Hooghly estuary, whereas POC is linked to soil erosion. 
Mangroves are identified as a significant source of carbon (POC, DOC, and DIC) 
transported from the Sundarbans into the Bay of Bengal (Ray et al., 2018). The river 
input, Avicennia leaves, and phytoplankton are the potential DOM sources of the 
Sundarban region and contribute 55%, 22%, and 23%, respectively, to the total 
input. Similarly, for POC sources, significant contributions are from litterfall, river 
discharge, and phytoplankton production (Ray and Shahraki 2016).

4.7  Conclusion and Future Direction of Research

Estuaries have the most significant influence on the carbon dynamics of any coastal 
marine ecosystem. The estuaries exhibit the highest transfer rates of CO2 toward the 
atmosphere than any other coastal system. Carbon dynamics in estuaries are con-
tinually changing, reflecting geomorphic and ecological responses to long- and 
short-term disturbances like climate change, nutrient loading, and land-use change. 
Influences of these drivers are profound in coastal systems, often more than that of 
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the inland wetlands, and thus require special attention. Estuarine systems along the 
east coast of India are highly dynamic in terms of carbon cycling and are considered 
contributors to the global carbon cycle. This emission of CO2 to the atmosphere is 
strongly supported by the net heterotrophic nature of these estuaries. However, the 
sparseness of data is the major limitation in the quantification of the spatial and 
temporal variability of inorganic and organic carbon in estuaries along the east coast 
of India. The understanding of estuarine carbon dynamics and evaluation of the 
emission of CO2 from estuarine ecosystems have increased during the past years 
due to increasing data availability.
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Chapter 5
A Systematic Review of Biogeochemistry 
of Mahanadi River Estuary: Insights 
and Future Research Direction

Tamoghna Acharyya, Bikram Prativa Sudatta, Susmita Raulo, Sambit Singh, 
Suchismita Srichandan, Sanjiba Kumar Baliarsingh, Alakes Samanta, 
and Aneesh Anandrao Lotliker

Abstract The Mahanadi estuary is located at the mouth of the perennial river 
Mahanadi, the third largest in peninsular India. It experiences semidiurnal tides and 
is characterized as a microtidal partially mixed coastal plain estuary. The objective 
of this chapter is to synthesise current knowledge in Mahanadi estuary from the 
published litearature. Range values of various parameters have been reported from 
the mouth of the main branch of Mahanadi river estuary.  In most of the cases, the 
water column was well-oxygenated, with concentration of Dissolved oxygen (DO) 
remaining higher than 5 mg.l−1, indicating good health of the estuary. Dissolved 
inorganic macronutrients behave non-conservatively with nitrite, nitrate, ammonia, 
phosphate, and silicate ranging between 0.01–1.61, 0.02–76.89, 0.1–7.93, 0.01–58.1, 
and 0.23–145.4μmol.l−1, respectively. The optimum water column transparency and 
sufficient availability  of  nutrients  leads to  proliferation of  phytoplankton bio-
mass  during post-monsoon season. However, the biomass never reached the bloom 
proportion as reported total chlorophyll-a concnetration remained below 4.57 mg.
m−3. Tide plays a vital role in short-term temporal variability of water quality param-
eters in Mahanadi estuary, though more indepth study covering full tidal cycle needs 
to be done. Metal pollution from the nearby industries and its possible transfer via 
the food chain has been documented in the Mahanadi estuary. Cadmium, nickel, 
cobalt, and lead show high lability in the exchangeable fraction of sediment, posing 
a possible health hazard. Mahanadi River is experiencing declined river runoff and 
sediment, which poses a concern for possible alteration in estuarine and adjacent 
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coastal biogeochemistry. Therefore, future studies in the estuary should focus on the 
long-term high-frequency observation that would lead to nowcasting or forecasting 
the water quality parameter.

Keywords Anthropogenic impact · Biogeochemistry · Estuary · Mahanadi · Metal 
· Pollution · Runoff · Sediment · Water quality

5.1  Introduction

India houses several large and small estuaries along its 7500 km long coastline. The 
total area covered by Indian estuaries ranges about 2.14 × 106 ha. As many as 33 
rives on the east coast and 34 rivers on the west coast have formed estuaries in their 
mouth before opening into the Bay of Bengal and the Arabian Sea, respectively 
(Khan and Murugesan 2005). Indian estuaries are characterized by high runoff dur-
ing wet Indian summer monsoon (June–September) that eventually decreases with 
the successive seasons, leading to striking temporal changes in salinity and velocity. 
These fragile yet highly productive coastal ecosystems of India are under increasing 
pressure from high population concentration, damming and diversion of freshwater, 
exploitation of renewable and non-renewable natural resources, dumping of solid 
waste, and industrial discharge and municipal sewage, marine litter, and oil pollu-
tion. These stressors, either individually or synergistically getting coupled with cli-
mate change, alter the estuaries’ biogeochemical characteristics with largely 
unknown consequences for the future. In this chapter, taking the Mahanadi River 
estuary as a case study, we aim to synthesize published literature on biogeochemis-
try with reference to increased anthropogenic interferences on the estuarine 
ecosystem.

5.2  Mahanadi River and Catchment Area

The Mahanadi River (Maha, mighty; Nadi, river) is the third-largest east-flowing 
peninsular river of India. The river basin lies between 80°30′E to 86°50′E and 
19°20′N to 23°35′N and extends 1,41,589 km2 area (WRIS 2011) of which a large 
portion lies in the states of Chhattisgarh (53%) and Odisha (45%) and a minimal area 
in the states of Jharkhand and Maharashtra. It originates at 442 m above mean sea 
level (MSL) in Chhattisgarh state. After traversing a total distance of 851 km along 
the northeast-southwest direction, Mahanadi opens into the Bay of Bengal, forming 
a large deltaic plain in Odisha. The average annual runoff of the Mahanadi River is 
66.8 Billion Cubic Meter (Central Water Commission 2013) with a peak discharge 
of 44,740 m3s−1 during the monsoon (Konhauser et al. 1997) . The Mahanadi basin 
is circular with maximum length and width of 587 km and 400 km, respectively.
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The catchment area covers nearly 4.28% of the total geographical area of the 
country. The average water  temperature in the basin varies between 24 and 
27 °C. The basin receives an average annual rainfall of 1291 mm, of which about 
84% is received from the southwest monsoon, i.e., from July to September (Singh 
and Das 2018). Chemical composition and the sediment yield of the river water are 
dominantly controlled by carbonate rock weathering (Chakrapani and Subramanian 
1993a, b). The main soil types found in the basin are red and yellow soils, mixed red 
and black soils, laterite soils, and deltaic soils. A large part of the basin is covered 
with agricultural land, accounting for 55% of the total area (Behera et al. 2018). The 
basin has a total of 74 irrigation and 5 hydroelectric projects. There is a total of 253 
dams in the basin that are used for irrigation purposes. The Ministry of Water 
Resources has reported that the Mahanadi basin’s water quality parameters have 
exceeded the tolerance limit during recent years due to agricultural runoff, chemi-
cals and hazardous effluents released from industries, raw domestic sewage from 
municipalities, and biomedical waste from the growing healthcare facilities. Water 
is getting increasingly reallocated from agriculture to industries. The basin’s catch-
ment area extends over the major parts of Chhattisgarh and Odisha and compara-
tively smaller portions of Jharkhand, Maharashtra, and Madhya Pradesh. Hence, 
there is a constant conflict of inter-state water sharing of Mahanadi waters.

5.3  Mahanadi River Estuary

5.3.1  Climate

Climate of  Mahanadi estuary is represented  by the nearby port city Paradeep 
(Paradeep Development Authority). Minimum and maximum atmospheric tempera-
tures have been recorded at 8.9–41.4  °C.  The average summer and winter wind 
speed ranges between 35  - 42 Km/h and 18–24 Km/h, respectively. The average 
annual rainfall in the region remains 1400–1480 mm. 80–84% of the total annual 
rainfall occurs from July to September during SW monsoon. The region is prone to 
frequent depression and cyclone landfalls.

5.3.2  Hydrography and Coastal Processes

The Mahanadi River opens into the Bay of Bengal at Paradeep in Jagatsinghpur 
district. The other distributary, Devi that carries lesser flow volume, opens into the 
bay near Astaranga in Puri district. Devi river mouth is known for annual turtle 
(Lepidochelys olivacea) nesting events. Mahanadi estuary’s main branch has 
attracted more scientific investigations due to its larger importance for human enter-
prise, frequent reports of water quality deterioration, and fish mortality events (refer 
to the Sect. 5.3.5).
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In this chapter, we have confined our scope to the main branch, “Mahanadi estu-
ary” (Fig. 5.1), which covers a length of 30–40 km and has a basin area of 9 km2. 
The estuary’s breadth ranges from 600 to 1200 m, whereas the depth varies from 6.0 
to 14.0 m (Rao et al. 2007). Based on the salinity structure and mixing pattern, the 
Mahanadi estuary has been characterized as partially mixed during post-monsoon 
and well mixed during monsoon (Rao et al. 2004). It remains dominated by fresh-
water during southwest monsoon (July–September) as 75% of its annual freshwater 
flow is passed through the estuary during 3 months of a short time window (Das 
et al. 1997). During the peak flow, freshwater delivered through the estuary extends 
into the Bay of Bengal in the form of a plume which “first goes up in the northern 
direction, then it turns right and flows towards south” (Mishra 2004). Such a large 
volume of freshwater outflow during monsoon impacts coastal circulation as far as 
90 km from the coastline (Rao et al. 2007). Freshwater gradually diminishes during 
the non-monsoon months to be majorly dominated by the tide and saline water. Tide 
in Mahanadi estuary is semidiurnal; the tidal range at the mouth varies from 1.45 to 
2.20 m with a mean tidal range of 1.29 m (microtidal) (Dey et al. 2012; Naik et al. 
2020). The tide can reach up to 42  km upstream from the mouth (Jhingran and 
Gopalakrishnan 1973). Representative current velocity in the estuary is estimated to 
be 0.8 ms−1 (Panigrahy et al. 1999). Estuarine flow completely reverses during flood 
and ebb tides. The flushing rate (the rate at which the total volume of the water in 

Fig. 5.1 Geographic location of the Mahanadi estuary. Red closed circle represents nearby indus-
tries. Yellow closed circle represents estuary mouth from where the water quality parameters have 
been synthesized. IOCL (Indian Oil Corporation Ltd.), PPL (Paradeep Phosphates Limited), PORT 
(Paradip Port), IFFCO (Indian Farmers Fertiliser Cooperative Limited), ESSAR (Essar steel plant)
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the estuary is exchanged) in the Mahanadi estuary has been modeled; the depth-
integrated simulated value ranges from 910 m3s−1 to 4190 m3s−1 for post- monsoon 
(January) and monsoon (July), respectively (Rao et al. 2004). Irrespective of the 
season, sand dominates (>90%) in the estuarine sediment found at the mouth fol-
lowed by silt and clay fraction (Raj et al. 2013). Mixing of fresh and saline water 
reduces the velocity of the transporting agent, which in turn leads to sand deposition 
(Satapathy et al. 2019). The Mahanadi has formed a long and narrow spit along with 
the coast due to intense littoral drift, which also causes the shifting of the mouth 
from south to north (Srinivasan et al. 1982).

5.3.3  Estuarine Biodiversity

5.3.3.1  Fauna

The Mahanadi’s estuarine environment is subjected to the constant change in salin-
ity - from fresh to brackish to marine at various locations from head to mouth, pos-
ing challenges to the physiology of animals to which few are only able to adopt. 
Zoological Survey of India (ZSI), Berhampur, surveyed 11 selected sites in  the 
Mahanadi estuary from 1989 to 1992. As a result, a total of 231 species of verte-
brates, viz., Aves (46  species), fish 180(species), snak 4(species)  and testudine 
(1species), and 242 species of invertebrates belonging to echinoderms (2 species), 
shoreline insects (3 species), arachnid (1 species), crustaceans (44 species), hermit 
crabs (4 species), polychaetes (33 species), leech (l species), mollusks (149 species), 
coelenterates (3 species), and sponges (2 species) were recorded (Alfred 1989). The 
diversity of fishes and crustaceans suggests that the Mahanadi estuarine system is 
one of India’s most richest and productive estuaries. Fish populations are abundant 
with a large  species diversity. Some marine fish move into the estuary to breed and 
use the estuary as a nursery ground to feed and grow before moving out to sea again. 
Fishes like salmon and eels use the estuary as a migratory route from rivers to the 
sea and vice versa. Only a few fish species live in the estuary throughout the year.

5.3.3.2  Flora

The estuarine mouth opposite to Paradeep port is dominated by anoxygenic mud-
flats rich in organic matter and crisscrossed by tidal creeks creating an ideal habitat 
for the mangrove vegetation. Mangrove flora are dominated by Avicennia officina-
lis, A. alba, A. marina, and Rhizophora mucronata, which are more abundant on the 
river mouth banks and are characterized by reddish and jointed pneumatophores. 
The other flora of mangrove swamps are Bruguiera conjugata, Ceriops roxburghi-
ana, Sonneratia apetala, Lumnitzera racemosa, Aegiceras corniculatum, Excoecaria 
agallocha, Arthrocnemum indicum, Salicornia brachiata, Suaeda maritima, and 
Suaeda mudijlora (Alfred 1989).
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5.3.4  Blue Economy

Being a hub of maritime transport and a productive fishery ground, the Mahanadi 
estuary plays a significant role in the region’s blue economy by creating livelihood 
and promoting economic growth. Fisheries, both capture and culture, are important 
livelihood options for the local people. About 662 trawlers and 192 motorized boats 
are operational in the Paradeep fishing harbor, located at the estuarine mouth. The 
harbor’s average annual fish landing is 25,000–30,000 MT; other crucial catch con-
stitutes penaeid shrimps, crabs, lobsters, cephalopods, and mollusks (Paradeep 
Fishing Harbour). Export of shrimp from Paradeep Fishing Harbour generates for-
eign revenue of about Rs.150 crores, contributing to 40% of Odisha’s seafood 
export. About 374 functional units of dry fish clusters in the area employ 3000 
people in various capacities. The total annual turnover of dry fish is around 1900 
MT, of which 10 MT per month is exported to Bangladesh (MSME 2016–2017).

Paradeep port, located near the confluence (20°15′–55.44″N 86°40′–34.62″E), is 
a major port on the east coast of India. In 2019–2020, it handled 112.67 million tons 
annual cargo majorly of crude oil, POL (petroleum, oil, and lubricants) products, 
iron ore, manganese ore, thermal and coking coal, finished steel, fertilizer, and fer-
tilizer raw material (Paradip Port Trust). The port is administered by the Paradeep 
Port Trust (PPT), Govt. of India, with a total employee strength of 750.

As one of the six major petroleum, chemical, and petrochemical investment 
regions in India, the Paradeep area has witnessed rapid industrialization by attract-
ing massive investment to the tune of 3.5 lakh crore (MSME 2016–2017). Several 
large-scale industries are currently operational: IFFCO Fertilizers, Paradeep 
Phosphates Ltd., Indian Oil Corporation-Paradeep Refinery, Skol Breweries Ltd., 
Paradeep Carbons Ltd., Cargill India (P) Ltd., and Essar steel plant (refer to Fig. 5.1 
for location). These industries help spur the economic development of the region 
and employ many people directly or indirectly.

Natural creeks, mangrove forests, and scenic sea beaches make Paradeep a 
sought-after tourist destination in Odisha. In 2018, the total tourist footfall was 
about five lakhs (Statistical Bulletin 2018). This area’s tourism sector employs 
many people in accommodation, food and beverage stalls, tour operation, and trans-
portation services.

5.3.5  Anthropogenic Setting

The Mahanadi estuary receives back the untreated domestic wastewater and indus-
trial effluents from port city Paradeep and industries such as fertilizer, paper, textile, 
distilleries, oil refineries, and others present along the course (refer to Table 5.1). 
The estuary also receives a large amount of agricultural runoff from the adjoining 
delta. Industry effluents and sewage from Paradeep township and Port Trust (PPT) 
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are discharged into the Atharabanki river, which ultimately joins the Mahanadi 
River near the confluence point in the Bay of Bengal. Panigrahy et  al. (2014) 
reported petroleum hydrocarbon ranging from 0.14 to 5.27μg.l−1 along the Mahanadi 
transact; they attributed it to the waste discharges from many fishing boats berthed 
in fishing harbor adjacent to the Mahanadi estuary. Mass fish kill events have been 
reported from small rivers and creeks, namely, Sahara, Atharabanki, and Kaudia, in 
and around Paradeep. Notably, all such events took place in July and August. 
Industrial effluents are thought to cause hypoxia along with high alkalinity, ammo-
nia, and BOD (Times of India 07/06/2016).

5.3.6  Biogeochemistry of Mahanadi Estuary

Biogeochemically, estuaries are unique as they are juxtaposed at the land, ocean, 
and atmosphere interface. A constant flux of materials and energy takes place 
between these three reservoirs. Hence, a highly dynamic system like an estuary 
controlled by the tide and river runoff is influenced by various time scales from 
interannual, seasonal, fortnightly to diurnal scales.

Table 5.1 Anthropogenic setup in and around Mahanadi estuary

Industry/establishment 
(year of establishment)

Manufactured product/anthropogenic 
setting Major pollutants

Paradeep Port Trust 
(1962)

Import and export of goods mainly 
crude oil, petrochemicals, and ores

Trace metals, suspended 
solid, nutrients, BOD, 
petroleum hydrocarbon, 
pathogenic bacteria

East Coast Breweries 
and Distilleries Ltd., 
Paradeep (1969)

Breweries Biochemical oxygen demand, 
suspended solid, pH, mineral, 
acids, sugars

Paradeep Township 
(2002 as a municipality)

Urban population Nutrients, biochemical 
oxygen demand, oil, heavy 
metals, pathogenic bacteria

Paradeep Phosphates 
Ltd., Paradeep (PPL) 
(1981)

Diammonium phosphate, NPK, 
ammonium phosphate sulfate, 
Muriate of potash, ammonia and 
sulfuric acid, gypsum

pH, biochemical oxygen 
demand, nutrients, trace 
metals

Fishing Harbour (1996) Harboring stations for fishing boats Sewage, oil, nutrients, heavy 
metal, petroleum 
hydrocarbon, BOD, nutrients

IFFCO (previously 
OSWAL fertilizer plant 
at Paradeep) (2005)

DAP/NPK, sulfuric acid, phosphoric 
acid

pH, biochemical oxygen 
demand, nutrients, trace 
metals (like Zn, Cu, etc.)

Cargill India (P) Ltd 
(2011)

Edible oil, vegetable oil Agricultural waste
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The Mahanadi estuary has been an area of interest for investigators since the 
early 1970s. A combination of the keywords “Mahanadi” and “Estuary” on October 
15, 2020, was used to extract bibliometric data from the SCOPUS database. A total 
of 19 and 11 research articles were obtained with these keywords appearing any-
where in the document and the title, respectively. The same keyword combinations 
delivered 31 research papers in the Google Scholar database, which has been used 
in this book chapter, including the SCOPUS output. While earlier studies were 
mainly focused on fisheries (Jhingran and Gopalakrishnan 1973) and conservative 
vs. non-conservative behavior of various cations and radiogenic elements (Borole 
et al. 1979), beginning from the latter part of the decade Mahanadi estuary started 
witnessing more diverse studies (Table 5.2). Frequency distribution of the publica-
tion pattern reveals that the majority of the studies are related to water quality 
(10/31) and phytoplankton (08/31); others are more specific and targeted, such as 
texture and heavy metal analysis of sediment, petroleum hydrocarbon, zooplankton, 
air-sea dynamics, etc. (Table 5.2). A wide variety of sampling strategies, both at 
space and time scales, was noticed. Investigators preferred seasonal sampling (pre- 
monsoon, monsoon, and post-monsoon, summer, monsoon, and winter) and single 
time observation over diurnal/tidal/seasonal/annual/interannual or their combina-
tions. Spatial sampling also varied considerably across investigations; the majority 
of them covered the entire salinity gradient along the transect – a large number of 
studies also covered a single location which almost all the cases was at the conflu-
ence (20.29°N, 86.70°E) but few were along the river plume extended over the 
adjacent Bay of Bengal. For better inter-comparison among various measured 
parameters, we decided to stick to a single station (confluence station 20.29°N, 
86.70°E, refer to Fig. 5.1) vis-à-vis to group all time scales to pre-monsoon (PRM), 
monsoon (MON), and post-monsoon (POM) based on the following criteria: June–
September (monsoon), October–February (post-monsoon), and March–May (pre- 
monsoon), summer (pre-monsoon), and winter (post-monsoon). A range plot of 
various physico chemical parameters discussed below has been presented in Fig. 5.2.

5.3.6.1  Water Temperature

Temperature plays a vital role in an estuary as it determines the solubility of oxygen, 
the rate of photosynthesis, microbial activity, and degradation of organic matter. 
While optimal water temperature creates a conducive environment for aquatic plants 
and animals’ growth in estuaries, rapid change (thermal pollution) can often be 
fatal. Surface water temperature in the Mahanadi estuary ranges between 22.08 and 
31.4 °C (Pati et al. 2018; Pattanaik et al. 2020a; Srichandan et al. 2013) and follows 
air temperature pattern irrespective of the tide in all seasons (Das et al. 1997). Clear 
inter-seasonal variability exists as the highest temperature was recorded in the pre- 
monsoon, followed by post-monsoon and monsoon (Naik et al. 2009, 2020). Water 
temperature gradually increases from mouth to upstream in pre-monsoon and mon-
soon, but a reverse trend was noticed during the post-monsoon (Upadhyay 1988).
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Table  5.2 Timeline of research themes and associated measured parameters in the Mahanadi estuary

Year Research theme Measured parameters

1979 Conservative vs. 
non-conservative 
behavior

Uranium 234 and 238, silicon, cations (Na+, K+, Ca2+, Mg2+)

1984 Conservative vs. 
non-conservative 
behavior

Suspended matter, silicon, cations (Na+, K+, Ca2+, Mg2+)

1988 Water quality Water temperature, salinity, pH, dissolved oxygen, 
phosphate, nitrate and silicate

1995 Conservative vs. 
non-conservative 
behavior

Uranium 234 and 238, chlorinity

1997 Water quality Water temperature, salinity, pH, dissolved oxygen, 
phosphate, nitrite, nitrate, ammonia and silicate

1999 Water quality Salinity, pH, dissolved oxygen, biochemical oxygen 
demand, chlorophyll-a, phosphate, total phosphorus, nitrite, 
nitrate, ammonia and major cations (Ca2+, Mg2+) and anion 
(F−)

2004 Satellite application Salinity, Secchi disk depth, total suspended sediment 
concentration, chlorophyll-a

2006 Water quality Conductivity, pH, dissolved oxygen, biochemical oxygen 
demand, total suspended sediment, total dissolved sediment, 
phosphate, total phosphorus, nitrite, nitrate, ammonia, total 
nitrogen, hardness, alkalinity, major cations (Na+, K+,Ca2+, 
Mg2+) and anions (Cl− and SO4−)

2006 Water quality Conductivity, pH, dissolved oxygen, biochemical oxygen 
demand, total suspended sediment, total dissolved sediment, 
phosphate, total phosphorus, nitrite, nitrate, ammonia, total 
nitrogen

2009 Water quality Conductivity, pH, total dissolved sediment, nitrate, hardness, 
alkalinity, major cations (Na+, K+,Ca2+, Mg2+) and anions 
(Cl− and SO4−)

2009 Phytoplankton taxonomy Water temperature, salinity, pH, dissolved oxygen, total 
suspended solid, phytoplankton, chlorophyll-a

2009 Phytoplankton bloom in 
river plume

Salinity, nitrate, phosphate, chlorophyll-a, chlorophyll-b

2009 Water quality pH, turbidity, dissolved oxygen, biochemical oxygen 
demand, turbidity, nitrate, fecal coliform

2011 Sediment heavy metals Fe, Zn, Cu, Ni, Cd, Mn, Cr, Co, Pb
2012 Water quality Temperature, salinity, dissolved oxygen, dissolved inorganic 

phosphate (DIP), dissolved inorganic nitrogen (DIN) 
(nitrate, nitrite, ammonium), dissolved silicate, pH, total 
alkalinity, pCO2, chlorophyll-a, biochemical oxygen 
demand, primary productivity, phytoplankton taxonomy, 
phytoplankton identification, count and biovolume

(continued)
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Table 5.2 (continued)

Year Research theme Measured parameters

2012 Water quality Temperature, salinity, dissolved oxygen, biochemical 
oxygen demand, total suspended substances, nitrite, nitrate, 
ammonia, phosphate, silicate, total nitrogen, total phosphate, 
chlorophyll-a

2012 Surface water- dissolved 
metal

Fe, Mn, Zn, Cr, Cu, Co, Ni, Pb, Cd

2013 Sediment heavy metal 
and sediment texture

Cd, Pb, Hg, organic carbon, sand, silt and clay percentage

2013 Ocean color validation in 
the river plume

Chlorophyll-a

2013 Water quality pH, salinity, dissolved oxygen, biochemicaloxygen demand, 
total suspended solid, nitrite, nitrate, ammonia, phosphate, 
silicate, total nitrogen, total phosphate, chlorophyll-a

2013 Zooplankton taxonomy Temperature, depth, salinity, pH, dissolved oxygen, 
biochemical oxygen demand, nitrite, nitrate, ammonia, 
phosphate, silicate, total nitrogen, total phosphate, 
chlorophyll-a, zooplankton identification, count and 
biovolume

2014 Anthropogenic pollution Petroleum hydrocarbon
2014 Sediment heavy metals Fe, Mn, Zn, Cr, Cu, Co, Ni, Pb, Cd
2018 Phytoplankton taxonomy Phytoplankton identification
2018 Phytoplankton taxonomy Temperature, Secchi depth, salinity, pH, turbidity, dissolved 

oxygen, biochemical oxygen demand, alkalinity, nitrite, 
nitrate, ammonia, phosphate, silicate, chlorophyll-a, 
phytoplankton identification, count and biovolume

2019 Metal toxicity on human 
due to seafood 
consumption

Mn, Zn, Cd, Cu, Ni, Pb, Fe, organic carbon, sand, silt and 
clay percentage

2019 Phytoplankton dynamics Temperature, Secchi depth, salinity, nitrite, nitrate, 
ammonia, phosphate, silicate, chlorophyll-a, size-
fractionated chlorophyll-a, phytoplankton identification, 
count and biovolume

2020 Air-sea dynamics Temperature, pH, salinity, dissolved oxygen, nitrate, 
ammonia, alkalinity, dissolved inorganic carbon, pCO2, 
chlorophyll-a

2020 Phytoplankton pigment 
composition

Chlorophylls and carotenoids and xanthophyll, 
phytoplankton identification, count and biovolume

2020 Phytoplankton 
community dynamics

Temperature, pH, salinity, Secchi depth, total suspended 
solid, nitrite, nitrate, ammonia, phosphate, silicate, 
chlorophyll-a, phytoplankton identification, count and 
biovolume

2020 Heavy metal in adjacent 
shelf

Ti, Pb, Zn, Mn, Co, Ni, Cr, organic C
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5.3.6.2  Salinity

Salinity is the most dynamic entity in estuaries as it determines the spatial distribu-
tion of species; the less tolerant ones restrict them to the upper reaches, while the 
more tolerant and migratory species prefer brackish and higher salinities. Salinity 
has a strong seasonal trend in the Mahanadi estuary; it ranges from 0.01 PSU (dur-
ing post-monsoon due to river runoff and dilution) to 34.1 PSU (during pre- monsoon 
due to tidal effect and high rate of evaporation) (Das et al. 1997; Dixit et al. 2013). 
The salinity gradient is from the head toward the sea, implying lower salinity values 
are recorded in the upper estuary/riverine end, whereas higher values are recorded 
from the lower estuary/oceanic end. During post-monsoon, the estuary is entirely 
dominated by saline water compared to monsoon when freshwater remains confined 
to the head with brackish or saline water in the mouth (Rao et al. 2004). Apart from 
the monsoon, the surface is always less saline than the bottom, indicating a partially 
mixed character of the estuary. Higher and lower salinity is associated with flood 
and ebb tide, respectively (Dixit et al. 2013).

5.3.6.3  Major Ions

Major cations such as Na+, K+, Ca2+, and Mg2+ behave conservatively, implying their 
distribution across the salinity gradient follows the theoretical dilution line in the 
Mahanadi estuary (Borole et  al. 1979). During lean periods, silicon behaves 
non-conservatively.

Fig. 5.2 Range of biogeochemical parameters (from published literature) in the Mahanadi estu-
ary. Phyto: phytoplankton, Zoo: zooplankton, NO2 nitrite, NO3 nitrate, NH4 ammonium, PO4 phos-
phate, SiO4 silicate, DO dissolved oxygen, BOD: biochemical oxygen demand, WT: water 
temperature, TSS: total suspended solid, Chl-a chlorophyll-a. The cross symbol in TSS bar repre-
sents the highest value ± standard deviation (167 ± 73.7 mg.l−1)
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5.3.6.4  Total Suspended Solid (TSS) and Turbidity

Turbidity is a function of suspended solids in water. Highly turbid water full of 
suspended solids is not conducive to an estuary’s health and its inhabiting life-forms 
since it deters photosynthesis and reduces DO.  TSS varies from 3.53 to  240.7 
mg.l−1; usually lower and higher values are reported during post-monsoon and mon-
soon, respectively, in the Mahanadi estuary (Dixit et al. 2013; Pattanaik et al. 2017). 
Dixit et al. (2013) reported the highest TSS value during monsoon and lowest value 
during post-monsoon, which they attribute to contamination of estuaries with sew-
age and industrial effluents. During all the seasons, TSS is correlated negatively 
with the Secchi depth, which is a measure of water transparency (Naik et al. 2020).

5.3.6.5  Dissolved Oxygen

Dissolved oxygen (DO) is the most critical water quality parameter in estuaries 
since almost all life-forms depend on oxygen for respiration. Photosynthesis, turbu-
lence, and wind mixing are known to influence DO concentration. Estuaries world-
wide are receiving increasing volumes of organic matter and nutrients, leading to 
intense phytoplankton bloom and poor water quality. The Mahanadi estuary, in gen-
eral, remains well-oxygenated (Sundaray et al. 2006) throughout the year (above the 
permissible limit for drinking water) as revealed by the reported range of values 
(3.28–8.48 mg.l−1) (Dixit et al. 2013; Pati et al. 2018). DO concentration in the estu-
ary goes up during post-monsoon but comes down during pre-monsoon/monsoon 
(Sarkar et al. 2019; Naik et al. 2009; Samantray et al. 2009; Upadhyay 1988). High 
DO concentration during post-monsoon along the estuary suggests abundant phyto-
plankton growth leading to high primary productivity, while low values during pre- 
monsoon may be due to reduced water volume and accelerated growth of microbes 
in higher temperature. Salinity also plays a crucial role in determining the DO of the 
estuary as the solubility of DO decreases with increased salinity (Mishra et  al. 
2018). Almost all the studies reported dissolved oxygen >5  mg/l, indicating the 
healthy state of the estuarine system concerning oxygen.

5.3.6.6  pH

pH maintains nutrient availability, acts as a buffering system hence is important for 
life-forms. The literature review suggests, pH in the Mahanadi estuary is seasonal 
(Pattanaik et  al. 2020b) and varies between 6.84 and 8.5 (Mishra et  al. 2018; 
Samantray et al. 2009). During post-monsoon, the estuary turns dominantly alkaline 
due to the influence of seawater and biological activity, which gradually decreases 
during pre-monsoon and monsoon due to the influence of freshwater influx and 
decomposition of organic matters (Upadhyay 1988). However, it is important to 
note that ocean water’s influence on pH values in the Mahanadi estuary is not always 
well defined (Sundaray et al. 2006) as acidic effluent dumped in creeks from the 
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nearby industries occasionally brings down the pH of the estuary. The tide controls 
pH; the higher and lower pH values are associated with flood and ebb tides, respec-
tively (Das et al. 1997). Irrespective of the seasons, the pH gradient is always set up 
from the head to the estuary’s mouth (Pattanaik et al. 2020b).

5.3.6.7  Nutrients

Many inorganic nutrients act as life-supporting components, but nitrogen  (in the 
form of nitrite, nitrate and ammonia), phosphorus, and silicate are the most impor-
tant macronutrients for phytoplankton growth in coastal waters. Nutrient distribu-
tion in estuaries is mainly dependent on season, tidal condition, and freshwater 
influx. The source of nutrients can be both autochthonous and allochthonous. The 
Mahanadi estuary is a nutrient-rich system where river discharge plays a vital role 
in nutrient dynamics (Mishra et al. 2018). Interestingly, removal of nutrients with 
increasing salinity is not well pronounced in the Mahanadi estuary due to the influ-
ence of effluent load via different point sources (Sundaray et al. 2006). In general, 
nutrient levels increase during low tide than high tide (Dixit et al. 2013).

Water column nitrite indicates fresh input of biodegradable organic load gener-
ated from sewage. Nitrite in Mahanadi ranges from 0.00 to 1.61μmol.l−1 (Das et al. 
1997; Mishra et al. 2018). Seasonally it follows the pattern: monsoon > pre- monsoon 
> post-monsoon (Srichandan et al. 2013). Some studies also found high nitrite val-
ues during pre-monsoon which was attributed to point source or de-nitrification at 
the sediment-water interface (Naik et al. 2020). Nitrite level followed the tidal pat-
tern as an increasing trend from flood to ebb tide was noticed (Das et al. 1997) dur-
ing all three seasons (PRM, MON, and POM).

Nitrate in Mahanadi estuary  ranges from 0.02 to 76.9μmol.l−1 (Mishra et  al. 
2009; Pati et al. 2018). Higher nitrate values are associated with the peak discharge 
period during monsoon (Pattanaik et al. 2020b; Srichandan et al. 2019). However, 
the progressive decrease during the post-monsoon and reaching the minimum can 
be attributed to biological utilization (Upadhyay 1988) and reduced microbial activ-
ity due to winter cooling (Pati et al. 2018). Like nitrite, nitrate also recorded some 
high values during post-monsoon, possibly due to anthropogenic addition (Naik 
et al. 2020). Nitrate exhibited an upward trend from flood tide to ebb tide during 
pre- and post-monsoon but little tidal variation was observed during the monsoon 
(Das et  al. 1997). The lower value during flood tide of post-monsoon and pre- 
monsoon may be due to marine water incursion having less nitrate.

The primary source of ammonium in the estuary is local anthropogenic input 
rather than river runoff contributing to comparatively high concentration during 
pre-/post-monsoon (Dixit et  al. 2013; Naik et  al. 2020; Sundaray et  al. 2006). 
Ammonia in the Mahanadi estuary ranges between 0.1 and 9.1 μmol.l−1 (Dixit et al. 
2013; Mishra et al. 2018). A couple of recent studies reported maximum ammonia 
concentration in monsoon and minimum in post-monsoon (Srichandan et al. 2013, 
2019), attributed to high river runoff during monsoon as the likely source of ammo-
nia in the estuarine system. Higher ammonia values were reported in the ebb tide 
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during pre- and post-monsoon, indicating a possible influx of ammonium com-
pounds from the adjacent fertilizer plant (Das et al. 1997).

Phosphate conentration varies between 0.01 and 58.1μmol.l−1 in Mahanadi estu-
ary (Mishra et al. 2009, 2018). It exhibits relatively higher concentration during lean 
periods in the Mahanadi estuary (Naik et al. 2009), possibly due to local nutrient 
loading. Lower values of phosphate in the monsoon can be attributed to dilution 
and/or precipitation removal by silt-laden rainwater (Sundaray et al. 2006) favored 
by the acidic environment (pH 6) (Upadhyay 1988). However, a couple of studies 
done in different periods (Das et al. 1997; Srichandan et al. 2019) reported higher 
phosphate values during monsoon attributed to river runoff of fertilizer and weath-
ering. In the middle and upper reaches of the estuary, the bottom layer’s phosphate 
content was significantly higher than the surface waters except in monsoon 
(Upadhyay 1988), which recorded high phosphate values in surface water. Phosphate 
is also tidally modulated; high values of inorganic phosphate at ebb tide and low 
values at flood tides both during pre- and post-monsoon have been recorded, indi-
cating limited inorganic phosphate input from the sea (Das et al. 1997).

Silicate concentration in the Mahanadi estuary ranged from 0.23 to 145.4μmol.
l−1 (Mishra et al. 2018; Pati et al. 2018). It showed higher values during monsoon, 
possibly due to the input of weathered siliceous sediments from its catchments. 
Silicate concentration progressively reduces from post-monsoon to pre-monsoon 
due to higher biological uptake by diatoms and removal of dissolved silicate by 
adsorption onto suspended particles at higher salinity values (Naik et  al. 2020). 
Silicate behaves near conservatively during the monsoon (Sundaray et al. 2006), 
possibly due to dilution and inorganic removal of silicate (Upadhyay 1988). The 
distribution of silicate reveals a higher concentration at the upper estuary, which 
gradually decreases downstream.

5.3.6.8  Metals

The presence of oil refineries and other heavy industries in nearby regions makes 
the Mahanadi estuary susceptible to metal pollution, both in water and in sediment 
(Sundaray et al. 2014). Relative abundance of various metals in estuarine water fol-
lows the trend Fe > Zn > Mn > Ni > Pb > Cu > Co > Cr > Cd (Sundaray et al. 2012). 
Zn, Co, and Cu behave conservatively, while Fe, Mn, Cr, Ni, and Pb behave non- 
conservatively in the estuary’s mixing zone. Non-conservative mixing points to 
various removal processes such as flocculation, adsorption, and precipitation. The 
contribution of anthropogenic input of Cd is prominent in water.

Sediment metal concentration is relatively higher in estuaries than the freshwater 
due to the adsorption/accumulation process (Sundaray et al. 2014). The order of 
enrichment of metals in the sediment is Zn > Cu > Ni > Cr > Pb > Cd (Satapathy 
et al. 2019). Sediment metals such as Cd, Ni, Co, and Pb are highly available in their 
exchangeable fraction, posing a potential environmental risk for the benthic infauna 
and other aquatic biota (Sundaray et  al. 2011). Fe–Mn oxides act as efficient 
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scavengers for metals like Zn, Pb, Cu, Cr, Co, and Ni. Sediment organic carbon and 
grain size are important determinants of metal dynamics as sediments rich in organic 
content have higher cation exchange capacities hence can trap metal, while sandy 
and organically poor sediments have little ability to retain metal ions (Raj et  al. 
2013). However, binding competition among trace metals and type of organic car-
bon are important as well (Satapathy et al. 2019).

Cadmium is moderately polluted in the Mahanadi estuary sediment (Raj et al. 
2013; Satapathy et al. 2019), possibly from the “fertilizer-based industrial effluents 
from IFFCO and PPL,” which is a potential threat as Cd is not only toxic but also 
highly mobile (Sundaray et  al. 2014). Recently, Satapathy et  al. (2019) reported 
potential human health hazards due to edible oyster consumption (Saccostrea cucul-
lata), which indicated the bioaccumulation of Cu and Zn. There lies substantial 
carcinogenic threat from Cr and Cd and non-carcinogenic health hazards from Mn, 
Ni, Cd, Fe, Pb, and Cu in the Mahanadi estuary due to seafood consumption, mostly 
edible oyster. Interestingly shelf sediment values of Ti, Pb, Zn, Mn, Co, Mo, and Ni 
indicate “no significant pollution by individual elements” on the local ecology 
(Nambiar et al. 2020). This observation demonstrates the Mahanadi estuary’s role 
and its associated high sediment flux in removal or dilution of trace metals to the 
adjacent Bay of Bengal. This, in essence, indicates that the Mahanadi estuary acts 
as a metal-retaining and processing hotspot, keeping the adjoining shelf sediment 
healthy.

5.3.6.9  Chlorophyll-a and Other Carotenoids

Chlorophyll-a is the primary photosynthetic pigment in phytoplankton. Due to its 
ubiquitous presence, chlorophyll-a is used as a proxy for phytoplankton biomass. It 
ranged between 0.33 and 4.57 mg/m3 in the Mahanadi estuary (Mishra et al. 2018; 
Pattanaik et  al. 2017). Chlorophyll-a was higher during post-monsoon than pre- 
monsoon and monsoon season (Sarkar et al. 2019; Dixit et al. 2013); however, spo-
radic peaks in other seasons are not uncommon either (Pattanaik et al. 2020b). The 
upper estuary displayed relatively higher surface chlorophyll-a compared to the 
lower estuary. The Mahanadi outer estuary (estuary formed through river plume 
over the Bay of Bengal) shows a decrease in the chlorophyll-a concentration while 
moving away from the coast toward offshore waters (Nagamani et al. 2013). The 
plume chlorophyll is not well correlated with water transparency owing to the strong 
influence of suspended sediment concentration (Mishra 2004).

Accessory pigments in phytoplankton execute photoprotective and photosyn-
thetic roles. Owing to their exclusive presence in some groups, they provide valu-
able insights into the size and class distribution of phytoplankton. In the Mahanadi 
estuary the relative prevalence of accessory pigments is as follows: zeaxanthin > 
chlorophyll-b > fucoxanthin > β-carotene > alloxanthin > violaxanthin (Srichandan 
et al. 2020).

5 A Systematic Review of Biogeochemistry of Mahanadi River Estuary: Insights…



72

5.3.6.10  Biochemical Oxygen Demand (BOD)

Biochemical oxygen demand (BOD) is a measure of biochemically oxidizable 
organic matter present in water. BOD is a good indicator of the bacterial load as well 
as the degree of organic pollution in aquatic bodies – higher BOD indicates less 
oxygen demand and low water quality, whereas low BOD signifies generally purer 
water. Higher BOD values are found in the Mahanadi estuary compared to the adja-
cent coastal Bay of Bengal, indicating the likelihood of contamination by industrial 
effluents and municipal sewage in the estuary (Khadanga et al. 2012). BOD in the 
Mahanadi estuary ranges between 0.5 and 6.0 mg.l−1 (Mishra et al. 2018; Samantray 
et al. 2009). Some high spikes have been reportedly caused by “Atharbanki” creek 
that carries sewage and industrial effluents directly into the estuary from Paradeep 
port, Paradeep township, and adjoining industries (Dixit et al. 2013). River runoff 
plays a critical role in BOD values as it has been shown that sewage contamination, 
if any, gets diluted by a high flushing rate and massive volume of freshwater runoff 
in the Mahanadi estuary (Samantray et al. 2009). BOD is positively correlated with 
chlorophyll-a, indicating its dependence on phytoplankton biomass and its life 
cycle apart from anthropogenic organic loading.

5.3.6.11  Alkalinity, DIC, and pCO2

Alkalinity is a measure of the capacity of a water body (estuary in our case) to resist 
acidification, whereas DIC (dissolved inorganic carbon) is made from the carbonate 
and bicarbonate pools. The average total alkalinity values ranged between 1067 and 
2159μmol.kg−1, whereas DIC values were in the order of 1057–1844μmol.kg−1 in 
the Mahanadi estuary (Pattanaik et al. 2020b). The partial pressure of CO2 (pCO2) 
of the estuarine water varied between 100 and 1571 μatm. Net pCO2 flux remained 
negative throughout the year as pCO2 water was low compared to the atmosphere 
except in monsoon when the flux was positive across the estuary. The net annual 
CO2 flux from the estuary (9.334 km2) to the atmosphere was calculated to be 0.135 
Gg (Dey et al. 2012).

5.3.6.12  Phytoplankton Community

Phytoplankton are autotrophic free-floating algae that live in the euphotic water 
column and ubiquitous in the aquatic milieu. Estuarine environments host wide 
variety ofphytoplankton  communities. The esturaine phytoplankton growth is 
fueled by riverine nutrient discharge, anthropogenic input, and marine influx from 
adjoining sea (Gao and Song 2005; Ketchum 1967). In the context of the Mahanadi 
estuary, five studies (Dey et al. 2013; Mishra et al. 2018; Naik et al. 2009; Srichandan 
et al. 2019, 2020) have explored the phytoplankton taxonomic diversity and spatio-
temporal distribution against various environmental variables. Based on the avail-
able literature (Dey et al. 2013; Mishra et al. 2018; Naik et al. 2009; Srichandan 
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et  al. 2019), a total of 282 phytoplankton species have been reported from the 
Mahanadi estuary. The total number of phytoplankton species reported from the 
Mahanadi estuary follows the rank order of Bacillariophyta > Chlorophyta > 
Cyanophyta > Dinophyta > Euglenophyta > Charophyta > Haptophyta and 
Ochrophyta (Fig.  5.3). Among the reported 169 species of Bacillariophyta, 
Chaetoceros sp., Coscinodiscus sp., Skeletonema costatum, Coscinodiscus gigas, 
Thalassiothrix longissima, Synedra sp., Melosira sp., Thalassiosira sp., Cerataulus 
heteroceros, Asterionellopsis glacialis, Melosira sulcata, Rhizosolenia alata, 
Leptocylindrus danicus, Aulacoseira granulata, Odontella sinensis, Coscinodiscus 
granii, Rhizosolenia setigera, Thalassiosira subtilis, and Thalassionema nitzschioi-
des were observed to be dominant.

Regarding the phytoplankton abundance, the Mahanadi estuary has been 
observed with a range of 1.9 × 103 to 7.23 × 105 cells.l−1. Naik et al. (2009) have 
reported higher phytoplankton abundance in post-monsoon, i.e., October–November 
with 4.09 × 104 to 5.11 × 104 cells.l−1. They have also reported that the dominance 
of Coscinodiscus gigas and Thalassiothrix longissima was responsible for higher 
abundance during the post-monsoon season. The phytoplankton abundance was 
3.16 × 104 to 4.31 × 104 cells.l−1 in pre-monsoon (May–June), while 3.00 × 104 to 
4.07 × 104 cells.l−1 in summer (February–March). Similar to Naik et al. (2009), Dey 
et al. (2013) also reported higher phytoplankton abundance during post-monsoon 
with cell abundance of 7.23 × 105 cells.l−1. During this period, the phytoplankton 
community was primarily dominated by Pediastrum sp., Trichodesmium sp., 
Ceratium sp., Oscillatoria sp., and Nostoc sp. During monsoon and pre-monsoon, 
phytoplankton densities were 0.68  ×  105 cells. l−1 and 5.20  ×  104 cells.l−1, 

Fig. 5.3 Reported 
phytoplankton species 
number in the 
Mahanadi estuary
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respectively. However, a contrasting observation was reported by Mishra et  al. 
(2018) with the highest and lowest density during monsoon (22.40 × 104 cells.l−1) 
and pre-monsoon (10.10 × 104 cells.l−1), respectively. A recent study on seasonal 
dynamics of phytoplankton in the Mahanadi estuary has reported the highest abun-
dance during pre-monsoon (16.53 × 104 cells.l−1) followed by post-monsoon (1.46× 
104 cells.l−1) and monsoon (1.9  ×  103 cells.l−1) (Srichandan et  al. 2013). In the 
Mahanadi estuary, salinity and nitrogenous nutrients significantly influence phyto-
plankton communities such as Bacillariophyta and Cyanophyta (Naik et al. 2009). 
A set of environmental variables such as water column transparency, turbidity, 
salinity, and surface water temperature control phytoplankton distribution in this 
estuary (Mishra et al. 2018; Srichandan et al. 2019).

5.3.6.13  Zooplankton Community

Zooplankton, the planktonic animals, play an essential role in estuarine food webs 
by carrying forward bioenergy from autotrophic producers to higher trophic levels. 
Zooplankton community dynamics quickly respond to perturbation in ambient 
water quality and are thus widely used as an ecosystem health indicator. A total of 
96 zooplankton species and 17 types of larval plankton have been documented so 
far from Mahanadi estuary (Fig.  5.4). Srichandan et  al. (2013) have  reported 86 
holoplankton belonging to 53 genera represented by 12 diverse groups and 16 mero-
plankton. Among 12 groups of zooplankton, copepods were more diverse. Tidal 
oscillation influences  the distribution of zooplankton groups  in this estuary. The 
dominance of crustacean larvae demonstrated the Mahanadi estuary as a conducive 
site for breeding and spawning of shellfishes. Naik et al. (2013) have cataloged 19 
groups  with dominance of  copepods, mysids, decapods, and chaetognaths. 
Paracalanus parvus and Pontella andersoni were found to be the most abundant 
species (Naik et al. 2013).

Zooplankton density has been observed within 137–6363 org.m−3 in the 
Mahanadi estuary (Naik et al. 2013; Srichandan et al. 2013) (Fig. 5.4). Zooplankton 
population density followed well-marked seasonal and tidal variation (Srichandan 
et al. 2013). Zooplankton density was highest during post-monsoon (532 org.m−3) 
followed by monsoon (231 org.m−3) and pre-monsoon (137 org.m−3). In the context 
of tidal variation, zooplankton density was higher at high tide during post-monsoon 
and pre-monsoon while mid-tide during monsoon. Naik et al. (2013) studied the 
seasonal variation in zooplankton, reporting the highest density during post- 
monsoon (6363 org.m−3) followed by monsoon (4702 org.m−3) and pre-monsoon 
(1203 org.m−3), respectively.

Copepods were the most dominant group in the Mahanadi estuary irrespective of 
the seasons, albeit varying densities (Srichandan et al. 2013). Copepods were more 
abundant during post-monsoon with a density of 487 org.m−3, which subsequently 
decreased to 120 org.m−3 in pre-monsoon and further increased to 175 org.m−3 in 
monsoons. Naik et al. (2013) also reported higher copepod density (5131 org.m-3) 
during post-monsoon. Following post-monsoon, copepod density decreased to 3297 
org.m−3 and 909 org.m−3 during monsoon and pre-monsoon, respectively.
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5.3.7  Large-Scale Impact Including Climate Change

Environmental flows are important from the perspective of maintaining the natural 
ecosystem of the river and its functionality and are also crucial for the livelihood of 
local communities such as fishermen and river-bed cultivators who are dependent 
on the river. Bastia and Equeenuddin (2016) reported sediment load from the 
Mahanadi River was declining at the rate of 0.515 × 106 tons per year between 1980 
and 2010; they attributed it to the increased number of dam construction (70–253 
throughout 1980–2010) along the river. Water bodies (dam and aquaculture farms) 
in the Mahanadi River basin have witnessed upward trends, as revealed in the 
decadal time series analysis (Behera et  al. 2018). Panda et  al. (2011) reported a 
significant decline in sediment load (0.95 × 106 t/yr), attributed to streamflow diver-
sion for irrigation, drinking, and industrial requirements. Due to the loss of protec-
tive vegetation along the coast, declining sediment has turned the lower Mahanadi 
basin prone to erosion. A recent finding suggests almost 65% of the coastline along 
the Mahanadi delta (including the port city Paradeep) is undergoing severe erosion, 
putting the inhabiting coastal communities under existential threat (Mukhopadhyay 
et  al. 2018). A contrasting result derived from the model studies by Dunn et  al. 
(2018) has shown sediment fluxes in Mahanadi are instead showing an increasing 
trend of sediment flux, but that can be compromised by anthropogenic pressure in 
the twenty-first century. It has undergone tremendous changes due to the develop-
ment of aquaculture and agriculture activities during the last two decades. It was 
found that the delta was occupied by dense mangrove (12.6%), open mangrove 

Fig. 5.4 Reported zooplankton species number in the Mahanadi estuary
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(3.3%), aquaculture (12.9%), and agriculture (30.9%) in 2006. A loss of 2606 ha 
mangrove area and an increase of 3657 ha aquaculture area was observed from 1973 
to 2006, depicting the  proliferation  of aquaculture industry (Pattanaik and 
Prasad 2011).

5.4  Conclusion and Future Research Needs

The Mahanadi estuary is dynamic when it comes to its role in material transfer and 
transformation. This mighty river even extends its estuary beyond the land border in 
the Bay of Bengal as far as 90 km in the form of a plume. It contributes significantly 
to the region’s blue economy being a productive fish landing site, harboring Paradeep 
port and heavy industries such as steel and fertilizer. However, it has come at the 
cost of receiving effluents from the fishing harbor, port, and industries, which are 
detrimental for the rich floral and faunal biodiversity and the coastal communities. 
The water quality of the Mahanadi estuary, in general, is warm, fresh to alkaline, 
turbid, fresh to brackish, well-oxygenated, and nutrient-rich. The reports on estua-
rine water quality have been designated as “good” though sporadic events of point 
and non-point pollution have been reported. Seasonal and spatial variabilities exist 
due to monsoon-driven river runoff and saltwater exchange with the Bay of 
Bengal through tide. Phytoplankton biomass becomes highest during post-monsoon 
with Bacillariophyta as the dominant group. Zooplankton also showed similar prev-
alence during post-monsoon dominated by copepods. Over the year, the Mahanadi 
River has been extensively dammed across its length, which raises concern for the 
altered biogeochemistry of the estuary and adjacent coastal waters.

However, the current knowledge is not complete in various fronts. For example, 
shoreline and bathymetry play an important role in estuarine hydrographic features; 
such data are grossly missing from the Mahanadi estuary, which calls for evaluating 
their trends over a year. Most of the Mahanadi estuary studies have been confined to 
routine water quality parameters that were also short term and site specific; none or 
very few looked at them from the biogeochemistry angle. The essence of biogeo-
chemistry lies in studying the inherent coupling and interdependencies between 
various spheres of the system under study, i.e., hydrosphere (water), biosphere (life), 
lithosphere (sediment), and atmosphere (air). For instance, studies on sediment/
water interaction and air/water interaction are very sparse in the Mahanadi estuary.

Estuaries are a highly dynamic system. There is also a need to shift focus from 
routine, discrete measurement of water quality parameter to more long-term, con-
tinuous monitoring keeping different variabilities in mind such as tidal (high/low 
and spring/neap), diurnal, annual, and interannual. That would help budget or 
develop a predictive model of the water quality that would benefit the coastal stake-
holders through nowcasting or forecasting.

Similarly, studies on biotic diversities in the Mahanadi estuary have focused on 
phytoplankton and zooplankton taxonomy; the missing links are their interaction 
(predator, prey relationship), succession, community dynamics, etc. which can be 
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studied further. Another exciting area of investigation would be studying invasive 
species of phytoplankton/zooplankton/larvae in the Mahanadi estuary, which is 
likely due to the Paradeep port’s proximity. Food web linkages between higher (fish) 
and lower (plankton) trophic levels and its interaction with abiotic factors such as 
nutrient availability would help develop sustainable capture fishery in the region. 

The Mahanadi estuary is situated in a highly cyclone-prone area of Odisha, 
where cyclones veer to make their landfall. Climate change would exacerbate such 
extreme weather mesoscale events, requiring climate-linked scenario modeling for 
biogeochemistry. Finally it can be said despite several studies in Mahanadi estuary a 
lot of uncharted areas and unanswered questions remain which needs to be 
addressed. 
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Chapter 6
Mercury-Resistant Marine Bacterial 
Population in Relation to Abiotic Variables 
at the Bay of Bengal, India

Hirak R. Dash and Surajit Das

Abstract Sediment and water samples were collected during monsoon and sum-
mer seasons for 2 years from four study sites, viz. Paradeep, Chilika, Gopalpur, and 
Rushikulya, along the Bay of Bengal, Odisha, India. Samples were analysed for 
abiotic parameters such as pH, salinity, temperature and total mercury content. 
Similarly, total heterotrophic bacterial load and mercury-resistant marine bacterial 
load were analysed in the collected samples. The pH of water samples in all the 
study sites varied from 6.41  ±  0.014 to 8.4  ±  0.141 during the summer season, 
whereas during the monsoon season it varied from 6.535 ± 0.077 to 8.55 ± 0.070. 
Similarly, the salinity in the study sites ranged from 9 ± 1.414 psu to 36.5 ± 0.707 psu 
during the summer season and 4.5 ± 0.707 psu to 34.5 ± 0.707 psu during the mon-
soon season. The temperature of the water also followed the same trend that varied 
from 26.55 ± 1.343 °C to 38.5 ± 0.141 °C in the summer season, and during the 
monsoon season the range was 21.85 ± 0.494 °C to 28.95 ± 0.636 °C. Sediment 
samples showed to contain a higher amount of mercury at Rushikulya (2.48 and 
2.26 ppb) among the study sites in both seasons followed by Paradeep, Chilika and 
Gopalpur. Huge fractions of marine bacteria were found to be mercury resistant in 
nature, and a strong positive correlation (r = 0.94 and 0.93 in water and sediment 
samples) was obtained between mercury content and the mercury-resistant marine 
bacterial populations in the Bay of Bengal, India.
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6.1  Introduction

Marine ecosystems are maintained by the transfer of energy from the primary pro-
ducers through the intermediate consumers to the top predators including humans 
(Chan and Ruckelshaus 2010). The aggregate effect of these interactions constitutes 
ecosystem function for natural benefits such as fisheries and aquaculture produc-
tion, water purification, shoreline protection as well as recreation. However, the 
growing anthropogenic pressure and climate changes have profound consequences 
on the marine ecosystem. The primary direct consequences include an increase in 
ocean temperature, acidity, sea level rise, increased ocean stratification, decreased 
sea ice extent, altered pattern of ocean circulation, precipitation and fresh water 
input (Doney et al. 2012; Das and Mangwani 2015).

Changes in ocean temperature and other physico-chemical parameters have 
a direct impact on the physiological functioning, behaviour and productivity of the 
inhabitant organisms. This ultimately leads to the change in size, structure, spatial 
range and seasonal abundance of the populations. These changes in turn are reflected 
in altered species interaction, change of cascades from primary producers to other 
trophic levels, changes in community structure and ecosystem functioning resulting 
in the disruption in biological interactions. A healthy aquatic ecosystem is dependent 
on its physico-chemical and biological parameters (Venkatesharaju et  al. 2010). 
Thus, the quality of an ecosystem provides sufficient information about the available 
resources for supporting life in the ecosystem. Therefore, assessment of water qual-
ity parameters is essential to identify the magnitude and source of any pollution load.

Mercury occurs naturally in the environment which is referred to be the back-
ground mercury concentrations. This metal is present usually in small concentra-
tions in combustion materials, and in certain instances it is introduced to the 
atmosphere through volatilization from the natural sources of soils and lakes. 
However, it is difficult to trace the source of mercury in the environmental media 
and biota (USEPA 1976). Mercury contamination in the aquatic environment is a 
result of atmospheric deposition and direct discharge of mercury from the point and 
non-point sources, i.e. waste disposal and soil lixiviation by agriculture (Schroeder 
and Munthe 1998). In the marine environment, mercury occurs in any one of the 
following forms, i.e. Hg0, Hg2+, methylmercury, dimethylmercury and particulate 
and colloidal mercury (Morel et al. 1998). The average residence time of mercury 
in the marine environment has been estimated to be 20–30 years in comparison to 
0.8–2 years in the atmosphere (Gworek et al. 2016). Such higher residence time 
worsens the situation as mercury is removed much slowly from the marine environ-
ment in comparison to the atmosphere. The total concentration of mercury differs 
from one oceanic environment to another. The average concentration of mercury in 
ocean was reported in the order of 1.5 picomolar (pM) (Lamborg et  al. 2002). 
However, a higher concentration has been found in the Mediterranean (2.5 pM) 
(Cossa et al. 1997; Cinnirella et al. 2019) and North Atlantic (2.4 pM) (Mason et al. 
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1998) and the lower concentrations observed in the Pacific Ocean (1.2 pM) (Laurier 
et  al. 2004). Besides, an increase in mercury concentration in sea water of 
Hardangerfjord ecosystem, Norway, is witnessed in terms of European Union Hg 
maximum level in demersal fish species (Azad et  al. 2019). Modelling analyses 
have revealed that the concentration of mercury is not in a steady state in ocean 
basins, and with respect to the atmospheric inputs, it is likely to increase over the 
decades (Sunderland and Mason 2007).

Though mercury resistance and bacteria have been studied widely, few reports 
are available till date regarding mercury-resistant bacteria from the marine environ-
ment. As ocean is an open system, mercury vapours released by resistant bacteria 
due to volatilization process can become a part of the local mercury cycle and thus 
re-pollute the environment which has been evidenced in the Amazon River basin 
(Lacerda et al. 2012). Though Jaysankar and Ramaiah (2006) studied extensively 
the distribution of mercury-resistant bacteria along the Indian coast, the Bay of 
Bengal of Odisha region is untapped. Thus, a detailed study has been carried out 
with time scale investigation of mercury-resistant marine bacterial (MRMB) popu-
lation in the Bay of Bengal along the Odisha coast, and the effect of the physico- 
chemical parameters on the population dynamics has been investigated.

6.2  Materials and Methods

6.2.1  Study Sites and Sampling

Four study sites were selected along the Odisha coast of the Bay of Bengal, viz. 
Paradeep, Chilika, Rushikulya and Gopalpur (Fig. 6.1). Water and sediment sam-
ples from ten stations of each study site were collected with a minimum distance of 
100 m between the stations. During the study period (2010–2012), sampling was 
conducted in the monsoon and summer seasons.

6.2.2  Analysis of Physico-Chemical Parameters

Both water and sediment samples were analysed for various physico-chemical 
parameters such as pH, salinity, temperature and total mercury content following 
the standard procedure (APHA 1992). Analysis of mercury content was performed 
as per the protocol of the  Environmental Protection Agency (USEPA 1976) and 
analysed after acid digestion by cold vapour atomic absorption spectrophotometer 
(Perkin Elmer, AAnalyst™ 200). All the samples were analysed in triplicates and 
represented as mean ± SD.
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6.2.3  Isolation and Enumeration of Total Heterotrophic 
Bacteria (THB) and Mercury-Resistant Marine 
Bacteria (MRMB)

Enumeration of THB was conducted on Zobell’s Marine agar medium (Hi-Media, 
India) by diluting 1 g or 1 ml of sediment and water samples and plating aliquots of 
100μl of the diluents. Similarly, for enumeration of MRMB, the same procedure 
was followed with sea water nutrient (SWN) agar medium (peptone 5  g, yeast 
extract 3 g, agar 15 g, aged sea water 500 ml, de-ionized water 500 ml, pH 7.5 ± 0.1) 
supplemented with 10 ppm of mercury as HgCl2 following Jaysankar and Ramaiah 
(2006). Plates were incubated at 25 °C for 48 h and the number of colony-forming 
units was calculated. THB and MRMB were calculated and expressed as CFU/g and 
CFU/ml for sediment and water samples, respectively. The percentage of MRMB 
was calculated using the formula: % of MRMB = (MRMB/THB) × 100.

Fig. 6.1 Rivers and coastline map of the Bay of Bengal along the Odisha coast, India. The book-
marked places are the study sites
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6.2.4  Statistical Analysis

The F-value (two-way ANOVA, p < 0.05) was calculated. The result of the F-value 
was compared with the tabulated values to determine the significant variation in 
physico-chemical parameters as well as the biological parameters between the sea-
sons of sampling and the study sites. The correlation coefficient between the various 
physico-chemical parameters and the THB and MRMB populations was calculated. 
Multiple regression analysis (Statistica 9.1) was performed to determine the influ-
ence of different physico-chemical parameters on MRMB and THB populations. 
Multiple regression equation was also determined for both MRMB and THB popu-
lations along the study sites.

6.3  Results

6.3.1  Physico-Chemical Parameters

The variation of pH along the stations during the two collection periods has been 
presented in Fig. 6.2. In Paradeep, the pH value ranged from 7.6 (Station 7) to 8.52 
(Station 1) with the mean (±SD) value of 8.1875 ± 0.373. pH of water during mon-
soon at Chilika averaged at 7.1525  ±  0.279 and the values ranged from 6.535 
(Station 4) to 7.495 (Station 2). Study site Rushikulya showed a pH range of 6.6 
(Station 4) to 8.55 (Station 6) with the mean (±SD) of 7.66  ±  0.637181293. At 
Gopalpur, the pH also followed the same trend with the average value of 
7.7215 ± 0.480 and the value between the stations ranged from 6.925 (Station 4) to 
8.245 (Station 2). At Paradeep, the average pH value was 7.405 ± 0.294, while the 
values ranged from 6.95 (Station 7) to 7.75 (Station 9). Similarly, the pH value of 
Chilika water during summer varied from 6.41 (Station 5) to 7.01 (Station 10), 

Fig. 6.2 Seasonal fluctuation of pH along the study sites
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while the mean (±SD) was at 6.778 ± 0.198. At Gopalpur, the mean value of pH in 
water samples was 7.3115 ± 0.436138676, while the range of pH varied from 6.53 
(Station 4) to 7.82 (Station 2). Rushikulya also showed similar range of pH during 
the study period from 6.5 (Station 1) to 8.4 (Station 8) with the mean (±SD) of 
7.435 ± 0.744.

Seasonal variation of salinity along the study sites during the study period has 
been presented in Fig. 6.3. The average value of salinity at Paradeep during mon-
soon was found to be 19.2 ± 6.481 and the value ranged from 9.5 psu (Station 1) to 
27 psu (Station 3). Chilika water during the monsoon season witnessed the lowest 
salinity level with an average value of 30.1 ± 3.51 psu and the value ranged from 
4.5 psu (Station 7) to 9 psu (Station 3). Similarly, at Rushikulya the salinity value 
ranged from 6.5 to 33.5  psu. Monsoon sampling of water sample at Gopalpur 
showed a salinity range of 23.5 psu (Station 4) to 34.5 psu (Station 8) with the mean 
(±SD) of 30.1 ± 3.518 psu. During summer, at the Paradeep study site the salinity 
value was found to be at an average of 26.6 ± 6.367 psu, whereas the salinity level 
ranged from 17.5 psu (Station 2) to 34 psu (Stations 5 and 6). The salinity value 
during the summer season at the Chilika study site also witnessed the lowest level 
of salinity with the average of 11.15 ± 1.292 psu. The range of salinity at this study 
site was 9 psu (Station 9) to 13.5 psu (Station 4). However, the salinity value at 
Rushikulya varied at a wide range from 10 psu (Station 2) to 33.5 psu (Station 7). 
The average salinity at this study site was found to be 19.5 ± 6.824 psu. At Gopalpur, 
the salinity level was found to be in the range of 27.5 psu (Stations 4 and 8) to 36.5 
(Station 2) with the average value of salinity at this study site being 32.75 ± 3.513 psu.

The temperature of water samples from the study has been presented in Fig. 6.4. 
The temperature of Paradeep water during the monsoon season ranged from 23 °C 
(Station 6) to 28 °C (Station 10). During this time, the temperature of Chilika water 
was found to be in the range of 24 °C (Station 9) to 27 °C (Station 5) with the mean 
(±SD) of 25.55 ± 0.955 °C. The water temperature of the Rushikulya study site 
showed the lowest temperature during the monsoon season with an average value of 

Fig. 6.3 Seasonal fluctuation of salinity along the study sites
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24.65 ± 1.79 °C, while the temperature ranged from 22 °C (Station 8) to 27.5 °C 
(Station 2). Water samples of Gopalpur during the monsoon season ranged from 
21.85  °C (Station 4) to 28.95  °C (Station 2) with an average value of 
26.46 ± 2.27 °C. Water samples from Paradeep during the summer season ranged 
from 28.5  °C (Station 1) to 36.5  °C (Station 10) with the average value of 
32.6 ± 2.746 °C. The average temperature of water samples from Chilika during the 
summer season was found to be 33.1 ± 2.74  °C, while the sample temperatures 
ranged from 29 °C (Station 5) to 36.5 °C (Station 7). The Rushikulya estuary also 
witnessed the same range of temperature in the water samples during the monsoon 
season and the observed temperature range was found to be 30.5 °C (Station 1) to 
36.5 °C (Stations 5 and 6) with an average temperature of 33.75 ± 2.371 °C. At 
Gopalpur, the samples showed a temperature range of 26.55  °C (Station 4) to 
38.5 °C (Station 10) with an average value of 32.035 ± 4.01 °C.

The total mercury content was determined in both water (Fig. 6.5) and sediment 
samples (Fig.  6.6) collected during the study period throughout the study sites. 

Fig. 6.4 Seasonal fluctuation of temperature along the study sites

Fig. 6.5 Seasonal fluctuation of Hg content along the study sites in collected water samples
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During the monsoon season, Paradeep water samples showed an average of 
0.769 ± 0.63 ppb of mercury content, while the value ranged from 0.065 ppb (Station 
5) to 1.45 ppb (Station 2). Chilika water also contained a trace amount of mercury 
at a level of 0.045 ppb (Station 4) to 0.155 ppb (Station 9) during the monsoon sea-
son with the average value of 0.769 ± 0.637 ppb. The average value of mercury 
content in water samples of Rushikulya during the monsoon season was found to be 
the highest among the study sites, which was 0.866 ± 0.664 ppb and the values 
ranged between 0.055  ppb (Station 9) and 2.26  ppb (Station 1). An average of 
0.362 ± 0.28 ppb of mercury was found in the water samples of Gopalpur and the 
mercury content ranged from 0.045 ppb (Station 5) to 1.25 ppb (Station 10). Water 
samples from the study sites during the summer season were analysed for the total 
mercury content. During the summer season, water samples from Paradeep showed 
mercury content in the range of 0.51 ppb (Station 3) to 2.1 ppb (Station 4) with the 
average value of 1.15 ± 0.639 ppb. The average mercury content in Chilika water 
samples was found to be 0.751 ± 0.283 ppb, while the mercury content was in the 
range of 0.53–1.295 ppb. Rushikulya samples showed an average mercury content 
of 1.068 ± 0.731 ppb, while the variation was from 0.07 ppb (Station 9) to 2.47 ppb 
(Station 1). In Gopalpur water samples, the range of mercury content was found to 
be 0.11  ppb (Station 1) to 1.65  ppb (Station 10) with the mean (±SD) of 
0.59 ± 0.34 ppb.

Sediment samples showed higher mercury content irrespective of the study sites 
and the season of sample collection. During the monsoon season, the average mer-
cury content of the sediment samples in Paradeep was found to be in the range of 
0.115 ppb (Station 5) to 1.84 ppb (Station 4) with the mean (±SD) of 0.824 ± 0.221 
ppb. Similarly, the average value of total Hg content in the Chilika sediment sam-
ples was found to be 0.18 ± 0.021 ppb, while the values ranged from 0.080 (Station 
3) to 0.64  ppb (Station 10). Sediment samples from Rushikulya varied from 
0.145  ppb (Station 9) to 2.27  ppb (Station 1) with the mean (±SD) of 
0.921 ± 0.390 ppb. An average of 0.417 ± 0.284 ppb of Hg content was found in the 
sediment samples from Gopalpur with the range of 0.065 ppb (Station 1) to 1.35 ppb 
(Station 10). In the summer season, Paradeep sediment samples showed a higher 
level of mercury content at a range of 0.54 ppb (Station 3) to 2.275 ppb (Station 2) 

Fig. 6.6 Seasonal fluctuation of Hg content along the study sites in collected sediment samples

H. R. Dash and S. Das



89

with the average of 1.205 ± 0.209 ppb. Similarly, in Chilika sediment samples, the 
total mercury content varied from 0.56 ppb (Station 3) to 1.595 (Station 10) with the 
mean (±SD) of 0.896 ± 0.216 ppb. The average value of the total mercury content in 
Rushikulya sediment during the summer season was found to be 1.123 ± 0.050 ppb 
and the values of which varied between 0.16 ppb (Station 9) and 2.48 ppb (Station 
1). Gopalpur sediment samples contained an average of 0.652 ± 0.273 ppb, while 
the total mercury content varied from 0.12 ppb (Station 1) to 1.75 ppb (Station 10).

6.3.2  Enumeration of THB

Total heterotrophic bacteria (THB) enumerated along various study sites have been 
given in Tables 6.1, 6.2, 6.3, and 6.4. Water samples from Paradeep were found to 
contain THB at the range of 1.33  ±  0.45  ×  105  CFU/ml (Station 9) to 
8.7 ± 0.2 × 105 CFU/ml (Station 1) and 1.265 ± 0.15 × 105 CFU/ml (Station 9) to 
8.40 ± 3.00 × 105 CFU/ml (Station 7), respectively, during monsoon and summer 
seasons. The number of THB found to be present in the sediment samples from 
Paradeep during the monsoon season was 0.75 ± 0.15 × 105 CFU/g (Station 5) to 
3.50 ± 1.0 × 105 CFU/g (Station 4). However, the THB population varied from 
7.40 ± 1.00 × 104 CFU/g (Station 8) to 15.60 ± 2.00 × 104 (Station 5) CFU/g during 
the summer season. In Chilika, the THB population varied slightly during the two 
seasons, and the bacterial population was found to vary from 2.205 ± 1.33 × 105 CFU/
ml (Station 8) to 8.70 ± 0.1 × 105 CFU/ml (Station 1) and 1.555 ± 0.25 × 105 CFU/
ml (Station 9) to 7.70 ± 1.10 × 105 CFU/ml (Station 1) during monsoon and summer 
seasons, respectively, in the water samples. Similarly, THB in the sediment samples 
varied from 5.40 ± 1.27 × 106 CFU/g (Stations 4 and 7) to 8.95 ± 1.20 × 106 CFU/g 
(Station 8) and 3.35 ± 0.35 × 106 CFU/g (Station 1) to 7.75 ± 1.34 × 106 CFU/g 
(Station 3), respectively, in monsoon and summer seasons. Rushikulya water sam-
ples contained THB at a range of 1.42  ±  1.40  ×  105  CFU/ml (Station 5) to 
8.50 ± 2.00 × 105 CFU/ml (Station 1) and 1.27 ± 0.30 × 104 CFU/ml (Station 8) to 
8.65 ± 2.50 × 104 CFU/ml (Station 5), respectively, during monsoon and summer 
seasons. Similarly, during the monsoon season, the sediment samples contained 
THB at a range of 2.06 ± 0.81 × 106 CFU/g (Station 10) to 9.60 ± 2.00 × 106 CFU/g 
(Station 2), whereas during the summer season the population varied from 
1.26 ± 0.20 × 105 CFU/g (Station 7) to 5.60 ± 2.0 × 105 CFU/g (Station 2). Similarly, 
the THB population in the sediment samples of Gopalpur varied from 
0.19 ± 0.04 × 105 CFU/g (Station 8) to 9.05 ± 5.50 × 105 CFU/g (Station 6) and 
0.13 ± 0.04 × 104 CFU/g (Station 10) to 12.65 ± 1.50 × 104 CFU/g (Station 8), 
respectively, in monsoon and summer seasons. The water sample of the same study 
site harboured THB at a range of 1.27  ±  0.20  ×  105  CFU/ml (Station 5) to 
8.50 ± 2.00 × 105 CFU/ml (Station 1) and 1.56 ± 0.05 × 105 CFU/ml (Station 4) to 
8.65  ±  2.50  ×  105  CFU/ml (Station 1) during monsoon and summer seasons, 
respectively.
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6.3.3  Enumeration of MRMB

MRMB enumerated along various study sites have been given in Tables 6.1, 6.2, 
6.3, and 6.4. The MRMB population in Paradeep water samples varied from 
1.14 ± 0.10 × 103 CFU/ml (Station 3) to 8.80 ± 0.10 × 103 CFU/ml (Station 4) and 
1.87 ± 1.50 × 104 CFU/ml (Station 3) to 9.70 ± 0.10 × 104 CFU/ml (Station 2), 
respectively, during monsoon and summer seasons. Similarly, the population of 
MRMB found in the water samples collected during the monsoon and the summer 
seasons was 1.33 ± 1.00 × 10 CFU/g (Station 5) to 9.70 ± 1.00 × 10 CFU/g (Station 
4) and 2.80 ± 0.45 × 10 CFU/g (Station 3) to 8.70 ± 2.00 × 10 CFU/g (Station 2), 
respectively. In Chilika water samples, the MRMB population was found to vary 
from 2.18 ± 0.92 × 103 CFU/ml (Station 3) to 8.20 ± 0.30 × 103 CFU/ml (Station 6) 
and 1.25 ± 0.35 × 104 CFU/ml (Station 3) to 10.20 ± 4.20 × 104 CFU/ml (Station 6), 
respectively, during monsoon and summer seasons. A similar result was also wit-
nessed in the sediment samples that varied from 1.26 ± 0.74 × 104 CFU/g (Station 
10) to 9.65 ± 7.85 × 104 CFU/g (Station 8) and 1.23 ± 0.92 × 104 CFU/g (Station 3) 
to 8.60  ±  4.90  ×  104  CFU/g (Station 9) during monsoon and summer seasons, 
respectively. In Rushikulya sediments, the MRMB population varied from 
3.55 ± 1.50 × 105 CFU/g (Station 9) to 9.70 ± 1.00 × 105 CFU/g (Station 1) and 
1.82 ± 0.54 × 104 CFU/g (Station 9) to 9.55 ± 0.50 × 104 CFU/g (Station 1) during 
monsoon and summer seasons, respectively. Similarly, the MRMB population var-
ied from 1.26 ± 0.20 × 104 CFU/ml (Station 9) to 8.55 ± 5.00 × 104 CFU/ml (Station 
1) and 1.31 ± 0.65 × 103 CFU/ml (Station 9) to 9.55 ± 1.5 × 103 CFU/ml (Station 1), 
respectively, during monsoon and summer seasons. The range of MRMB found in 
the water samples of Gopalpur during the monsoon and the summer seasons was 
1.27 ± 0.10 × 10 CFU/ml (Station 5) to 8.80 ± 1.00 × 10 CFU/ml (Station 10) and 
3.15 ± 0.50 × 10 CFU/ml (Station 5) to 9.40 ± 1.00 × 10 CFU/ml (Station 10), 
respectively. Similarly, the sediment samples of this study site contained 
4.70 ± 1.00 × 103 CFU/g (Station 1) to 8.80 ± 1.00 × 103 CFU/g (Station 6) and 
3.15 ± 0.50 × 103 CFU/g (Station 1) to 8.75 ± 1.50 × 103 CFU/g (Station 10) MRMB, 
during monsoon and summer seasons, respectively.

6.3.4  Percentage (%) of Mercury-Resistant Bacteria

The percentage of mercury-resistant marine bacteria calculated along various study 
sites has been given in Tables 6.1, 6.2, 6.3, and 6.4. The percentage of mercury- 
resistant bacteria varied from 13.587% (Station 2) to 87.931% (Station 1) and 
23.659% (Station 6) to 79.581% (Station 1) in sediment samples of Paradeep during 
monsoon and water samples, respectively. 0.165% (Station 3) to 2.471% (Station 9) 
of bacteria was resistant to mercury in water samples during the monsoon season, 
whereas 2.952% (Station 3) to 44.268% (Station 9) mercury-resistant bacteria were 
found in water samples during monsoon and summer seasons, respectively. In 
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the Chilika water sample, the percentage of MRMB varied from 0.564% (Station 4) 
to 3.333% (Station 8) and 2.118% (Station 3) to 41.800% (Station 9), respectively, 
during monsoon and summer seasons. However, 0.476% (Station 4) to 1.223% 
(Station 10) and 0.248% (Station 3) to 5.018% (Station 9) of bacteria were found to 
be resistant to mercury in sediment samples of Chilika collected during monsoon 
and summer seasons, respectively. The percentage of mercury-resistant bacteria in 
Rushikulya sediment samples varied from 6.173% (Station 9) to 18.235% (Station 
3) during the monsoon season, whereas a variation of 4.986% (Station 9) to 42.857% 
(Station 7) was observed during the summer season. Similarly, in water samples, 
4.000% (Station 9) to 31.338% (Station 5) and 1.547% (Station 9) to 29.044% 
(Station 6) of bacteria were found to be resistant to mercury during monsoon and 
summer seasons, respectively. In Gopalpur sediment samples, 0.666% (Station 1) to 
37.631% (Station 8) of bacteria and 6.72% (Station 5) to 67.049% (Station 10) of 
bacteria were mercury resistant during monsoon and summer seasons, respectively. 
In the monsoon season, the percentage of the mercury-resistant bacterial population 
varied from 0.394% (Station 1) to 3.259% (Station 10) in water samples and 4.161% 
(Station 1) to 50.159% (Station 4) during the summer season.

6.3.5  Statistical Analysis

Multiple regression analysis showed the correlation between various physico- 
chemical parameters and the biological parameters with the respective study sites 
and the sampling seasons. The results of multiple regression analysis and the mul-
tiple regression equation were obtained for THB and MRMB populations and are 
given in Tables 6.5 and 6.6.

6.4  Discussion

pH is the most critical factor of a marine ecosystem as it has the potential to change 
the distribution of carbon dioxide and carbon availability. Thus, it may alter the 
availability of trace metals and other essential nutrients. In addition, extreme pH can 
cause direct physiological effects on the inhabitant flora and fauna. A number of 
studies have also reported the significant change of pH in marine systems despite 
their strong buffering capacity due to the carbonate system in sea water (Guinotte 
and Fabry 2008; Fabry et al. 2008; Wootton et al. 2008; Hofmann et al. 2011). In the 
same line with that, the lowest pH observed among the study sites was found at 
Chilika (6.41) during the summer season and at Rushikulya (6.6) during the mon-
soon season. However, the upper level of pH was found at Rushikulya (8.4) during 
the summer season and at Paradeep (8.75) during the monsoon season. pH has been 
reported to be 8.50  ±  0.18 at coastal areas of Paradeep (Khadanga et  al. 2012), 
which is of the same range obtained during the present study.

6 Mercury-Resistant Marine Bacterial Population in Relation to Abiotic Variables…
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Table 6.5 Multiple regression equation obtained for mercury-resistant marine bacteria (MRMB) 
against physico-chemical parameters in the study sites in both summer and monsoon seasons

Study sites
Sampling 
season R and R2 Multiple regression equation

Bhitarkanika Summer R = 0.8021
R2 = 0.6433

Y = −3979.73 − 753.667 pH + 814.635 salinity – 
14.7226 temperature – 1167.01 total mercury

Monsoon R = 0.8916
R2 = 0.7949

Y = −20751.7 + 5481.16 pH – 1060.23 salinity + 
187.584 temperature – 90139.9 total mercury

Chilika Summer R = 0.9493
R2 = 0.9012

Y = −39774.9 + 18877.3 pH – 8990.48 salinity + 
528.212 temperature + 64520.5 total mercury

Monsoon R = 0.8950
R2 = 0.8011

Y = 10171.9 + 667.689 pH – 1112.74 salinity – 
170.665 temperature + 35930.2 total mercury

Paradeep Summer R = 0.9537
R2 = 0.9096

Y = 35646 − 3297.36 pH – 989.02 salinity + 1125.16 
temperature + 32716.2 total mercury

Monsoon R = 0.9431
R2 = 0.8896

Y = 20296.4 − 1763.85 pH – 52.337 salinity – 
116.189 temperature + 3676.23 total mercury

Gopalpur Summer R = 0.9268
R2 = 0.8590

Y = 35611.7 + 9368.15 pH – 1968.78 salinity + 
176.31 temperature + 31251.3 total mercury

Monsoon R = 0.9212
R2 = 0.8486

Y = 29088.7 − 8135.25 pH + 1119.65 salinity + 
116.926 temperature + 6051.89 total mercury

Rushikulya Summer R = 0.9856
R2 = 0.9715

Y = −4841.92 + 177.622 pH + 1.21576 salinity + 
147.317 temperature + 3853.21 total mercury

Monsoon R = 0.9872
R2 = 0.9746

Y = 6002.96 − 3602.58 pH – 356.899 salinity + 
2045.05 temperature + 27011.4 total mercury

Table 6.6 Multiple regression equation obtained for total heterotrophic bacteria (THB) against 
physico-chemical parameters in the study sites in both summer and monsoon seasons

Study sites
Sampling 
season R and R2 Multiple regression equation

Bhitarkanika Summer R = 0.7920
R2 = 0.6272

Y = 4380500 − 475209 pH – 34430.4 salinity – 
4353.48 temperature – 318843 total mercury

Monsoon R = 0.5438
R2 = 0.2957

Y = 469609000 − 8623870 pH + 3505300 salinity – 
16614600 temperature + 319657000 total mercury

Chilika Summer R = 0.9338
R2 = 0.8719

Y = −3033160 + 575407 pH + 136305 salinity – 
55181.1 temperature – 151873 total mercury

Monsoon R = 0.8713
R2 = 0.7592

Y = 8704920 − 168900 pH – 25630.2 salinity – 
246394 temperature – 5732670 total mercury

Paradeep Summer R = 0.7346
R2 = 0.5397

Y = 4600840 − 527212 pH – 2955.92 salinity – 
2313.91 temperature – 38366.9 total mercury

Monsoon R = 0.2750
R2 = 0.0756

Y = 124951 + 46748.7 pH + 8395.83 salinity – 
5595.28 temperature + 69895 total mercury

Gopalpur Summer R = 0.7312
R2 = 0.5347

Y = −170959 + 7168.26 pH + 2626.73 salinity + 
2441.73 temperature – 3385.28 total mercury

Monsoon R = 0.5331
R2 = 0.2842

Y = 2000840 − 563921 pH + 50149.6 salinity + 
46353.4 temperature + 30777.6 total mercury

Rushikulya Summer R = 0.9792
R2 = 0.9588

Y = 964633 − 66999.6 pH – 795.929 salinity – 
9308.83 temperature – 78069.5 total mercury

Monsoon R = 0.7116
R2 = 0.5064

Y = 1998700 − 292749 pH + 13540.7 salinity + 
13386.4 temperature + 182752 total mercury
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Chilika lagoon is the most studied marine ecosystem along the Bay of Bengal 
due to its high fish productivity and tourist attraction. Many studies also found the 
same range of pH as obtained during this study, which was reported to be 6.4 ± 0.41 
to 9.4 ± 0.46 (Nayak and Behera 2004) and 7.936 (Pradhan et al. 2012). Similarly, 
the pH range of Gopalpur water was also reported to be of 7.46–7.95 (Sahu et al. 
2013) and 7.46–7.93 (Baliarsingh et  al. 2013), which is well within the result 
obtained in the present study. However, the pH range of the Rushikulya study site 
varied widely from 6.6 to 8.4. The wide variation of pH along this study site has also 
been reported in many other studies such as 6.09–8.29 (Das et  al. 2001) and 
7.14–8.47 (Bramha et al. 2011). The lowering of pH of the marine ecosystems is a 
major source of concern nowadays as natural uptake of atmospheric CO2 by ocean 
water has decreased the pH of surface sea water by 0.1 units in the last 200 years. 
Modelling experiments estimate the pH reduction in the range of 0.3–0.4 units over 
the next 300 years (Caldeira and Wickett 2005). Though at a minute level, but when 
the anthropogenic activities come into the picture, the local scenario of pH change 
becomes significant enough to harm the normal functioning of the marine ecosys-
tem as observed in this study. pH reduction may affect the marine species in many 
ways such as it has impact on oxygen transport and respiration system, reduces 
sperm motility and fertilization success and increases the volume of the  ocean, 
which is unsaturated with respect to aragonite and calcite (Pörtner et  al. 2005; 
Barange and Perry 2009).

A significant change in temperature among the study sites was observed during 
the two seasons of sampling, i.e. summer and monsoon. The water temperature 
witnessed a highest high temperature at Gopalpur (36.85 °C) and a lowest at the 
same study site during the summer season. However, the temperature was found to 
change significantly during the monsoon season with a highest high temperature of 
28.95 °C and the lowest low temperature of 21.85 °C at Gopalpur among the study 
sites. A similar trend of temperature was observed at many other marine ecosystems 
of the Bay of Bengal (Vinayachandran and Murty 2002; Bhat et  al. 2004) and 
the North Indian Ocean (Shenoi et al. 2009). Sea surface temperature plays a major 
role in the sustainability of a marine ecosystem by influencing the development of 
eggs and other propagules, release of propagules, survival of larval stage of animals, 
survival of post-settlement juveniles as well as survival of adults (Hiscock et  al. 
2004). It has been estimated that there exists an increase in mean global sea surface 
temperature by 0.13 °C per decade since 1979 and the oceanic interior temperature 
by >0.1 °C since 1961 (Brierley and Kingsford 2009).

Salinity variation becomes sufficiently large to support temperature inversions 
(Shetye and Gouveia 1998). It has been reported that the surface waters of the Bay 
of Bengal have low salinity level and the circulation in the upper layer is dominated 
by the salinity gradients (Shetye et al. 1991). Thus, the salinity range as observed 
during the present study is well within the other reports from the other parts of the 
Bay of Bengal. The salinity range of Chilika among the study sites showed a lowest 
level in the range of 4.5–9 psu during the monsoon season and 9–13.5 during the 
summer season. This is due to the gradual chocking of the lagoon mouth, subse-
quently disturbing the tidal flux and altering the natural ecosystem. The salinity 
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level of the lake has been reported to decline to 1.4–6.3 psu from 22.3 psu during 
1957–1958 to 1995 (Gopikrishna et al. 2014). Other study sites show the salinity 
variation as per the other marine environments along the Bay of Bengal (Shankar 
and Sherye 2001; MoES, GoI 2010) and other coastal and marine environments 
(Chamarthi and Ram 2009; Kudale 2010).

Among the four study sites, the highest mercury content was found at Rushikulya 
in the range of 2.26–2.48 ppb irrespective of the sediment or water sample or sam-
pling seasons. The order of mercury content among the study sites was Rushikulya 
> Paradeep > Chilika > Gopalpur. Though in most of the occasions, the level of 
mercury detected was well within the permissible limit of 0.001 ppm as prescribed 
by WHO (1993), the level may increase in the near future if not monitored and regu-
lated very soon. Many studies have also confirmed the presence of high level of 
mercury along the Rushikulya region of the Bay of Bengal (Panda et al. 1992; Das 
et al. 2001; Bramha et al. 2011). Mercury pollution at Rushikulya estuary may be 
attributed to the Chloralkali plant at Ganjam, India. Paradeep also witnessed higher 
mercury content, and at four stations the mercury content was recorded to be on 
the upper level than the permissible limit. There exist many huge industries and port 
activities that contribute to the mercury load of this ecosystem. Other study sites 
showed a trace amount of mercury and gained mercury from the non-point sources. 
Mercury is also found to be present in many natural marine ecosystems contami-
nated from both point and non-point sources. Many wetlands such as mangrove 
wetlands of French Guiana (0.41 nmol/g) (Marchand et al. 2006), Sunderban man-
grove wetland (17.2–43.32 ng/g) (Kwokal et al. 2008) and Gulf of Mexico (3.38 ng/l) 
(Hall et al. 2008) have been reported to contain trace amount of mercury which may 
be from the natural sources and the pollution from the non-point sources.

Marine microorganisms are of critical importance for the health of the marine 
environment as they are the integral part of the major geochemical cycles, fluxes 
and processes occurring in marine systems. They provide essential goods and ser-
vices to the society in terms of production of oxygen, supporting sustainable supply 
of food, regulating the heath of the marine environment and providing largely 
untapped source of genetic information and biomolecules for industrial and medical 
applications and products. A healthy marine ecosystem is associated with the num-
ber of bacterial population inhabiting in that environment. Microbes are the first to 
respond to the changing environmental conditions, and hence, they should be moni-
tored continuously for their population as well as diversity. Heavy metal-resistant 
bacteria in the marine environment are proposed to be an indicator of metal pollu-
tion in the marine environment (Das et al. 2007; Dash and Das 2014), and hence, 
mercury-resistant marine bacterial population has been monitored during the pres-
ent study to assess mercury pollution level along the study sites.

The THB population in all the study sites was at a higher level in the monsoon 
season than that of the summer season. This may be due to the large fresh water 
inflow into the oceanic system during the monsoon season, thus increasing the bac-
terial load of the ecosystem. Contrary to that, the MRMB population was at a higher 
level during the summer season as compared to the monsoon season. Similarly, the 
percentage of mercury-resistant bacteria is also in an upper level during the summer 
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season than that of the monsoon season as observed during the study. A strong posi-
tive correlation between the mercury-resistant marine bacterial population and the 
total mercury content in both water and sediment sample is obtained during this 
study. Total heterotrophic bacteria in the coastal environments of Andaman islands 
of India were in the range of 103–104 CFU/ml in water and 104–105 CFU/g in sedi-
ment samples (Swarnakumar et al. 2008), which is less than the number of popula-
tion found in the present study, suggesting the higher productivity of the Odisha 
coast of the Bay of Bengal, India.

Mercury-resistant bacterial population is quite ubiquitous in nature and accounts 
for 1–10% of aerobic total heterotrophic bacteria (Muller et al. 2001). During this 
study, mercury-resistant marine bacteria have also been isolated from the sites with-
out any direct source of mercury pollution. However, mercury-resistant bacterial 
population is correlated with the level of mercury contamination of a particular 
environment (Ramaiah and De 2003). In context to that, an unusual rise of mercury- 
resistant marine bacterial population in the coastal environments has been predicted 
by Ramaiah and De (2003). 96% of the CFU in water and 71.4% of sediment sam-
ples of the Bay of Bengal were reported to tolerate mercury at a level of 10 ppm 
(50μM), and the present study follows the same pattern of the percentage of MRMB 
along the Odisha coast of the Bay of Bengal. Many other reports also found large 
fractions of mercury-resistant marine bacteria that emerged due to anthropogenic 
activities (Reyes et al. 1999).

A strong positive correlation between mercury-resistant marine bacterial popula-
tion and the total mercury content in the samples has been observed during this 
study. Barkay et al. (2003) also predicted the positive correlation of mercury in the 
environment with the mercury-resistant bacteria. Thus, this study will be helpful 
and can be applied to other marine ecosystems for estimating the load of mercury 
through mercury-resistant marine bacterial population.

6.5  Conclusion

The coastal and marine ecosystem is the most endemic ecosystem on the planet 
despite its many important services and functions. Odisha is of utmost importance 
due to the effect of the industrial revolution along this region as well as the presence 
of many internationally renowned ecosystems such as Chilika Lake and Bhitarkanika 
mangrove ecosystem. A decrease of pH, decrease of salinity mostly at Chilika and 
increased sea surface temperature were the highlights of this study, which are not 
healthy for the sustenance of the coastal ecosystem. The most horrifying facts are 
the gradual increase of mercury pollution and the subsequent rise of mercury- 
resistant marine bacterial population along with the study sites. The increased pol-
lution levels are due to the anthropogenic activities both from the point and non-point 
sources. Thus, the ecosystem along the Odisha coast should be monitored continu-
ously, and necessary regulations should be implemented to restore and regain its 
economic as well as biological benefits.
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Chapter 7
Persistent Organic Pollutants 
in the Coastal and Estuarine Regions 
Adjoining the Indian Periphery of the Bay 
of Bengal

Sanghamitra Basu, Abhra Chanda, Sourav Das, and Subarna Bhattacharyya

Abstract Persistent organic pollutants (POPs) comprise an array of organic pollut-
ants, renowned for their toxicity and bioaccumulation potential. These POPs exist 
in abundance in the coastal and estuarine sediments, water column, and biotas, 
which are impacted by city sewage, agricultural runoffs, aquaculture practices, and 
others. This chapter summarized the findings from existing literature about the dis-
tribution and range of the principal classes of POPs. We considered dichlorodiphe-
nyltrichloroethane and its metabolites (DDTs) and the isomers of 
hexachlorocyclohexanes (HCHs) as the main organochlorine pesticides (OCPs). We 
also discussed the congeners of polychlorinated biphenyls (PCBs), polycyclic aro-
matic hydrocarbons (PAHs), and polybrominated diphenyl ethers (PBDEs). The 
present chapter focused on the POP accumulation in the sediments, water column, 
and selected biotas in the estuaries along the east coast of India. Overall, these estu-
aries exhibited an abundance of HCHs and DDTs with negligible to moderate pol-
lution levels of PCBs, PAHs, and PBDEs. The pollution led by HCHs and DDTs 
was found to be significantly high in northern estuaries like that of Hooghly and 
Sundarban estuaries, compared to the southern estuaries like Vellar, Cauvery, and 
Coleroon estuaries of the east coast of India.
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7.1  Introduction

Persistent organic pollutants (POPs) are xenobiotic lipid-soluble compounds having 
low water solubility. These compounds exhibit toxic character owing to their ten-
dency to bioaccumulate in several smaller life forms and eventually biomagnify 
through the ecological food chain (Sarkar et al. 2012). Dichlorodiphenyltrichloroethane 
and its metabolites (DDTs) and all the isomers of hexachlorocyclohexanes (HCHs) 
principally constitute the class of organochlorine pesticides (OCPs). The congeners 
of polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), 
and polybrominated diphenyl ethers (PBDEs) are some of the other polluting POPs. 
Several countries have banned most of these compounds following the restrictions 
imposed by the Stockholm Convention (Lallas 2001). Few POPs find their way to 
the open environment due to natural causes like smaller amounts of PAH due to for-
est fire. All the other POPs are released into the environment exclusively due to 
anthropogenic activities. Manufacturing capacitors and transformers require PCBs. 
PAHs generate as a by-product of waste incineration and fossil fuel combustion. 
PBDEs find their use in the textile, plastics, and automobile industries. Though 
most of the developed countries have adopted draconian regulations against ban-
ning these products, India is still in its infancy and continues to be one of the largest 
producers of some POPs like DDT, which is mostly used in the public health sector 
mainly to combat disease like malaria (Zanardi-Lamardo et al. 2019). Indiscriminate 
disposal of materials containing POPs and leaching and weathering of such materi-
als along with runoffs from agricultural fields and industrial effluents augment the 
POP levels in the rivers, which eventually reach the estuaries and contaminate the 
sediments and biota of the Indian coastal region (Sarkar et al. 2012). Therefore, it 
has become imperative to investigate and comprehend the present POP pollution 
scenario in the estuarine and coastal sectors of India. Though we recognize the 
adverse impacts of these POPs throughout the world, very few studies have been 
carried out in the estuaries along the east coast of India, even though this coastline 
has some of the crucial megacities and industrial hubs of India. The present chapter 
collated all the findings and observations made to date in the coastal region along 
the east coast of India.

7.2  POPs in Coastal and Estuarine Sediments

Coastal and estuarine sediments act as both short-term and long-term repositories of 
various POPs, which make these POPs bioavailable to several bottom-dwelling 
marine organisms (Sarkar et al. 2012) and hence mark the beginning of trophic chain 
transfer of these pollutants. Among the significant estuaries along the Indian east 
coast, Hooghly estuary, followed by the estuaries within the Sundarban mangroves, 
has perhaps received the most attention in this regard (Table 7.1). Guzzella et al. 
(2005) recorded the presence of hexachlorocyclohexane isomers (ΣHCHs), ΣDDTs, 
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and ΣPCBs in the Hooghly estuary in the range of 0.11–0.40, 0.18–1.93, and 
0.18–2.33 ng g−1 dry weight, respectively. They attributed the widespread use of 
HCH and DDTs in the agricultural sector and malaria-prevention sanitary activities 
behind such recorded magnitudes. Among the four important isomers of HCH (α, β, 
γ, and δ), α-HCH was the most abundant, followed by γ-HCH, and the other two 
were below detection level in most of the samples. Sarkar et al. (2008), while ana-
lyzing the estuarine sediments of Sundarban mangroves, observed ΣHCHs and 
ΣDDTs ranged between 0.05 and 12 ng g−1, and 0.05 and 11.5 ng g−1, respectively. 
Such an observation indicated that both HCHs and DDTs were substantially higher 
in the Sundarban mangroves than Hooghly estuary. Moreover, contrary to Guzzella 
et al. (2005), Sarkar et al. (2008) observed the highest dominance of γ-HCH  followed 

Table 7.1 Range of observed persistent organic pollutants in the sediments and water column of 
the major estuaries along the east coast of India

Study site
Sampling 
time HCH DDT PCB PAH PBDE Authors

Sediments (in ng g−1)

Hooghly est. April 2003 0.11–
0.40

0.18–
1.93

0.18–
2.33

2.5–1081 Guzzella et al. 
(2005)

Hooghly est. NM 0.23–
31.4

9.39–
4249

0.08–
29.0

Binelli et al. 
(2007, 2008)

Hooghly est. March 
2015

ND–
8.97

ND–
13.5

15.4–
1731

Zanardi-Lamardo 
et al. (2019)

Hooghly est. NM 0.10–
0.60

0.14–
18.6

0.28–
7.7

3.3–630 Mitra et al. (2019)

Sundarban est. Nov–Dec 
2005

0.05–
12

0.05–
11.5

Sarkar et al. 
(2008)

Sundarban est. NM 4880–
20,000

Balu et al. (2020)

Vellar est. NM 1.8–
25.8

0.4–
7.1

Venugopalan and 
Rajendran (1984)

Cauvery est. NM 4.35–
158.4

0.69–
4.85

Rajendran and 
Subramanian 
(1999)

Cooum river, 
Ennore estuary, 
Pulicat Lake

13–
31,425

Goswami et al. 
(2016)

Water column (in ng l−1)

Hooghly est. 2005 3.41–
19.70

6.01–
44.10

Purkait et al. 
(2009)

Sundarban est. NM ND–
125,000

Balu et al. (2020)

Chennai coast Jan 1998 5.6–
12.5

1.9–
4.4

Rajendran et al. 
(2005)

Cauvery est. 1990–
1992

3.2–
182.0

0.8–
4.2

Rajendran and 
Subramanian 
(1997)

ND not detected, NM not mentioned
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by β-HCH and found all the four isomers to be present in significant quantities. 
Sarkar et  al. (2008) argued that α-HCH and γ-HCH potentially transformed to 
β-HCH, which was sustained in the sediments due to its recalcitrant character and 
low vapor pressure. Like HCHs, DDTs occurred in the sediment samples of 
Sundarban and the lower stretch of Hooghly estuary with varying percentage contri-
bution of their metabolites (Guzzella et al. 2005; Sarkar et al. 2008). pp′-DDT and 
op′-DDT were at much higher levels compared to DDE and DDD following an 
overall hierarchy of pp′-DDT > pp′-DDD > pp′-DDE > op′-DDT > op′-DDD > op′-
DDE (Sarkar et al. 2012). pp′-DDT:pp′-DDE ratio in the Hooghly and Sundarbans 
was higher than 0.33, which indicated that DDT is still in use in the agricultural 
sector (whereas a ratio lower than 0.33 indicates the transformation of existing pp′-
DDT to pp′-DDE) (Stranberg et al. 1998). Zanardi-Lamardo et al. (2019), in a very 
recent study on the Hooghly River estuary and Sundarbans, observed the highest 
concentrations of pp′-DDT among all the other congeners of DDT, which prompted 
them to conclude that fresh input of DDT is continuing in this estuary.

Besides Hooghly and Sundarban, sediments from Vellar estuary, Cauvery River 
estuary, and its distributary, Coleroon estuary have recorded substantial concentra-
tions of POPs. Venugopalan and Rajendran (1984) recorded ΣHCH range of 
1.8–25.8 ng g−1 wet weight and ΣDDT range of 0.4–7.1 ng g−1 dry weight in the 
sediments of Vellar estuary. Rajendran and Subramanian (1999) observed HCH and 
DDT ranging from 4.35 to 158.4 ng g−1 dry weight and 0.69 to 4.85 ng g−1 dry 
weight, respectively, in the Cauvery and Coleroon estuaries.

In these southern estuaries, they observed that pp′-DDE, which happens to be a 
breakdown product of DDT, comprised the majority of the total DDTs, which 
implies that the fresh input of DDT is not taking place to that extent as observed in 
the case of Hooghly. However, among the HCH isomers, α-HCH was the most 
abundant, followed by β-HCH and γ-HCH, indicating its continued usage in the 
agricultural sector. However, these studies took place about two decades back, and 
there are no recent observations.

Besides HCH and DDT, reports of substantial concentrations of PCBs, PAHs, 
and PBDEs are available from the east coast estuaries. However, most of these stud-
ies took place in the Hooghly estuary and the Sundarbans part. PCBs in Sundarban 
sediments ranged between 0.23 and 31.4 ng g−1 with significantly varying concen-
trations of individual congeners having no specific trend in terms of spatial vari-
ability (Binelli et  al. 2008; Sarkar et  al. 2012). On the whole, tri-chlorinated 
biphenyls to octa-chlorinated biphenyls were the principal PCB congeners found in 
the sediments, and the high molecular weight PCBs were more prevalent than the 
low molecular weight PCBs, owing to the lesser persistency and higher volatility of 
the latter compared to the former (Binelli et al. 2008). PAHs exhibited low to mod-
erate concentrations (2.5–1081 ng g−1) in the sediments adjoining the Hooghly estu-
ary with a prominent declining trend from the inner estuarine stations to the river 
mouth (Guzzella et al. 2005). However, Balu et al. (2020) reported an exceedingly 
high range of PAH (4880–20,000 ng g−1) covering the sediments of five locations 
through the estuaries of Indian Sundarban. Goswami et al. (2016) observed an even 
bigger range of PAH (13–31,425 ng g−1) in the Cooum river, Ennore estuary, and 
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Pulicat Lake of Tamil Nadu. Binelli et al. (2007) observed PBDEs ranging from 
0.08–29.0 ng g−1 in the mangrove sediments of Sundarban with the highest concen-
trations in the sewage outfall zone of the Kolkata metropolis, i.e., Ghusighata. The 
authors wrangled that the burning of electronic wastes and sewage effluents from 
textile industries could be the fundamental source of PBDEs in these estuarine 
regions.

7.3  POPs in Estuarine Water Column

Compared to sediments, very few studies characterized POP levels in the estuarine 
water column of the east coast of India. In the Coleroon and Cauvery estuaries, 
Rajendran and Subramanian (1997) observed ΣHCH and ΣDDT concentrations of 
3.2–182.0 and 0.8–4.2  ng  l−1, respectively. They observed a predominance of 
α-HCH among the isomers of HCH. However, there was no significant difference 
between the DDT compounds and their metabolites. Kumarasamy et al. (2012) ana-
lyzed an array of organochlorine pesticides (OCPs) in the Tamiraparani River estu-
ary, which meets the Bay of Bengal through the Gulf of Mannar. ΣOCP ranged from 
0.1 to 79.9 ng l−1 with heptachlor, o,p′-DDE, dieldrin, o,p′-DDD, and mirex being 
the dominant contaminants. The upper reaches of the Tamiraparani River estuary 
had higher OCP levels in the water, and the authors observed that the construction 
of dams reduced the OCP load in the seaward end. Though the sediments of Hooghly 
and Sundarban estuaries have received substantial attention, only a single study so 
far (Purkait et al. 2009) reported the OCP levels in the sewage waters near Kolkata. 
Purkait et al. (2009) observed alarming levels of ΣHCH and ΣDDT varying from 
3.41 to 19.70 and 6.01 to 44.10 mg l−1, respectively, in the sewage waters, which 
potentially polluted the upper reaches of Hooghly estuary. On the contrary, 
Rajendran et  al. (2005) observed much less ΣPCB (1.9–4.4  ng  l−1) and ΣDDT 
(5.6–12.5  ng  l−1) levels in the coastal waters near Chennai, Mahabalipuram, 
Pondicherry, Cuddalore, Nagapattinam, and Mandapam. Recently, Balu et  al. 
(2020) measured PAH in the aquatic column of the Sundarban estuaries. They 
reported a PAH range varying from non-detectable to 125,000 ng l−1.

7.4  POPs in Marine Biota

Marine mammals, particularly cetaceans owing to their long life span and position 
in the higher trophic chain, are highly susceptible to POP bioaccumulation. 
Karuppiah et  al. (2005) reported substantially high concentrations of ΣHCH 
(95–765 ng g−1), ΣDDT (3330–23,330 ng g−1), and ΣPCB (210–1220 ng g−1) in the 
blubber of three dolphin species, namely, Tursiops truncatus, Sousa chinensis, and 
Stenella longirostris, accidentally caught in the southeast coast of India. Similarly, 
Kannan et  al. (2005) reported very high concentrations of ΣHCH (maximum, 
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1200 ng g−1) and ΣDDT (maximum, 10,000 ng g−1), whereas low to moderate con-
centrations of ΣPBDE (range, 0.98–18.0 ng g−1) and ΣPCB (28–390 ng g−1) in the 
Irrawaddy dolphin (Orcaella brevirostris) accidentally caught from the Chilika 
Lake, Mahanadi estuary. Zuloaga et al. (2009) reported substantial accumulation of 
PAH in different body parts of three intertidal bivalve mollusks, namely, 
Sanguilonaria acuminata, Macoma birmanica, and Meretrix meretrix, from the 
Sundarbans. The total PAH followed the hierarchy: visceral mass 
(1433  ng  g−1)  >  adductor muscle (454  ng  g−1)  >  gill (203  ng  g−1)  >  mantle 
(139 ng g−1) > podium (128 ng g−1) > siphon (93 ng g−1) > shell (<25.5 ng g−1).

7.5  Serious Health Effects of POP Pollution

The POPs have a long residence time in the environment. Being hydrophobic in 
nature, they prefer to accumulate in the lipids of living organisms and persist there 
for a long time (Scheringer 2009). Medical research has associated a suite of lethal 
human diseases with POP pollution ranging from reproductive disorder, cardiovas-
cular malfunction, endocrine disturbance, obesity, diabetes, and various forms of 
cancer (Alharbi et al. 2018). Research shows that POPs are capable of damaging the 
DNA structure of several marine biotas as well (Sarker et  al. 2018). As human 
beings often get exposed to a wide variety of POPs, it becomes difficult to attribute 
any particular health effect to a specific compound (Walker 2008). Exposure to 
mixed POP compounds often leads to additive and synergistic effects. Almost all the 
OCPs are endocrine disruptors that give rise to several neurological disorders affect-
ing mostly the neonatal human population exposed to such toxic substances 
(Crinnion 2011). Various POPs lead to reproductive disorders and are capable of 
transmutation from the mothers to their fetus through the placenta (Vizcaino et al. 
2014). The lipophilic nature of the POPs enables these compounds to bind with the 
proteins, and it leads to cardiovascular diseases (Ljunggren et al. 2014). Many of 
these POPs are active carcinogens. Though the actual reason behind causing cancer 
still needs further elaborate study, several studies associated various types of cancer 
with the ingestion of POPs through food (Yu et al. 2010). Mitra et al. (2019), while 
working on the sediments of Hooghly estuary, observed that the accumulated PAH 
could lead to significantly high cancer risk to the local people who dwell around 
these sediments. Accidental ingestion and dermal contact are the principal pathways 
that make this population vulnerable.

7.6  Summary and Conclusion

Compared to many other pollutants, there is a paucity of information on persistent 
organic pollutants in the estuarine waters, sediments, and biotas of the Indian east 
coast. From the existing literature survey, we can infer that HCH isomers and parent 
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DDT congeners exist at substantial levels, which evince their ongoing usage in the 
agricultural and health sectors. The concentration of these POPs was significantly 
high in the sediments and water column of the Hooghly estuary as compared to the 
southern estuaries of the east coast like Vellar, Cauvery, and Coleroon estuaries. 
Such an increased level of pollution in the Hooghly estuary can be due to the higher 
freshwater discharge and the effect of sewage water. Although there are studies, 
which reported alarming levels of POPs in the bodies of some marine organisms, 
the number of such studies is scarce. Dolphins, so far, have received much attention. 
The collation of data made in this chapter warrants the need for more exhaustive and 
extensive studies in many major estuaries of this region, viz., the Mahanadi, 
Godavari, and Krishna. This study also shows that India needs some stringent regu-
lations at the central government level to curb the usage of these dangerous pollut-
ants. Though various POPs find its applicability in the industrial and health sector, 
controlled use and a ban on some of the products are the only options left to fight 
out the evil posed by these substances. Bioremediation techniques by deploying 
genetically engineered microbial community that feeds on the POPs are coming up 
as an excellent option to remove the existing POP load from the open environment. 
Chemical absorbents are also an option, which needs further study and advance-
ment that can effectively remove these pollutants from our ambiance.
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Chapter 8
Characterizing the Human Health Risk 
Along with the Bioaccumulation of Heavy 
Metals in the Aquatic Biota in the East 
Coastal Waters of the Indian Peninsula

Shresthashree Swain, Deepak Kumar Das, Anushka Seal, Abhra Chanda, 
and Sourav Das

Abstract Several trace metal contaminants accumulate in estuarine water column 
and sediments, sometimes reaching concentrations beyond the threshold, and impart 
severe ill effects to the surrounding biota. In this regard, we have discussed the state 
of the art of some of the most commonly studied heavy metals like As (arsenic), Cu 
(copper), Co (cobalt), Ni (nickel), Cd (cadmium), Cr (chromium), Zn (zinc), Pb 
(lead), and Fe (iron) in the transitional water mass of the estuaries along the east 
coast of India, in this chapter. Besides the pollution scenario, we have assessed the 
plausible adverse effects these pollutants are posing at present or likely to pose in 
the future to the coastal communities and the local biodiversity. The aquatic food 
chain in these estuarine and coastal waters is badly affected due to the potential of 
heavy metals to get bioabsorbed, bioaccumulated, and biomagnified to higher life- 
forms. We collated the observations on these metal levels in several marine floras 
like mangroves and seagrasses and faunas like gastropods, bivalves, mollusks, and 
fishes in this review. Overall, this chapter has assimilated all the facts published so 
far regarding heavy metal contamination on the east coast of India.
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8.1  Introduction

Water pollution is a burning environmental issue in India. Natural phenomena and a 
suite of anthropogenic disturbances both deteriorate the surface water quality (Aktar 
et al. 2010; Lokhande et al. 2011; Pandey et al. 2009; Singh et al. 2020). Improper 
management of aquatic resources, absence of any government intervention, and 
human-generated waste products are some of the crucial factors that deteriorate the 
water quality (Mehta 2012). Almost one-fifth of the global population belongs to 
India; however, they have access to only 4% of the global functional water bodies. 
Water is a universal polar solvent and it can dissolve several substances. Thus, con-
tamination of water takes place very easily (Tiwari and Ali 1988; Aktar et al. 2010; 
Singh et al. 2020). Untreated sewage is one of the chief concerns that leads to most 
of the aquatic pollution in India (CPCBE&F 2008). Agricultural runoff and indis-
criminate discharges from small-scale industries also pose severe problems. Overall, 
the unregulated discharge from industrial sector, domestic sewage without any 
treatment, and solid wastes pollute the lentic as well as lotic water bodies of India 
(Water Quality Database of Indian Rivers, MoEF 2016).

Land degradation is the fundamental global process regulated by variations in 
the climate, water, soil, and several anthropogenic practices, which in turn pollutes 
the rhizosphere and the adjacent water columns (Riva et al. 2017; Salih et al. 2017; 
Wang et al. 2017; Marchi et al. 2018; Kumar et al. 2020). Inhabitants living near the 
estuaries transform the riparian zones, which translates into a greater threat to estua-
rine regions (Li et al. 2014). The degree of deterioration has always been higher in 
the estuarine reaches, as pollutants that find its way to the upstream riverine reaches 
eventually end up in the estuarine waterways (Bhattacharya et al. 2008; Hejabi et al. 
2011; Singh et al. 2020). Once the pollutants enter the estuarine environment, most 
of the heavy metals tend to attach with the fine-grained particles and accrue in the 
sediment, which leads to unwanted effects on a suite of living forms (Bibi et al. 
2007; Kumar et al. 2020).

The major cities and industrial hubs are polluting estuaries by releasing untreated 
waste into it from several sources such as leather manufacturing factories, tanneries, 
textile mills, distilleries, chemical plants, and slaughterhouses (Bhatnagar et  al. 
2013; Madhulekha 2016). The industries unquestionably contribute the most in pol-
luting the estuaries due to widespread discharge of toxic metals and substances that 
originate as by-products from several manufacturing units (Madhulekha 2016; 
Hussain and Rao 2018). Heavy metals not only accumulate, but these tend to bio-
magnify to higher trophic levels, and this phenomenon poses severe threat to human 
beings (Paul 2017).

Heavy metals are natural components of the Earth’s crust. These substances do 
not undergo degradation or destruction easily. Heavy metals are toxic, are bioaccu-
mulative, and do not undergo biodegradation within the estuarine ecosystems (Li 
et al. 2014), which leads to undesirable consequences on several life-forms includ-
ing human beings (Brady et al. 2014). Heavy metal pollution has long become a 
global issue. The distribution of these metals, their impact on living organisms, and 
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their source of origin, at both local and global levels, have become worthy of inves-
tigation (Brady et al. 2014; Duodu et al. 2017; Kumar et al. 2019a; Kumar et al. 
2020). Some of these metals, which usually exist in trace quantities in the environ-
ment such as arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), cobalt (Co), 
lead (Pb), mercury (Hg), and nickel (Ni), pose significant threats to several living 
organisms owing to their potential in bioaccumulation and biomagnification (Fang 
et al. 2016; Kumar et al. 2019b; Kumar et al. 2020).

High heavy metal concentration in the estuarine ecosystem is an indicator of 
anthropogenic activities, and it causes colossal damage to the ecosystems (Kumar 
et al. 2020). Consequently, it has become crucial to characterize the heavy metals in 
several compartments of an estuarine ecosystem. These heavy metals exist in the 
open environment in diverse forms like organic, exchangeable, bound, and residual 
species (Kumar et al. 2020). The continuous discharge of heavy metals into estua-
rine ecosystems alters the biogeochemical properties of the water (Banerjee et al. 
2016). The top layer of the sediment profile, the water column, and the biota that 
thrives within an estuary are the prime reservoirs of heavy metals (Maiti and 
Chowdhury 2013). These heavy metals upon consumption through various foods 
may lead to the formation of gastrointestinal, reproductive, neurological, tumors, 
muscular, and hereditary disorders in human beings (Matos et al. 2017; Dwivedi 
et al. 2018; Genthe et al. 2018). Thus, in this chapter, we have collated and dis-
cussed the present state of the art of heavy metal contamination in the water column, 
sediments, and marine organisms adjoining the estuaries of the east coast of India.

8.2  Heavy Metal Contamination in Estuarine Water

A vast majority of the studies trying to characterize the heavy metal contamination 
focused on the sediments and marine biota. However, reports of quantifying these 
metal levels in the water column of the estuaries are scarce. Samanta and Dalai 
(2018) recently quantified the Co, Ni, and Cu levels in the estuarine water column 
of Hooghly (Table 8.1). They emphasized that the concentrations of all these three 
heavy metals are substantially higher in the lower and middle reaches of the Hooghly 
estuary. They reported that in the low-saline regions of the estuary, the contributions 
of groundwater and anthropogenic activities are much higher. However, closer to 
the river mouth, interaction with suspended solute particles plays a crucial role in 
the riverine heavy metal fluxes to the adjacent Bay of Bengal. In almost the same 
period, Mitra et al. (2018) reported the concentrations of a wide array of heavy met-
als in the surface water of the Hooghly River estuary, covering the freshwater, the 
brackish water, and the saline water of the Hooghly. Mitra et al. (2018) observed 
that Al, Fe, Ni, Pb, and Mn concentrations were beyond the limit prescribed by the 
World Health Organization (WHO) and, hence, can inflict substantial non- 
carcinogenic risk to human beings, whereas the toxic levels of other heavy metals 
like Cr, Cd, and As pose a cancer risk, especially to children compared to adults. In 
the adjoining estuaries within the Sundarban mangroves, Bhattacharya et al. (2015) 
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observed substantially high heavy metal concentrations, especially in sites situated 
in the fringe or periphery of the mangrove forest, which received substantial quanti-
ties of industrial and metropolitan sewage load from the city of Kolkata. They fur-
ther reported that dermal absorption of heavy metals like Pb, Cr, and Cd leads to a 
plausible risk of cancer, especially for those people who continually come into close 
contact with these waters, like fishermen and agricultural laborers. Sundaray et al. 
(2012) characterized the concentrations of a wide variety of heavy metals in the 
Mahanadi estuary and Devi estuary. Compared to Hooghly and Sundarban, these 
metal levels were much less in these two estuaries of Odisha. Sundaray et al. (2012) 
mainly attributed the effluents from the fertilizer plants; agricultural runoff, espe-
cially during the monsoon months; and the municipal sewage disposal from 
Sambalpur, Cuttack, and Paradeep port townships behind these pollutant reposito-
ries in the Mahanadi river estuary. Cd, Ni, and Pb exceeded the maximum permis-
sible limits in some of the polluted stations in the Mahanadi estuary. Hussain et al. 
(2020) carried out a recent investigation in the Mahanadi estuary and the associated 
tributaries. They observed that the Fe, Cr, and Cu concentrations have substantially 
increased than those reported by the earlier studies in this region. Hussain et  al. 
(2020) also attributed the wastewater discharge from the adjoining industries and 
municipal townships to the increased concentration of heavy metals in the Mahanadi 
estuary. Hussain et al. (2017) researched the Godavari estuary, where they charac-
terized the As, Cd, Cr, Cu, Fe, Pb, Ni, and Zn in the Godavari along with the tribu-
taries of Godavari River estuary. The degree of heavy metal contamination in this 
region was much less than that observed in the northern estuaries like Hooghly and 
Mahanadi. As, Cd, Cr, Fe, and Zn were within the acceptable limits proposed by the 
Bureau of Indian Standards (BIS). Cu and Ni were the principal polluters in the 
Godavari River system, with values beyond the threshold observed in many of the 
sampled stations. Among all the estuaries, the water column of the Krishna estuary, 
in this regard, was found to be the least polluted from heavy metals (Table 8.1). Raju 
et al. (2013) reported that Fe, Mn, Zn, Cr, Cu, Co, Ni, Pb, and Cd concentrations in 
the Krishna estuary were within the prescribed limits of both BIS and WHO. Thus, 
we can infer that the northern estuaries along the east coast of India are compara-
tively much more polluted than the southern estuaries.

8.3  Heavy Metal Contamination Estuarine Sediments

Sediments act as one of the most preferred repository sites for heavy metals. The 
east coast of India has many mangrove forests, and these sites act as sinks for a wide 
variety of heavy metals. Chowdhury et al. (2015) observed substantially high con-
centrations of As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn in the mangrove sedi-
ments of Sundarban (Table 8.2). The periphery of Sundarban mangroves, though 
encompass a large area of pristine mangroves, is densely populated with human 
beings and imposes substantial anthropogenic stress on the mangrove environment. 
Chowdhury and Maiti (2016) reported high Cd, Pb, and Cr contamination in the 
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populous parts of the Sundarban Biosphere Reserve. Spanning over the entire 
Sundarbans, Chowdhury et al. (2017) also observed significant enrichment of Cu, 
Ni, Pb, and Hg in the rhizosediments of Sundarban, which are capable of posing a 
severe threat to the marine biota that thrives within this ecosystem. Sundaray et al. 
(2011) observed significant enrichment of Cd, Ni, Co, and Pb in the Mahanadi estu-
ary. They inferred that a higher proportion of the sediment-trapped metals are in the 
bioavailable form, i.e., several biotic flora and fauna can readily uptake these metals 
and bioaccumulate them, posing a severe health risk to higher life-forms and human 
beings. Panda et al. (2015), while characterizing the sediment quality of the Dhamra 
estuary, observed that the sediments adjoining the Dhamra estuary were moderate 
to heavily polluted by Pb, Cr, Cu, Cd, and Ni. The enrichment factor for Cd was 
highest among all the other heavy metals in the Dhamra estuary. Sundaramanickam 
et al. (2016) also observed similar moderate Cd pollution in the sediments of Vellar- 
Coleroon estuary and the Pichavaram mangrove estuaries. Krupadam et al. (2007) 
observed significant Ni and Zn accumulation in the surface sediments of the 
Godavari estuary. However, their depth profile observations indicated significant 
depletion in metal content with depth. This observation showed that most heavy 
metal accumulation occurred in the recent past in the Godavari estuary. Further 
south, in the Cauvery estuarine sediments, Dhanakumar et al. (2013) observed low 
to high risk of Cu, Zn, and Pb accumulation, with an overall much less heavy metal 
concentration than that observed in the northern estuaries. Figure  8.1 shows the 
mean concentration of the most commonly studied heavy metals in the water col-
umn and sediments of the major estuaries along the east coast of India.

8.4  Heavy Metal Contamination Through Food Chain

Several marine flora and fauna along the east coast of India bioaccumulate substan-
tial quantities of heavy metals. Mangroves, in this regard, are considered by many 
as an efficient living tool for phytoremediation of heavy metals (Chowdhury et al. 
2015) (Table 8.3). While working in the Indian Sundarban mangroves, Chowdhury 
et  al. (2015) observed that out of the many mangrove plant species, Excoecaria 
agallocha showed the highest magnitude of the bio-concentration factor for Cd. 
This observation led the authors to infer that this plant species can effectively 
remove Cd from sediment and water. However, analyzing nine dominant mangrove 
plant species from the Sundarbans, Chowdhury et al. (2017) inferred that essential 
micronutrients such as Mn, Fe, Zn, Cu, Co, and Ni were present in substantial quan-
tities in all the plant organs compared to the non-essential ones, such as Cr, As, Pb, 
Cd, and Hg. Apart from mangroves, another crucial flora that grows in patches 
along the east coast of India, i.e., seagrasses (viz., the species Cymodocea serrulata 
and Syringodium isoetifolium), accumulates a substantial quantity of heavy metals 
like Fe, Mn, Zn, and Cu near the Palk Strait in the southern tip of the east coastline 
(Govindasamy et al. 2011). Besides the floral species, many marine faunas from this 
region exhibited heavy metal pollution. De et  al. (2010) reported varying heavy 
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metal content in the muscle tissue of five important marine fishes, namely, Pampus 
argenteus, Liza parsia, Glossogobius sp., Setipinna phasa, and Cynoglossus sp. 
Among the studied heavy metals, the concentrations of Cu, Pb, and Zn were sub-
stantially higher than the rest of the heavy metals. Saha et al. (2006) reported signifi-
cant heavy metal accumulation from the bivalves (M. pinguis) and Polychaeta 
(M. indicus, G. sootai, P. cultrifera, and L. notocirrata) that thrive in the Sundarban, 
which in general followed a hierarchy of Zn > Mn > Cu > Cr > Se > Hg. Giri and 
Singh (2014), while working in the Subarnarekha estuary, observed that heavy met-
als like As, Cr, and Cu were substantially high in shrimps, which are edible. These 
reports showed that shrimps from a few locations of this estuary are severely detri-
mental to human health upon regular consumption. Mohapatra et al. (2009) observed 
substantially high Cu and Zn levels in the muscle tissues of edible mud crab Scylla 
serrata, found along the Mahanadi estuary. However, the concentrations of toxic 
metals like Pb and Se were much less. On the contrary, Karar et al. (2019) observed 
significant bioaccumulation of Pb and Cd in the hepatopancreas of the Blue 

Fig. 8.1 Mean concentrations of Zn, Cr, Cu, Co, Ni, Pb, and Cd observed in the sediments and 
water column of Hooghly, Mahanadi, Godavari, and Cauvery estuaries
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swimmer crab Portunus pelagicus in the northern Bay of Bengal off the Hooghly- 
Matla estuary to the offshore transition zone. Viswanathan et al. (2013) also observed 
similar high levels of Pb and Cd in the hepatopancreas of the Blue swimmer crab in 
the Ennore estuary down south along the east coast of India. Karar et al. (2019) 
further inferred that salinity played a crucial role in regulating the metal deposition 
rate in these crabs. Higher salinity disfavored heavy metal accumulation, whereas 
the same crabs under freshwater conditions (i.e., during monsoon season) accumu-
lated substantial quantities of several trace metals. In the Pulicat Lake, near the 
Ennore estuary situated in the Andhra Pradesh, Batvari et al. (2008) observed sig-
nificant levels of Pb and Fe accumulation in the gills of two fish species, namely, 
Carangoides malabaricus and Belone stronglurus. However, the metal levels in the 
edible muscle tissues were below the threshold. In the very same Pulicat Lake, 
Batvari et al. (2016) studied and reported crab and shrimp species like Scylla ser-
rata and Penaeus sp. had substantially elevated levels of Pb. Similarly, in the 
Machilipatnam coast of Andhra Pradesh, Krishna et al. (2014) observed substantial 
accumulation of Pb, Ni, and Cd in the marine fish Liza macrolepis.

8.5  Human Health Hazards Due to Heavy Metal Exposure

Heavy metal contamination through the ecological food chain can significantly 
affect the human health via several pathways. Ingestion of heavy metals via daily 
dietary intake can manifest as both non-cancerous effects and cancerous effects in a 
human being. Trace metals and metalloids, such as arsenic (As), chromium (Cr), 
manganese (Mn), zinc (Zn), and copper (Cu) of geogenic and anthropogenic origin, 
are incessantly entering the aquatic environs and have become an issue of severe 
concern to human health and other biotic life-forms (Rahman et  al. 2013, 2019) 
(Fig.  8.2). For instance, Cr is recognized for causing several adverse pulmonary 
health hazards, like fibrosis, lung inflammation, carcinoma, and emphysema (Forti 
et al. 2011), whereas high Cu intake can lead to serious health complications, for 
example, kidney and liver failure (WHO 1995; Rahman et al. 2019). Kumar and 
Riyazuddin (2010), in this regard, observed that tannery effluents from Chennai 
significantly polluted the groundwaters with Cr. Such Cr-enriched groundwater can 
meet the nearby rivers and pose a significant threat to other marine biotas as well.

Rajamohan et al. (2010) observed significant Cu concentrations from the effluent 
of a nuclear power plant on the Kalpakkam coast. Lead (Pb) causes pathological and 
neurotic changes in various body parts and the central nervous system, which lead 
to the delay in the development of mental acumen in children. Chakraborty et al. 
(2015) reported that the overall Indian estuarine sediments have substantial quanti-
ties of lead. Inorganic arsenic is a well-known class I carcinogen, which leads to 
several carcinomas in humans (Biswas et al. 2019). Excessive consumption of inor-
ganic arsenic can manifest severe health hazards, i.e., cancer and non-cancer. Hyper- 
pigmentation, skin cancer, keratosis, and vascular complications are some of the 
common diseases that arise due to the ingestion of As (USEPA 2017). However, 
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arsenic pollution is mostly found to be due to geogenic reasons and is available in 
higher concentrations in the groundwater of West Bengal. Zn and its composites are 
responsible for the reduction in erythrocyte life-span. Again, Zn is less poisonous to 
fishes than As, Cr, and Cu (Dara 1998). Mn concentrations beyond a certain thresh-
old can prove to be toxic, especially under acidic conditions (Rahman et al. 2019). 
A high intake of Mn can cause central nervous system disorders. Daily intake of 

Fig. 8.2 Schematic diagram showing the channels and pathways through which heavy metals are 
introduced to the open environment (Sources: Authors)
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heavy metals via food consumption is the principal path of metal exposure for most 
individuals. Several studies envisaged that the consumption of heavy metal- 
contaminated foodstuffs and fish species significantly affect human health (Rahman 
et al. 2019). As we all know, heavy metals are non-biodegradable and have a long 
residence time in nature. These metals find their way to several vital organs in the 
human body, like liver, kidneys, and bones, and give rise to several severe health 
hazards (Duruibe et al. 2007). The ingestion of a heavy metal-contaminated diet can 
extremely deplete some vital nutrients in the human body, which leads to severe 
damage in immunological defenses, impaired psychosocial behavior, and disabili-
ties associated with malnutrition. Hence, the risk assessment of these heavy metals 
through the daily dietary intake is a significant issue in recent times (Islam et al. 
2017; Rahman et  al. 2019). Figure  8.3 illustrates the most common causes and 
effects of heavy metal toxicity.

Fig. 8.3 Flowchart diagram showing the (a) most common causes and (b) effects of heavy metals 
to human health. (Sources: Authors)
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8.5.1  Human Health Risk Assessment

We can estimate the degree of human health risk of heavy metals due to ingestion, 
inhalation, and dermal contact by several established protocols. We can compute the 
non-carcinogenic as well as the carcinogenic human health risk of all the heavy 
metals by estimating the average daily intake rate of heavy metals. USEPA (2015) 
has furnished the reference dose values for each heavy metal and the carcinogenic 
slope factor for all those heavy metals, which are proven carcinogens. Target hazard 
quotient (THQ) >1 for any metal implies considerable non-carcinogenic risk. 
Similarly, cancer risk (CR) >10−4 for a given metal denotes a high probability of 
developing any form of cancer within the lifetime of a person. Kumar et al. (2020), 
while working on the sediment heavy metal concentration in many of the Indian 
estuaries, observed that Fe, Cu, Co, Mn, Ni, Pb, As, and Cr pose a significant non- 
carcinogenic threat. They also reported that both adults and children are most sus-
ceptible to developing cancer due to cadmium toxicity, followed by Cr and As. They 
also inferred that ingestion (mainly by contaminated food consumption) is the main 
pathway by which heavy metals enter the human body.

8.6  Management and Mitigation Options

According to Bhowmick et  al. (2018), the population in heavy metal-affected 
regions of India is severely malnourished or undernourished, so they are highly 
vulnerable to heavy metal toxicity. Healthy and nutritious foods that are rich in 
antioxidants, vitamins, and proteins should be encouraged as an adjunct to diet. 
Malnourished villagers residing in heavy metal endemic regions should receive pri-
ority. Social awareness should be spread regarding the better supplementation of 
their daily dietary intake with locally grown and procured foodstuff. Every year, a 
large number of people perish due to cancers triggered by chronic heavy metal 
intoxication. The situation is perilous; therefore, our governments and the people 
have to come together and need to find appropriate solutions to combat this situation.

The government should promote research that can potentially discover afford-
able solutions on a massive scale. We have shown through Fig. 8.4 an example of 
initiatives taken by the West Bengal state government and the local population that 
is a surface water body free of arsenic and widely used for drinking. Tap water sup-
plied by the municipality should meet the standards of drinking water for carcino-
gens and other noxious compounds. It should even make the reporting of arsenical 
diseases essential like polio and hepatitis so that we can keep track of the growing 
number of arsenic patients in the country. These steps would help us to control such 
incidences and reduce the severity of pollution scenarios with time.
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8.7  Conclusion

Overall, we can infer that the estuaries along the east coast of India are substantially 
polluted by heavy metals. The northern estuaries with high freshwater discharge 
like Hooghly and Mahanadi are more polluted than the southern estuaries, as these 
estuaries receive substantial quantities of industrial and domestic effluents. Cd has 
the lowest concentrations, and still, it seems to be one of the most potent heavy met-
als that have exhibited substantial enrichment in the estuarine sediments and can 

Fig. 8.4 (a) The key pathways to prevent heavy metal toxicity and (b) an initiative by the West 
Bengal Govt. to provide drinking water free of arsenic to rural people living near the coastal mar-
gin. (Sources: Authors)
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pose a carcinogenic risk to human health. Besides this, other heavy metals like Pb, 
Cu, Cr, and Ni also cause potential hazards to several marine floras and faunas thriv-
ing in and around the estuaries. Arsenic, though not found in substantial quantity in 
many of the estuarine sediments, is found beyond the thresholds in many of the 
groundwater aquifers, especially in West Bengal, making this area one of the potent 
arsenic belts in the world. Since these pollutants can pose serious health hazards to 
human beings, mitigation of this problem deserves special attention at present.
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Chapter 9
Geostatistical Analysis of Suspended 
Particulate Matter Along the North- 
Western Coastal Waters of Bay of Bengal

Atreya Basu, Sayan Mukhopadhaya, Kaushik Gupta, Debasish Mitra, 
Shovan Lal Chattoraj, and Anirban Mukhopadhyay

Abstract A geostatistical approach was used to envisage the spatial variability of 
the suspended particulate matter (SPM) concentration in the coastal waters of the 
Bay of Bengal. The study was conducted in-between Subarnarekha and Rasulpur 
estuary. Semivariogram analysis followed by ordinary kriging unfolded the environ-
mental factors influencing spatial variation of the SPM concentration. An along-
shore increasing trend of SPM concentration was observed toward the eastern sector 
of the study area (67–168  mg/l), with maximum concentration observed in the 
Junput–Rasulpur belt. While the western sector, from the Subarnarekha estuary 
mouth to Tajpur, showed relatively low SPM concentration (≤16–46  mg/l). The 
high-energy regime of the Hugli estuarine flow was found to be the dominant factor 
behind the high SPM concentration in the eastern sector. The fluvial activity of the 
tidal inlets and subsurface topography resulted in the intermittent occurrence of 
high SPM concentration in the alongshore direction. This was explained by the 
observed cyclicity and nugget effect in the semivariogram. The in situ analysis 
revealed a dominancy and uniform distribution of muddy suspended sediments in 
the eastern sector compared to the sandy nature of suspended sediments in the west-
ern sector. The eastern zone was marked by deposition and pollution-prone regime, 
whereas the western zone was found to be in a predominant erosional regime. The 
geostatistical approach provided an advantage over the classical statistical method, 
as it included the aspect of spatial distribution, with the production of near accurate 
cartography of SPM concentration and its associated uncertainty.
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9.1  Introduction

On a global scale, coastal waters are characterized by the presence of suspended 
particulate matter (SPM), which serves as a carrier of resuspended pollutant and 
nutrient in the coastal environment (Healy et al. 2002; Turner and Millward 2002; 
Webster and Lemckert 2002; Winterwerp and Van Kesteren 2004). Any type of 
coastal ecological study, therefore, requires stringent monitoring of SPM variability 
in terms of both space and time. For not only the ecological study but also coastal 
engineering and management, SPM variability monitoring is of utmost importance 
(De Kok 1992).

The inference of spatial distribution maps, of SPM, is the most common and 
convenient way of coastal environmental monitoring. The regional physiography 
inadvertently influences the cartography. Variation in regional geography and sea-
bed geology of a dynamic coastal zone add complexities to methodologies involved 
in the cartographical procedure. These cartographical complexities are well 
addressed when parameterization of the dynamic variables is considered. The use of 
geographic information system (GIS) and its associated databases have proved to 
serve better in the case of comparative cartographical study. Nevertheless, the prob-
lem persists in correlating these GIS-processed cartographical products (maps). 
This might be due to several drawbacks associated with methodologies involved to 
create the maps, or due to data procurement error in the complex coastal waters 
(Méar et al. 2006).

Geostatistical analysis deals with spatially autocorrelated data, thereby charac-
terizing the regular component of variation of natural objects (regionalized variable) 
(Kuzyakova et al. 2001; Bohling 2005). Quantification of the spatial autocorrelation 
at a required scale of interest also helps in estimation and subsequent minimization 
of the error. This is the basic goal of a geostatistical study: enabling an unbiased and 
minimal error estimation. Regionalized variables blend in the effect of surrounding 
environmental phenomena. Therefore, modelling the regionalized variables for a 
proper spatial representation would lead to the extraction of essential environmental 
information. Geostatistics helps to geo-visualize the environmental scenario based 
on the spatial variation of the regionalized variables. The effect of distances in 
between and among the regionalized variable plays a major role in geostatistics. The 
parameterization is solely user-dependent and is not limited by classical statistical 
laws and physical considerations (Desbarats 1996; Bellehumeur et al. 2000), thus 
adding dynamic character to the process (Méar et al. 2006). It includes tools that 
produce maps by analyzing spatial data structure through the characterization of 
spatial autocorrelation (Davis and Sampson 1986; Bohling 2005). Variogram analy-
sis has been the choice of geo-statisticians for quantifying spatial variability of 
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environmental phenomenon for many years (Gringarten and Deutsch 2001). 
Regionalized variables can be quantitatively mapped using a variogram as a geosta-
tistical tool (Matheron 1963). The nature of spatial dispersion normally is revealed 
through a variogram analysis (Anckar et al. 1998; Western et al. 1998; Aubry 2000; 
Ouyang et al. 2002; Burak et al. 2010; Legendre and Legendre 2012; Wang et al. 
2014). By implementation of the variogram model, optimal interpolation (e.g., krig-
ing) along with stochastic simulation (generation of multi-equiprobable images of 
the regionalized variables) can be performed to generate the best linear unbiased 
estimate at each location (Van Groenigen et al. 1999; Bastante et al. 2005; Bohling 
2005; Oliver and Webster 2014).

Continuous progress in the field of automatic calculation has caused a surge in 
the use of geostatistics for spatial analysis of environmental data (Chang et al. 1998; 
Goovaerts 1999; Atkinson and Lewis 2000; Batista et al. 2001; Saito and Goovaerts 
2001; Caeiro et al. 2003; Leecaster 2003; Li and Lu 2010; Vannametee et al. 2014; 
Malone et  al. 2016). Likewise, in the field of marine sedimentology and aquatic 
ecology, geostatistics is a powerful tool to represent the regionalized phenomenon 
(e.g., coastal hydrodynamics, erosion, accretion, etc.) in the form of a spatial vari-
ability map. In this study, the suspended sediments in the nearshore waters of the 
Bay of Bengal was given the focal attention. Suspended and resuspended sediments 
can integrate contaminants, which could provide valuable information on the source, 
throughput, and sink of pollutants, whose monitoring and assessment are essential 
from an ecological point of view. Quantification of the fine fraction of sediment is a 
necessity as it has the property to get itself associated with the contaminants 
(Forstner et al. 1982; Birch and Taylor 2000). In this study, the SPM concentration 
was interpolated and the error arising from this interpolation was estimated for a 
coastal environmental assessment. This present study, centered on, SPM concentra-
tion variability monitoring to explain the regionalized coastal phenomenon affect-
ing the environmental state of the Bay of Bengal coastal waters.

9.2  Materials and Methods

9.2.1  Study Area

The Bay of Bengal (BOB), a semi-enclosed tropical basin, lies toward the northeast-
ern part of the Indian Ocean. “The initial Paleocene–Eocene collision of India with 
the subduction zone of the northern side of Tethys Ocean created the BOB basin” 
(Curray and Moore 1974; Curray et al. 2002; Lee and Lawyer 1995; Alam et al. 
2003). Its seabed topography is mainly dominated by fine-grained to coarse-grained 
sediments of the Bengal Fan. The continental slope of eastern India borders the 
western margin of the Bengal Fan, while its eastern margin lies in the northern end 
of the Sunda trench and the accretionary prism of the Sunda subduction zone. This 
accretionary prism holds much of the Bengal Fan sediments. The unique geographi-
cal location of the bay, mainly its proximity to the equator and voluminous 
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freshwater influx into the bay system makes the circulation pattern complicated. 
BOB experiences a seasonal reversal of the monsoon (Gopalan et al. 2000).

Over the Pleistocene period, the quantitative amount of sandy bed load, carried 
by the River Ganges, had filled the Bengal Delta. Subsequently, those sediments 
were distributed in the entire BOB to form the largest submarine canyon of the 
world (Coleman 1969; Thorne et al. 1993). The nearshore shelf waters located west 
of the Bengal Delta were chosen as our study area (Fig. 9.1). This region is under 
the influence of two major estuarine systems: the Hugli (a distributary of the River 
Ganges) to the east and the Subarnarekha to the west. River Hugli carries a huge 
amount of sediment load through its course down the hills of the Himalayas into the 
plains of West Bengal. Similarly, the River Subarnarekha, having its origin in the 
Indian state of Jharkhand passes through the mineral-rich belt of the Singbhum 
shear zone, also carries a substantial amount of sediment load. Both the rivers con-
verge its flow in the BOB shelf waters, thereby adding to the sediment concentration 
of the shelf bed. From several studies, it has been observed that there has been a 
recent trend of increasing heavy metal pollution in the waters of the estuaries and 
open coast of the Indian state of West Bengal (Guhathakurta and Kaviraj 2000; 
Guzzella et al. 2005; Sarkar et al. 2007; Mitra et al. 2010). This increasing trend 
might be attributed to the heavy sediment load carried by the two rivers. River Hugli 
passes through the most urbanized and industrialized region of West Bengal, thereby 
adding heavy metal pollutants to the shelf waters. Rasulpur estuarine flow in BOB 
is influenced by the Hugli estuarine flow as it lies adjacent to the Hugli estuary 
mouth on the open coast. The Subarnarekha River has its course through the copper 
and uranium mining region, which also might contribute to the pollution of the 
coastal waters. Local hydrodynamic processes and wave action enhances the distri-
bution of these pollutants aided by the suspended/resuspended sediments of the 
coastal waters. So, monitoring of suspended/resuspended sediment concentration 
will indirectly reflect the potential pollutant dispersal pattern enabling proper 
coastal ecological management.

9.2.2  Data

One hundred (100) surface water samples were collected from the coastal (near-
shore) waters following a random stratified sampling technique. Alongshore and 
toward offshore sampling was performed to represent the best possible SPM spatial 
variability within the sample set (Fig. 9.2). Ebb tidal period was selected as the time 
domain for sample collection as it is convenient to easily deduce the estuarine out-
flow effects into coastal waters, which might become quite complicated during 
floods tidal period, where an inflow of seawater into the estuaries take place. 
Individual sample collection locations were geocoded using Garmin GPS eTrex 10 
having a spatial accuracy of 3 m. The collected samples, in each of 500 ml, seawater 
rinsed, open screw cap bottle was subjected to SPM concentration retrieval by the 
weighing method (Zhang et al. 2010). Vacuum filtration system with Whatman™ 
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934-AH™ Glass Microfiber Filter (1.5 μm pore size) was used to retain the fine 
fraction of silt and clay as the residue after filtration. This residue was then washed 
with 100 ml of distilled water over three times to remove any fraction of salt present 
within it, which could have induced error in the result of the geostatistical analysis, 
as dissolved salts do not account for major pollutant dispersal in the coastal waters. 
An analytical accuracy of ±0.04 mg/500 ml was ascertained while the accuracy of 
±0.03 mg was observed due to the error arising from the weighing process. The 
retrieved and geocoded SPM concentration data were treated as the regionalized 
variable for this study. Environmental parameters influencing the spatial 

Fig. 9.1 Map showing the study area along the coast of West Bengal, India
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distribution of the SPM are encompassed within the regionalized phenomenon 
(Aubry 2000; Ouyang et al. 2002; Méar et al. 2006).

9.2.3  Geostatistical Approach

Geostatistical analysis performs well, producing a good cartographic estimation if 
the frequency distribution data of the regionalized variable assumes a Gaussian 
nature (Webster and Oliver 1992; Ouyang et al. 2002; Schnabel et al. 2004). But in 
nature non-normality of the data sets are common. Various factors might be respon-
sible for the induction of skewness into the SPM data set. Reasons like analytical 
error, sampling scale error (duration of sampling is longer than the operating time 
scale of environmental mechanism, e.g., accretion, erosion, etc.), erroneous sample 
collection, a human error might be responsible for the induction of skewness in the 
dataset. The original data was found to be skewed (Figs.  9.3 and 9.4). So, for a 
proper geostatistical analysis, the Gaussian transformation of the data set was per-
formed to remove the non-normality based on the Shapiro–Wilcoxon test result, 
using the IBM SPSS statistics trial version software. The non-normality also induces 
a trend in the data set if it has an organized structure, which makes the regionalized 
variable non-stationary (Méar et al. 2006). So a trend analysis was carried out to 
remove the trend, if present, to obtain an unbiased data set. The unbiased data set 
was then subjected to an anisotropic analysis, which reflected the variance of SPM 
concerning distance and direction. This analysis was performed to deduce a 

Fig. 9.2 The figure shows 100 nearshore water sampling points in the study area. A near to “z” 
pattern of water sample collection was followed to represent the variability in SPM concentration
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Fig. 9.3 Histogram of the 
positively skewed SPM 
concentration of the 
original field dataset

Fig. 9.4 Q–Q plot of the SPM concentration of the original field dataset. The plot depicts non- 
normality with a Shapiro–Wilk test statistics value (W) of 0.808
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comprehensive understanding of the complex mechanism (sediment resuspension, 
settling of SPM, erosion, local hydrodynamics, anthropogenic influence, etc.) and 
their mutual interaction influencing the spatial variability of SPM concentration.

A semivariographic study was conducted to reveal the random and structured 
aspect of spatial distribution (Méar et al. 2006) for each of the dataset. This included 
the original transformed data of 100 sampled locations, as well as for sub datasets. 
Experimental semivariogram was first established followed by the choice of the 
method of interpolation. Isaaks and Srivastava (2001) defined the experimental 
semivariogram as follows:
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The major consideration adopted for this study was the conservation of the spa-
tial variation of the fields of measurement. This was achieved by using ordinary 
kriging as the method of interpolation (Desbarats 1996; Goovaerts 1997, 1999; 
Vanderborght et al. 1997; Bellehumeur et al. 2000). This ensured the non-underes-
timation of the error variances, a key aspect of this study. Ordinary kriging utilized 
the values of the normalized data to reproduce the statistics such as the histograms 
and semivariograms for geo-visualization purposes (Asselman 1999). A final map 
was produced by averaging the 100 simulations generated, covering the entire study 
area, with each simulation producing an individual map. R-Software (http://www.r- -
project.org) was used for the computation of the classical statistics (mean, median, 
mode, etc.), normality, and geostatistical analysis.

9.3  Results and Discussion

9.3.1  Field Data Analysis

The sampled SPM concentration was in the range of 11.80 mg/l to 306.40 mg/l, 
thereby representing a variability of the SPM concentration within our original 
dataset. Thus, enabling a proper geostatistical analysis. A lower concentration of the 
SPM was observed toward the western sector of the study area, with a gradually 
increasing concentration toward the eastern sector (Fig. 9.5). The maximum con-
centration was observed in the Junput and Rasulpur belt in the east, while the mini-
mum concentration was observed near the Subarnarekha estuary mouth in the west. 
This eastwardly increasing trend might be attributed to the intensive sediment load 
carried by the largest estuarine system of India, the Hugli, which lies toward the 
eastern sector of the study area, near to the Rasulpur estuary mouth. A considerable 
high amount of SPM concentration was observed near the estuary mouths, viz. 
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Subarnarekha estuary, Digha inlet, Pichhabani inlet, and Rasulpur estuary, indicat-
ing a high amount of fluvial activity. Hugli estuarine flow dynamics dominated till 
the Mandarmani belt, whereas the Subarnarekha estuarine flow dynamics had a neg-
ligible impact towards its east. This aspect can be validated by the low SPM concen-
tration in the Talshari–Tajpur nearshore waters, compared to the very high SPM 
concentration in the rest of the coastal belt of the study area. A rise of SPM concen-
tration was observed from the Junput to Rasulpur belt, while a fall in the SPM 
concentration was observed from the Subarnarekha estuary mouth to the Talshari 
inlet (Fig. 9.5). The reason might be attributed to the subsurface topography and the 
current flow-wave energy regimes operating in these regions. In a general overview, 
the fraction of clay, silt, and fine sand constituted the SPM in the coastal waters of 
the study area. Fine sand–sized sediments in suspension were found to be dominant 
in most of the coastal waters of the study area. This confirms the single provenance 
of these sediments. Sandy sediment load carried by the Hugli estuarine system, 
which was deposited on the continental shelf over the Pleistocene period, is the 
main source of the suspended sediments (Coleman 1969; Thorne et al. 1993). As per 
the Hjulström curve theory, it was evident that higher flow energy was required for 
the suspension of larger grain–sized sediments. The rise in SPM concentration 
toward the Rasulpur belt indicated a high flow energy regime in this part of the 
study area. SPM concentration remained considerably low in the nearshore waters 
of the Subarnarekha estuary mouth to Tajpur. This region is said to be impacted 
upon by the dual effects of tidal currents and wave energy. But the tidal current 
speed in the western sector is expected to be extremely low as compared to the east-
ern sector, due to the voluminous and high flow rate of the Hugli River. The Hugli 
estuary has a larger cross-sectional area than the Subarnarekha estuary, thereby, 
allowing greater volumes of water to flow. So, the Subarnarekha estuarine flow had 

Fig. 9.5 Alongshore variation in the field SPM concentration
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a negligible impact towards its east, which resulted in a decreased suspension of 
sediments in the Talshari–Tajpur belt. Field observations revealed a significant 
absence of waves beyond the Mandarmani belt toward Rasulpur. This sector of 
coastal waters is dominated by the strong tidal flow of the Hugli estuary, thereby 
comprising a high-energy environment, which led to the increased suspension of the 
fine sediments. Mostly clay- and silt-dominated suspended sediments were observed 
in the Rasulpur region, indicating deposition of the sandy sediments. Therefore, the 
eastern sector of the study area signified a depositional environment, whereas the 
western sector was supposed to be in an erosional regime, due to the dual impact of 
waves and tidal currents. SPM concentration decreased toward offshore, which goes 
with the general scientific agreement that toward offshore, as depth increases, lower 
suspensions of sediments are found in a normal weather condition. From the analy-
sis of the field data, it was obvious that the regionalized variable assumed for this 
study, that is, SPM concentration encompassed the regional environmental phenom-
enon. So this regionalized variable was considered to be suitable for its application 
in the geostatistical analysis for estimation and uncertainty assessment, finally 
drawing inference on the impact of potential environmental promoters aiding in pol-
luting the nearshore waters of the study area.

9.3.2  Data Treatment

The original dataset of the retrieved SPM concentration was found to be positively 
skewed (skewness  =  1.187) with a mean and median value of 75.41  mg/l and 
36.30  mg/l, respectively. The normality test (Shapiro–Wilk test) produced a test 
statistics value (W), which was less than one (W = 0.808), within a 95% confidence 
interval (Fig. 9.4). This value led to the rejection of the null hypothesis, that is, the 
original dataset was not a Gaussian distribution and implied a necessary transforma-
tion of the dataset. Double logarithmic and double square root transformation was 
applied on the original dataset. It was observed that though the double logarithmic 
transformation led to near normal distribution (skewness  =  0.05; W  =  0.93), tri- 
modal peaks were observed. There might be an occurrence of improper geostatisti-
cal analysis if the transformed dataset was divided into three parts due to a smaller 
number of data points. A minimum of 30 data points is an essential criterion to 
perform any geostatistical analysis. So, this transformation approach was rejected 
(Journel and Huijbregts 1978; Pannatier 2012). Normalization involving double 
square root transformation produced a result close to normality (skewness = 0.50; 
W = 0.90), with a bimodal frequency distribution curve (Fig. 9.6). Therefore, this 
transformed variable (SPM concentration) was used for geostatistical analysis. For 
further validation and cross-validation purpose, the transformed SPM concentration 
data was divided into two parts, viz. first 68 data points, which represented the west-
ern sector of the study area and the rest 32 data points, which represented the eastern 
sector of the study area. This division of the data points was based on the range of 
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the bimodal frequency distribution histogram (Fig. 9.6). For each of these divided 
datasets normality test was carried out to assess the skewness of the dataset. The 
dataset has 68 data points that showed a skewness of 1.03 and a test statistics value 
(W) of 0.85, while the dataset of 32 data points showed a negative skewness of 
−0.371 and a W value of 0.901. The W value for both the divided datasets indicated 
a near-normal distribution, with the dataset having 32 data points showed a nearer 
normal distribution than the other. The more uniform SPM concentration distribu-
tion in the eastern sector of the study area revealed the significant role of the tidal 
flow of the Hugli estuarine system, dominating the suspended sediment distribution. 
Also, the eastern sector had a dominancy of the clay-silt sized sediments with a very 
little sand-sized suspended sediment content. The uniformity in the SPM content 
was also responsible for the strong near-normal distribution. The western sector had 
energy sources both from the tidal current and waves, for driving bed sediments into 
suspension and resuspension, which might be responsible for the less uniform 
nature of SPM concentration. Moreover, the presence of both sand- and mud-sized 
suspended sediments could have made the SPM concentration distribution less 
Gaussian in nature. The frequency distribution and normality study of the divided 
datasets reflected on the potential erosional and depositional regimes of the study 
area. A uniform distribution might indicate a less erosive regime, where deposition 
might be dominant. While a non-uniform distribution might indicate an erosional 
regime. Accordingly, the eastern sector of the study area, that is, beyond Mandarmani 
to Rasulpur is less prone to erosion and vice versa for the western sector.
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9.3.3  Trend Analysis and Anisotropy

The semivariogram of the transformed 100 data points (Fig. 9.7) does not clearly 
show a continuously increasing trend, and hence no discernable trend was observed. 
This allowed the use of geostatistical tools without further transformations (Saito 
and Goovaerts 2001; Méar et al. 2006). Generally, a variogram is represented graph-
ically showing the quantitative statistics which is characterized by the spatial conti-
nuity of the data taken into consideration. Often, different length scales according 
to different directions are shown by a variogram, which is known as geometric 
anisotropy. Considering a linear variogram, geometric anisotropy will be appearing 
at different slopes in different directions. Further, to investigate the anisotropy of an 
omnidirectional variogram, the tolerance was set at 45 degrees. The directional var-
iogram plots the results with the set tolerance of 45 degrees, with directions 0°, 45°, 
90°, and 135° (Fig. 9.8). It appears that for directions at 45° and 90° the variogram 
passes through a maximum of the data points, whereas for directions at 0° and 135° 
the variogram passes through very few data points. This clearly shows evidence of 
geometric anisotropy as the range changes considering the same sill parameter. At a 
scale of the study area, the anisotropy is oriented toward the ENE direction (Fig. 9.8). 
This orientation corresponds to the strongest gradient of high SPM concentration in 
the ENE direction (Méar et  al. 2006). This can be validated from the field data 
analysis, where the highest SPM concentration was observed in the eastern sector of 
the study area. In addition, field observations reveal the presence of muddy deposi-
tional features in the Junput–Rasulpur belt, for example, wide and long mudflats are 
the most common geomorphological features in this coastal belt. Thus, the anisotro-
pic analysis confirms the existence of the depositional regime in the eastern sector 
of the study area.

1.0

0.8

0.6

0.4

0.2

500 1000

distance

se
m
iv
ar
ia
nc

e

1500 2000

Fig. 9.7 Semi-variogram of the transformed 100 data points (exponential model, cutoff = 6000, 
width = 150, nugget = ~0.01, sill = ~0.065, range = 2000)

A. Basu et al.



141

9.3.4  Semivariogram Analysis

The semivariogram of the 100 (Fig. 9.7) and 68 data points (Fig. 9.9) showed a nug-
get effect at 0.10 and 0.035, respectively. No nugget effect was observed for the 
semivariogram of the 32 data points (Fig. 9.10). Though the nugget effects are not 
strong in nature, this effect characterizes variations in the amount of the SPM con-
centration over a very short distance (Méar et al. 2006). The sources of these varia-
tions might be of natural or artificial origin, which might result from analytical 
errors or the subsurface morphology, or the local energy regimes prevailing in this 
region (Gringarten and Deutsch 2001). The absence of the nugget effect in the semi-
variogram of the 32 data points indicated a uniform distribution of SPM concentra-
tion, thereby confirming the active role of a high-energy environment (Hugli 
estuarine flow) in the uniform distribution of suspended sediments. In an overall 
scenario, low nugget effect in the entire study area depicted a nearly uniform distri-
bution of suspended sediments. The western sector of the study area (68 data points) 
showed a slightly more nugget effect than the eastern sector, which might be attrib-
uted to the combined effect of the wave and tidal energy influencing the nonunifor-
mity in the concentration of the suspended sediments. Though, it was not possible 
in this study, to deduce the exact reason behind these effects.

The semivariograms were characterized by the “hole effect,” that is, an observed 
cyclicity in the semivariograms along with the presence of disturbances after the 
distance where the curve attained a sill. These disturbances weakened gradually 
(Méar et al. 2006). For the semivariogram of the 100, 68, and 32 data points, the sill 
was observed at and around 0.065, 0.095, and 0.060, respectively (Figs. 9.7 and 
9.9a, b). This cyclicity confirms the increased SPM concentration at frequent inter-
vals in the ENE direction. This suggested a high fluvial activity near the mouth of 
the tidal inlets. This can also be validated from the field data analysis where high 
SPM concentration was observed near the mouth of the estuaries and tidal inlets. 

Fig. 9.8 Directional semivariogram of the transformed 100 data points at 0°, 45°, 90° and 135°
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The physiographic characteristics of the study area also showed the presence of 
numerous, closely located, tidal inlets, thereby asserting to cyclicity observed in the 
semivariograms (Fig. 9.1).

The mean squared error of the three datasets of 100, 68, and 32 data points were 
found close to zero, that is, 0.07, 0.35, and 0.02, respectively. This suggested an 
exponential model fitting, as the best fit model (Mukhopadhaya 2016). Low RMSE 
values resulted from this model fitting, with values of 0.27, 0.59, and 0.16 for the 
semivariogram of 100, 68, and 32 data points, respectively. Cross-validation was 
performed among the three datasets to assess the accuracy of the model fitting. The 
68 data point model, fitted on the 32 data points, produced a RMSE value of 0.24, 
while the vice versa produced a RMSE value of 0.42. Similarly, RMSE values of 
0.78 and 0.29 were observed for the 68 data point model and 32 data point model 

Fig. 9.9 Semivariogram of (a) 68 data points (exponential model, cutoff = 3500, width = 150, 
nugget = ~0.035, sill = ~0.095, range = 200); (b) 32 data points (exponential model, cutoff = 1600, 
width = 250, nugget = 0.0, sill = ~0.06, range = 250)
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fitting on the 100 data points, respectively. The low RMSE values among the datas-
ets suggested the stability of the exponential model of the 100 data point, thus 
enabling proper interpolation and estimation of the SPM concentration in the 
study area.

9.3.5  Interpolation and Uncertainty Assessment

Significant information present within the dataset governs the choice of the interpo-
lation method. From the semivariogram analysis, high SPM concentration separated 
by variable distances in the alongshore direction and its eastwardly increasing trend 
was found to be the most critical and important result. For a proper geostatistical 
interpolation, the interpolation operator using their principal characteristics (dis-
tance from the shore, concentration, geographical localization, hydrodynamic and 
wave energy regime, etc.) must visualize these results (Méar et al. 2006). In the case 
of this study, only one field variable was available (SPM concentration) and 

Fig. 9.10 (a) Estimation map of the SPM concentration of the study area. The circle represents the 
eastern sector of the study area with high SPM concentration; (b) Uncertainty Map of the SPM 
concentration of the study area. (The coordinates are in EPSG system)
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therefore ordinary kriging was chosen as the interpolation method (Matheron 1963). 
A stochastic method of the conditional simulation was applied in this study 
(Pebesma and Wesseling 1998; Vann et  al. 2002). Normally a single simulation 
produces a poor-quality result (Vann et al. 2002). In kriging, the total variance of the 
data is reproduced both quantitatively through the histogram and spatially through 
the semivariogram (Méar et al. 2006). Asselman (1999) underlined that for proper 
geostatistical analysis, a series of simulations need to be produced, all different, to 
take into consideration, the spreading of the group of variographic points. Ten simu-
lations of the transformed variable (SPM concentration) were calculated based on 
the majority of data variance values, which resulted in 10 different equiprobable 
distributions. All these 10 distributions were averaged to produce a single, robust 
SPM concentration estimation (Fig. 9.10a) and uncertainty map (Fig. 9.10b).

In the SPM concentration map (Fig. 9.10a), the highest concentration of sedi-
ments estimated are denoted with the pink, red, and yellow color, while the low 
sediment concentration is denoted with the blue shades. Most of the highest con-
centrations of the sediments are observed toward the north of the sampled points. 
This is the landward region, which will normally have a high concentration of sedi-
ments, which proves that the exponential model considered for interpolation was 
well correlated with the physiography of the study area. So, the geographical local-
ization aspect was considered in kriging. The circled location in Fig. 9.10a repre-
sents the Mandarmani–Junput–Rasulpur belt (eastern sector of the study area), 
which has the highest concentration of SPM near the shoreline. The SPM concen-
tration amounted up to 2.8–3.6  mg/l, which with reverse transformation would 
amount to ~67–168  mg/l. This high concentration can be attributed to the large 
amount of sediment load carried by the Hugli estuarine system and the depositional 
regime operating within this coastal belt. This is the major reason behind the 
increased concentration of sediment suspension and resuspension in this region. 
Normally as the distance from the shore increases toward offshore, the SPM con-
centration decreases. But in the Rasulpur estuarine region, high sediment concen-
tration continued offshore. This is because this offshore region lies near to the 
mouth of the Hugli estuary where there is always a high instantaneous concentra-
tion of suspended sediments. A similar scenario of high offshore suspended sedi-
ment concentration is observed in the Mandarmani region, though the actual reason 
for it was not established in this study. This might be attributed to the influence of 
subsurface topography and the hydrodynamic-wave energy regimes prevailing in 
this zone. Very low concentration of SPM was observed in the western sector of the 
study area ranging from ≤2 to 2.6 mg/l (~ ≤ 16–46 mg/l, with reverse transforma-
tion), which gradually decreases further offshore. This low amount suspension of 
sediments might be attributed to the low-energy regimes prevailing in this region, 
compared to the high-energy regime of the Hugli estuarine flow. Due to the fluvial 
activity, the estuarine and the tidal inlet mouths have a relatively high SPM concen-
tration than the coastal waters adjacent to it. The uncertainty assessment map 
(Fig. 9.10b) revealed an increased uncertainty in the landward side of the sample 
points, represented by the pink, red, and yellow color. This observation was obvious 
as terrigenous sedimentology is absolutely different from the nearshore bed 
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sedimentology, thus further confirming the accuracy of the exponential model. In 
the nearshore waters’ uncertainty was found to be very low (0.0–0.2  mg/l), but 
toward offshore the uncertainty increased up to >0.6  mg/l. Near to the sample 
points, the geostatistical interpolator can conveniently visualize the principal char-
acteristics thereby performing a good interpolation. This resulted in a lower uncer-
tainty value in the nearshore waters. But the visualization power of the interpolator 
exponentially decreased with increasing distance from the shore both landward and 
seaward, as per the exponential model considered for this study. This resulted in an 
increased uncertainty toward offshore. A total of 25 random points were chosen 
based on proximity to the shoreline to estimate SPM concentration value and cor-
responding uncertainty (Table 9.1). The results clearly estimated a high SPM con-
centration near to the shoreline with low uncertainty and vice versa for the offshore 
points (Points 21–25).

Table 9.1 SPM prediction and uncertainty

Location Latitude Longitude Estimation (mg/l) Uncertainty

Point 1 21°33′32.21”N 87°22′50.46″E 3.643675 0.157875

Point 2 21°37′54.10”N 87°33′1.55″E 2.669945 0.1707792

Point 3 21°38′33.09”N 87°38′2.28″E 2.3665 0.1462062

Point 4 21°41′12.31”N 87°46′26.17″E 3.05934 0.1543263

Point 5 21°47′11.55”N 87°53′54.80″E 3.57687 0.1679237

Point 6 21°35′13.38”N 87°26′34.27″E 2.688678 0.2209525

Point 7 21°37′8.02”N 87°30′41.44″E 2.300609 0.2270635

Point 8 21°38′28.08”N 87°35′56.78″E 2.343078 0.2053525

Point 9 21°39′52.87”N 87°42′44.16″E 3.386699 0.1713768

Point 10 21°43′55.25”N 87°50′57.17″E 3.29412 0.1379519

Point 11 21°32′42.57”N 87°23′34.22″E 3.484629 0.1442196

Point 12 21°37′11.89”N 87°33′36.37″E 2.531489 0.1290741

Point 13 21°38′22.71”N 87°38′59.15″E 2.5474 0.1373568

Point 14 21°40′52.84”N 87°46′13.13″E 3.081888 0.1433142

Point 15 21°46′37.18”N 87°54′36.05″E 3.534607 0.1840622

Point 16 21°30′38.74”N 87°24′8.83″E 2.475146 0.1815113

Point 17 21°35′31.49”N 87°34′20.13″E 2.00279 0.149901

Point 18 21°36′52.54”N 87°39′58.67″E 2.438923 0.1466496

Point 19 21°39′57.73”N 87°47′59.80″E 2.293205 0.1613187

Point 20 21°44′44.49”N 87°49′14.53″E 3.412383 0.1759059

Point 21 21°46′22.49”N 87°51′45.53″E 3.082138 0.6774902

Point 22 21°48′01.49”N 87°54′54.53″E 2.976366 0.5817625

Point 23 21°51′14.49”N 87°56′19.53″E 3.22282 0.4597023

Point 24 21°53′57.49”N 87°57′39.53″E 2.638559 0.5473473

Point 25 21°56′21.49”N 87°59′22.53″E 2.76949 0.6803108
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9.4  Conclusions

Univariate geostatistical analysis, using SPM concentration as the regionalized vari-
able, gave an insight into the environmental promoters, influencing regional sedi-
mentology of the nearshore waters of the NE coast of Bay of Bengal. Semivariogram 
analysis, followed by ordinary kriging, showed a high dependency of SPM concen-
tration on geographical localization, energy regimes. The coastal waters in between 
the Subarnarekha and Rasulpur estuary can be delineated into two zones, based on 
the SPM concentration and energy regimes. The western sector was characterized 
by a considerably low SPM concentration with a low-energy regime, whereas the 
eastern sector had just the opposite scenario. The Junput–Rasulpur belt was found 
to be in a depositional environment. While the western sector of Subarnarekha 
mouth to Tajpur was found to be in the erosional regime. Due to the huge sediment 
load carrying capacity of the Hugli estuary and high-energy environment of the 
region of Junput–Rasulpur, increased SPM concentration was observed. In addition, 
the Hugli estuary carries a substantial amount of anthropogenic pollutants. High 
SPM concentration increases the pollutant-carrying capacity in the coastal waters. 
Therefore, the Junput–Rasulpur belt is the most anthropogenic pollution prone zone 
in the study area. The coastal waters of the western sector of Subarnarekha to Tajpur 
inlet is less prone to anthropogenic pollution, due to low SPM concentration and 
constant wave action. Wave action might be held responsible for redistribution of 
the suspended sediments, rather than concentrating it in one direction.

This study was conducted to assess the efficacy of the geostatistical tool in esti-
mating SPM concentration in the complex nearshore waters. Sound cartography 
was produced, estimating the SPM concentration, with the uncertainty assessment. 
Toward offshore and landward, uncertainty increased due to poor performance of 
the model, which increased exponentially with distance from the shore. Therefore, 
distance from the shoreline is a major factor controlling the geostatistical analysis 
of the SPM concentration. Though this study was conducted with 100 data points, a 
more precise and accurate geostatistical output can be obtained if a greater number 
of data points are available (Webster and Oliver 1992, 1993; Gascuel-Odoux and 
Boivin 1994; Goovaerts 1997). This study assumed a constant mean and variance 
across the study area, for which ordinary kriging was the choice of interpolation, but 
in nature, a dynamic system exists in the coastal waters. The dependency of one 
variable with another is impossible to establish with the ordinary kriging approach. 
It is recommended that more field variables should be obtained to properly under-
stand the dependency of one variable on another, for inferring a comprehensive 
environmental scenario. Co-kriging can be used as an interpolation method as it 
allows consideration of other environmental variables. This study further recom-
mends a temporal study based on the variance maps produced by the geostatistical 
analysis, to assess the deposition and erosion rates (Méar et al. 2006).
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Chapter 10
Multiple Facets of Aquatic Pollution 
in the Estuarine and Continental Shelf 
Waters Along the East Coast of India

Anirban Akhand, Abhra Chanda, and Sourav Das

Abstract Aquatic pollution often takes place in estuaries, especially the ones 
flowing through large cities and industrial setups due to the discharge of various 
chemical substances. The estuaries situated along the east coast of India are no 
exception in this regard. This chapter has discussed five broad types of pollution 
that occur in the east coast estuaries of India, namely eutrophication, algal bloom, 
fecal coliform, high biochemical oxygen demand, and petroleum hydrocarbon 
pollution. Land- derived runoff along with the pore water from mangrove vegetation 
often enhances the nutrient levels in these estuaries, which in turn has favored 
harmful algal blooms. Indiscriminate discharge of domestic sewage makes some of 
the estuaries active hotspots of coliform pollution, deteriorating the entire water 
quality. Besides this, the municipal wastewater coupled with some industry effluents 
enhances the organic matter load along with petroleum hydrocarbon load beyond 
thresholds. All these forms of pollution have become essential aspects of estuarine 
biogeochemistry, which need comprehensive study and monitoring. A proper 
characterization of the dynamics of these pollutants has become an utmost necessity. 
The present chapter has collated and discussed all the principal findings reported, in 
this regard, in the estuaries along the east coast of India.
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10.1  Introduction

A substantial share of the continental weathering products coupled with the 
anthropogenic input ends up in the rivers and drains to their respective estuaries and 
eventually to the coastal seas in the form of a multitude of dissolved and particulate 
matter (Kanuri et al. 2020). Over the past decades, the rivers and estuarine banks 
throughout the world have witnessed a significant rise in the population, which in 
turn has led to increased discharge of domestic and industrial effluents in these 
regions (Lotze et al. 2006). With the increasing population pressure vis-à-vis the 
enhanced load of such effluents, the overall water quality of the estuaries and near- 
shore coastal waters all around the world are getting jeopardized due to the enhance-
ment in concentrations of an array of pollutants (Jha et al. 2015; Soo et al. 2016). 
Apart from abiotic pollutants, several biotic communities are also known to pollute 
the estuarine environments (Batabyal et al. 2014).

Besides heavy metals and persistent organic pollutants, several other types of 
aquatic pollution have become a concern for environmentalists all through the 
world. Essential nutrients, especially nitrogen and phosphorus, which are abundant 
in sufficient quantity in the rivers and estuaries, often lead to aquatic pollution when 
their concentrations increase abnormally beyond a certain threshold, mostly because 
of agricultural runoffs and domestic effluents full of inorganic nitrogen and phos-
phorus (Wang et al. 2019). Such excessive presence of nutrients leads to eutrophica-
tion, which usually disrupts the balance of the ecological food chain by favoring 
excessive growth of several noxious algae, reducing the transparency of the water 
column, and creating hypoxic or even sometimes anoxic environments leading to 
the loss of several species (Hobbie et al. 2017). As a consequence of eutrophication, 
“algal blooms” have emerged as another potential threat to the well-being of the 
aquatic ecosystems all over the world, which usually denotes the abnormal growth 
of several toxic and harmful algae comprising many dinoflagellates, diatoms, and 
cyanobacteria (Anderson et al. 2012; Raven et al. 2020). In addition to these, dis-
charge of untreated domestic sewage also exposes a substantial quantity of fecal 
matters to the rivers and estuaries, which acts as a growth culture medium for sev-
eral bacterial and viral pathogens (Frena et al. 2019). We often quantify the degree 
of such sewage contamination by measuring the fecal coliform bacterial count in the 
aquatic column (Shah et al. 2007).

The estuaries often receive a substantial quantity of organic matter load, derived 
from the remnants of plants, animals, and wastes that finds its way in the estuaries. 
These organic substances continuously change speciation as these are acted upon by 
a spectrum of microbes to draw nutrition from these matters (Supriyantini et  al. 
2019). To quantify the load of such organic matter, biochemical oxygen demand 
(BOD) and chemical oxygen demand (COD) are two of the most crucial parameters 
that serve as a proxy (Gaspar et al. 2018). Another aspect of organic matter pollu-
tion, which deserves a separate category, from the perspective of marine pollution, 
is that of oil pollution. Oil pollution has become a significant concern for marine 
scientists, as the past decades have witnessed several events of oil spills, increased 
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shipping, and water-based transport activities. The tourism sector, as well as several 
industrial activities like pyrolysis and combustion of fossil fuels, injects an assem-
bly of petroleum hydrocarbons to the estuarine water column (Venkatachalapathy 
et al. 2011). The recalcitrant part of these petroleum hydrocarbons often ends up 
accumulating in several marine organisms and causes toxic effects, which has made 
this pollution an ecological and human health issue (Venkatachalapathy et al. 2011).

The east coast of India, in this regard, has several large and small estuaries, 
which drain into the Bay of Bengal, and this coastline has one of the largest cities 
and metropolis along with a large number of industrial belts, thus making these 
estuaries prone to all these types of aquatic pollution. The present chapter has dis-
cussed and collated all the principal findings observed concerning these pollutions 
in the estuaries and nearshore waters along the east coast of India.

10.2  Data Mining

The authors have extracted the data and principal findings mostly from various 
journal publications, and few conference proceedings, and edited book volumes 
available on the Internet. Search engines like Google Scholar, Science Direct, and 
Scopus were used to retrieve the existing literature. We used keywords and phrases 
like “nutrient pollution,” “eutrophication,” “cultural eutrophication,” “algal blooms,” 
“harmful algae,” “biodegradable organic matter,” “BOD,” “COD,” “fecal coliform,” 
“Hooghly estuary,” “Mahanadi estuary,” “Godavari estuary,” “east coast of India,” 
“coastal waters,” “Bay of Bengal,” “biogeochemistry,” and “physicochemical 
parameters” to refine the searches.

10.3  Eutrophication and Drivers of Nutrient Pollution

The term “eutrophication” originated from the Greek word eutrophos, which means 
well nourished. Eutrophication is a condition of the water body where the water 
bodies become enriched with high minerals and nutrients, which in turn induces 
excessive growth of algae. Mukhopadhyay et al. (2006) studied the lateral transport 
and dynamics of nutrients in the Hooghly estuary. They reported that mangrove- 
dominated estuarine systems in Sundarbans act as a source of nutrients, and the 
input of litter and sediment-associated nutrients released during estuarine transport 
controls the source strength of nutrients. They also revealed that the occurrence of 
light-limited turbid condition controls the autotrophic production and the net eco-
system metabolism is heterotrophic in nature, whereas regeneration of nutrients 
from organic matter originated from an external source. Manna et al. (2010) reported 
eutrophication in the tidal creek of Sundarban estuary, which indicates the deterio-
rated status of the water quality. They further suggested that the enhanced instability 
with coastal eutrophication in Sundarbans has far-reaching consequences for many 
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aspects of mangrove ecosystem function under present and future climate condi-
tions. The eutrophication that takes place because of human-induced or anthropo-
genic activities is popularly known as cultural eutrophication. De et  al. (2011) 
reported cultural eutrophication from the Sundarbans and northeast coast of India. 
They revealed that the increased anthropogenic input of excess nutrients to the estu-
arine waters of Sundarbans resulted in the increased mean numerical abundance and 
three times an increase in the number of phytoplankton species. They also asserted 
that in the Sundarbans ecosystem, increasing the trend of nitrogen to phosphate 
ratio attributed to increased diatom abundance and subsequent deposition of bio-
genic silicate to the sediment. Das et al. (2017), however, reported that the estuarine 
to offshore transition zone remained phosphate limited during the post-monsoon 
season and light-limited for the rest of the year, which prevented this region from 
experiencing eutrophication. Das et  al. (2015) reported that the N:P ratio in this 
region significantly deviated from the ideal Redfield ratio, which could be another 
reason behind the low chlorophyll content in this region. Prasad (2012) reported that 
the ecological status of Indian mangroves, including Sundarbans, Bhitarkanika, 
Coringa, and Pichavaram situated on the east coast of India, is highly disturbed by 
anthropogenic impacts through additional inputs of nutrients (Table 10.1). Prasad 
(2012) also asserted that the long-term nutrient analysis in Pichavaram mangrove 
water explains that the significant increase in dissolved nutrients since the 1980s 
originated from nonpoint sources like agriculture and aquaculture, which altered 
biogeochemical processes in this ecosystem. Dissolved inorganic nitrogen to sili-
cate ratios indicates that the terrestrial weathering supplies substantially high silica 
to mangrove waters, high phosphorus to nitrogen ratios indicates high phosphate 
loadings along with nitrogen from both point, and nonpoint sources to the coastal 
mangrove waters of India.

Table 10.1 Mean nutrient concentrations in the major mangrove estuaries along the east coast of 
India

Study site Sampling time
Nitrate 
(μM)

Phosphate 
(μM)

Silicate 
(μM) Authors

Hooghly estuary 1999–2001 13.0–
35.25

1.51–2.64 65.48–
150.90

Mukhopadhyay 
et al. (2006)

Coast of 
Sundarbans

2008–2009 11.39–
22.82

1.29–2.25 65.55–
92.39

De et al. 2011

Sundarban 
estuaries

Data collated from 
several studies carried 
out in past three 
decades

14.06 1.23 65.2 Prasad (2012)

Bhitarkanika 
estuary

20.48 3.16 466

Coringa estuary 15.93 2.92 75.5
Pichavaram 
estuary

600 82.1 126

Mangalavanam 
estuary

25.4 5.4 14.9
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10.4  Algal Bloom

An algal bloom is a rapid increase or accumulation in the algal population, which 
may occur in the marine environment and freshwater environment. This phenome-
non is generally associated with nutrient pollution and eutrophication. Red tides, 
blue-green algae, and cyanobacteria are quite common examples of harmful algal 
blooms and may lead to several health hazards like fish die-offs. Several researchers 
have reported algal blooms from the east coast of India. Biswas et al. (2004) reported 
that ten species of phytoplankton (belonging to diatoms, dinoflagellates, and blue- 
green algae) reached the bloom proportion through an increased supply of nutrients 
from deep water by mixing in the water column in Sundarban. After a decade, 
Biswas et al. (2014) reported a negative effect on the tintinnid microzooplankton 
community caused by bloom-forming centric diatoms from the western part of the 
Indian Sundarbans (coastal area of Sagar Island). They suggested that the aquacul-
ture activities and river effluents act as prime drivers of algal bloom formation. 
Akhand et al. (2012) indicated a reduced number of the indicator dinoflagellate spe-
cies, Ceratium symmetricum in the Hooghly–Matla estuary due to increased warm-
ing. Apart from reporting eutrophication in the Sundarbans, Manna et  al. (2010) 
reported the presence of toxic Dinoflagellates and Cyanophyceae in the creeks of 
Sundarbans as well. Srichandan et  al. (2019) worked on the dynamics of phyto-
plankton with environmental variables in the Mahanadi estuary, the Chilika lagoon, 
and coastal waters off Gopalpur covering ten sampling stations and all seasons. 
They reported dinophyta bloom by causative species Noctiluca scintillans during 
pre-monsoon and bacillariophyta bloom by causative species Asterionellopsis gla-
cialis during monsoon. They also depicted the lagoon and estuary as hypereutrophic 
during all seasons, whereas the coastal water was highly eutrophic during monsoon 
and pre-monsoon. Sarma et al. (2010) reported that the river discharge has a signifi-
cant influence on nutrients loading to the Godavari estuary, situated in the southeast-
ern coast of India; they also suggested that the increase in phytoplankton biomass 
and bloom development has been limited by suspended matter during peak dis-
charge period and by phosphate during no discharge period. Instead of identifying 
different hydrological factors as drivers of algal bloom in previous studies, Acharyya 
et al. (2012) revealed a meteorological factor responsible for phytoplankton bloom 
formation in the Godavari estuary. They stated that the reduced precipitation from 
2007 to 2009 over the Indian subcontinent caused reducing in river water discharge 
during the peak discharge period, which in turn slowed the flushing time of the estu-
ary from 1.2 days to 6.3 days, respectively. Therefore, intense phytoplankton blooms 
take place by an increase in instability of water column, reduced suspended material 
load, which suggests resilience toward the unwanted phytoplankton bloom and 
overall health of the Indian estuaries, can be altered by the variability in monsoon 
rainfall, and dam regulated discharge.
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10.5  Fecal Coliform Pollution

Fecal coliforms are a facultatively anaerobic gram-negative bacterium that generally 
originates in the intestines of warm-blooded animals and a significant microbial 
indicator to monitor water quality (Brenner et al. 1993; Grant 1997). The number of 
fecal coliform study is much less on the east coast of India than that of other water- 
quality parameters. Hooghly and northeast coast of India received comparatively 
more attention in this regard. In an exhaustive study in the endemic cholera belt of 
West Bengal, India, Batabyal et al. (2014) studied cultivable Vibrio and total bacte-
ria in the water–sediment interface. They reported a benthopelagic coupling of 
Vibrio dynamics controlled by resuspension of sediment and turbidity variability. 
They further inferred that in Diamond Harbour station of Hooghly River, a salinity 
increase from 0.6 to 7.9 led to a 1000-fold amplification of initial cultivable coli-
forms. However, a higher predominance of coliforms in the Kolkata metropolis 
occurred due to greater disposal of untreated sewage into the river. Basu et al. (2013) 
also reported the presence of a higher number of coliform bacteria, Streptococcus 
sp., and Escherichia coli than the standard limit while worked in the Hooghly estu-
ary. In another study on tintinnids (microzooplankton) composition and production 
conducted in the Hooghly estuary, Rakshit et al. (2014) reported seasonal variability 
of fecal coliform and found that it was abruptly high during monsoon season and 
low during pre-monsoon season in different stations studied. In a recent study, Mitra 
et al. (2018) reported that the surface water of the Hooghly estuary exceeded the 
permissible BIS drinking water–level limit for fecal coliform, and the elevated lev-
els of coliform might get prone to a public health risk to a large section of people 
who regularly get exposed to the contaminated water by bathing. Sinha et al. (2020) 
observed that the total coliform count in the waters adjoin the Sagar Island after the 
event of Ganga Sagar Mela (a Hindu ceremony of mass bathing, where thousands of 
Hindu pilgrims take a holy dip) increases 10–15 times compared to the concentra-
tion observed in other times of the year. Samantray et al. (2009) studied the water 
quality of the three major rivers and canals of the Orissa coast: Mahanadi River and 
its distributaries, Taldanda Canal, and Atharbanki River. They reported higher fecal 
coliform pollution in the Atharbanki River than the other two rivers and canal stud-
ied; and indicated that the deterioration of the water quality in the rivers due to 
industrialization and human activities.

10.6  Organic Matter Pollution: High BOD and COD

Biochemical oxygen demand (BOD) and chemical oxygen demand (COD) are two 
fundamental parameters, which give us an idea about the organic matter content of 
any water body. BOD values enable us to quantify the organic matter content that 
can be degraded or oxidized by microbial activity, whereas the COD values indicate 
the total organic matter that can be oxidized by chemical treatment. Most of the 
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BOD and COD observations along the estuaries of the east coast have been made in 
the Hooghly estuary, followed by Mahanadi and Godavari. Reports of BOD and 
COD from estuaries down further south are very scarce. The BOD and COD levels 
recorded in the aquatic column along the east coast of India are tabulated in 
Table 10.2. As early as in the year 1970, Basu et al. (1970) carried out oxygen con-
sumption measurements in the Hooghly and the adjoining Matla estuary in the 
Sundarban and reported the ranges from 0.7 to 6.0 mg l−1 in Hooghly and 0.2 to 
4.3 mg l−1 in Matla estuaries, which according to the authors were much low in both 
the estuaries.

Table 10.2 Observed BOD and COD levels as either mean ± standard deviation or minimum–
maximum in the major estuaries along the east coast of India

Study site
Sampling 
time BOD (mg l−1)

COD 
(mg l−1) Authors

Haldia channel of Hooghly 
estuary

1997, 1998 0.67–4.17 – Sadhuram et al. 
(2005)

Babughat, Hooghly River 
estuary

2002, 2003 2.20–5.95 7.6–16.4 Sarkar et al. 
(2007)

Diamond Harbor, Hooghly 
estuary

2002, 2003 1.18–3.40 9.36–24.8 Sarkar et al. 
(2007)

Ganga Sagar, Hooghly 
estuary

2002, 2003 0.75–2.82 24.5–80.4 Sarkar et al. 
(2007)

Naihati, Hooghly River 
estuary

2010 8.47 ± 1.78
(4.5–15.2)

74.3 ± 18.5
(26.2–
120.3)

Basu et al. 
(2013)

Hooghly River estuary 
limnetic regions to river 
mouth

2014, 2015 0.62–21.4 – Mitra et al. 
(2018)

Hooghly River b/w Kolkata 
and Howrah

2017, 2018 3.08 ± 0.58 to
4.58 ± 0.94

– Chanda et al. 
(2020)

Mahanadi River estuary 
(freshwater zone)

2002 0.29–5.06 – Panda et al. 
(2006)

Mahanadi River estuary 
(saline zone)

2002 0.38–6.87 – Panda et al. 
(2006)

Mahanadi estuary (lower 
stretch)

2006 2.6–6 – Samantray et al. 
(2009)

Atharbanki River 2006 9.8–18.0 – Samantray et al. 
(2009)

Paradeep, Mahanadi estuary 2009 1.3–2.8 – Naik et al. 
(2013)

Gautami-Godavari estuary September 
2001

1.52–2.8 – Tripathy et al. 
(2005)

Kakinada Bay September 
2001

2.88–5.85 – Tripathy et al. 
(2005)

Coringa River September 
2001

3.68–6.12 – Tripathy et al. 
(2005)

Vasishta Godavari estuary 2016, 2017 1.33 ± 1.66 to 
1.80 ± 1.30

– Rao et al. 
(2019)
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However, they did not report their results in terms of BOD or COD.  In the 
following years, with the increase in industrial activities in and around Haldia and 
Diamond Harbor region, the BOD values increased rapidly in the Hooghly estuary. 
Sinha et al. (1998) reported that in the year 1980, the sewage outfall zones near 
Diamond Harbor and Jigerkhali obelisk had BOD values as high as 40  g  l−1. 
However, observations made in the mid of the Haldia channel in the year 1997–98 in 
all the three seasons showed that BOD varied between 0.67 and 4.17 mg l−1, which 
was well within the threshold limit of >5.0 mg l−1. Sarkar et al. (2007), in the year 
2002–03, characterized the monthly and spatial variability of both BOD and COD 
along the tract of Hooghly estuary. Their observed levels of BOD and COD showed 
increased values of BOD near the Babughat region. Sarkar et al. (2007) attributed 
the effect of domestic sewage from the adjoining twin cities of Kolkata and Howrah 
behind such high BOD levels near Babughat, which decreased steadily toward the 
river mouth near Ganga Sagar station. Recently, Chanda et al. (2020) also observed 
very high BOD levels of 3.08 ± 0.58 mg l−1, 3.86 ± 1.15 mg l−1, and 4.58 ± 0.94 mg l−1 
in the pre-monsoon, the monsoon, and the post-monsoon seasons, respectively, in 
the Hooghly River flowing between the polluted cities of Kolkata and Howrah. 
However, near the river mouth, Sarkar et al. (2007) observed the highest range of 
COD values. However, the authors argued that such high COD ranges could not be 
due to pollution, but the effect of mangroves in disseminating organic matter–rich 
waters in the adjacent water column. Mitra et  al. (2018) reported high values of 
BOD as well from the same location of Ganga Sagar, and they attributed the abun-
dance of organic matter from the upstream region coupled with microbial degrada-
tion behind such high BOD values. Sinha et al. (2020) observed an increase in BOD 
of 1.3 to 2.5 times after the event of Ganga Sagar Mela, which takes place every 
year. Compared to Hooghly estuary, the ranges of BOD observed in the stretch of 
Mahanadi estuary were almost similar, and the maximum values recorded were, to 
some extent, higher than that observed in Hooghly. Panda et al. (2006) exhaustively 
sampled the entire stretch of Mahanadi River estuary and reported BOD in the 
ranges of 0.29 to 5.06 mg l−1 and 0.38 to 6.87 mg l−1 in the freshwater and saline 
water stretch of the river estuary, respectively. Panda et al. (2006) attributed a long 
list of industrial and domestic activities from the Paradeep, Cuttack, Sambalpur, and 
Hirakund regions behind such high BOD concentrations in the Mahanadi. Samantray 
et  al. (2009) observed a similar high range of BOD in the Mahanadi estuary 
(2.6–6 mg l−1) and anomalously high BOD values in the adjoining Atharbanki River 
ranging from 9.8 to 18.0 mg l-1. Samantray et al. (2009) attributed the effluents of 
Paradeep Port Township and several fertilizer industries behind such abnormally 
high concentrations of BOD. However, in the Mahanadi River mouth, Naik et al. 
(2013) reported much-reduced levels of BOD ranging from 1.3 to 2.8 mg l−1, mostly 
due to dilution with marine water. This observation shows that though the inner 
estuarine regions of Mahanadi often experience high BOD load, the coastal waters 
of Bay of Bengal adjacent to this estuary are not to that extent polluted, like that of 
Hooghly. Compared to the northern estuaries along the east coast of India, much 
fewer studies took place on the southern ones. However, Tripathy et  al. (2005) 
recorded substantially high BOD concentrations from the Gautami–Godavari 
 estuary (1.52–2.8  mg  l−1), Kakinada Bay (2.88–5.85  mg  l−1), and the adjoining 
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Coringa River (3.68–6.12  mg  l−1). Agricultural and domestic wastes from the 
Kakinada township are mainly responsible for such magnitudes. However, in the 
counterpart of Vasistha Godavari estuary, Rao et  al. (2019) observed much less 
BOD levels, sampling all-round the year (1.33 ± 1.66 mg l−1 to 1.80 ± 1.30 mg l−1).

10.7  Petroleum Hydrocarbon Pollution

Table 10.3 shows the PHC levels in the water, sediment, and biological organisms 
recorded along the east coast of India. The sediments of Hooghly estuary sampled in 
the year 1984–85 recorded the presence of petroleum-derived hydrocarbons (PHC) 
(Ghosh and Choudhury 2001), with magnitudes ranging between 100  ppm and 
310 ppm. Higher concentrations of PHC were observed by Ghosh and Choudhury 
(2001) during the monsoon seasons, signifying that land-derived input, which 
enhanced the water-discharged PHC in the sediments of this region. Sadhuram et al. 
(2005), on the contrary, while sampling the waters in the Haldia channel of Hooghly 
estuary, observed PHC ranging from below detection level (BDL) to 89 mg m−3, with 
higher concentrations in the winter compared to summer. This observation showed 
that high temperature and evaporation played a significant role in removing the 
PHCs from the water column, which was evident from its lower concentration during 
the summer. Panigrahy et al. (2014) sampled in several coastal transects adjoining 
the states of West Bengal and Odisha during the post-monsoon seasons of the years 
2002 to 2009. They observed PHC concentrations of 1.10 to 2.15, 0.07 to 2.57, 0.04 
to 1.58, 0.69 to 2.30, 0.45 to 3.42, 0.27 to 3.75, 0.14 to 2.72, 0.07 to 1.66, and 0.48 
to 2.96 mg m−3 in Digha, Gopalpur, Chilika, Rushikulya, Konark, Puri, Paradeep, 
Dhamra, and Chandipur, respectively. They also observed PHC concentrations of 
1.17 to 18.5, 0.45 to 5.48, and 0.26 to 0.90 in the Hooghly, Mahanadi, and Dhamra 
estuaries. Panigrahy et  al. (2014) inferred from their yearlong study that due to 
intense port activities, the PHC levels in the Hooghly estuary were significantly high 
than all the other transects. Kiran et al. (2015), while analyzing three sediment cores 
off the Godavari estuary, observed low PHC concentrations of 0.014 to 0.704 ppm.

However, in the further south along the Chennai coast, Venkatachalapathy et al. 
(2010) observed substantially high PHC concentrations in the sediments collected 
from Adyar (7.26–16.83  ppm) and Kuvam (5.5–39.72  ppm) estuaries, and they 
attributed the shipping activities of Chennai port and wastewater discharge behind 
such high magnitudes. Venkatachalapathy et al. (2012) measured the PHC levels in 
and around the Pichavaram mangroves in the Vellar–Coleroon estuarine complex 
and observed that the non-mangrove region (1.05–3.26 ppm) had lower values than 
the mangrove region (3.15–6.26 ppm). However, the coastal region (3.21–7.71 ppm) 
had the highest concentration in this estuarine complex. Very few studies examined 
the PHC content in the biotas from the east coast of India. However, Veerasingam 
et al. (2011a, b) reported the PHC content from 10 fish species (0.52–2.05 ppm wet 
weight) and eight mollusk species (2.44–6.04  ppm wet weight) along the Tamil 
Nadu coast. They found that the PHC levels in both fishes and mollusks did not 
indicate significant bioaccumulation.
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10.8  Summary and Conclusion

Analyzing all the collated data and observations made by earlier researchers, we 
summarized that many of the estuaries along the east coast of India undergo tran-
sient eutrophication due to excessive nutrient load from land runoff and sewage. In 
this regard, the mangrove-dominated estuaries are worst affected, owing to the 
nutrient addition to the adjacent water column from mangrove-derived pore water. 
As an immediate consequence of such enhanced nutrient levels, several workers 
observed harmful algal blooms in many of these estuaries, though these were tran-
sient and did not exist all through the year. Factors like freshwater discharge, nitro-
gen to phosphorus ratio, and construction of dams affected the occurrence of algal 

Table 10.3 Petroleum hydrocarbon levels observed in the coastal sediments (in mg kg−1), waters 
(in mg m−3) and marine organisms (in mg kg−1 wet weight) along the east coast of India

Study site Sampling time
Medium of 
sampling PHC Authors

Hooghly estuary 1984, 1985 Sediments 100–310 Ghosh and Choudhury 
(2001)

Haldia channel of 
Hooghly estuary

1997, 1998 Water BDL–89 Sadhuram et al. (2005)

Digha
Gopalpur
Chilika Rushikulya 
Konark
Puri
Paradeep
Dhamra Chandipur
Hooghly estuary 
Mahanadi estuary 
Dhamra estuary

2002–2009 (only 
post-monsoon 
season)

Water 1.10 to 2.15
0.07 to 2.57
0.04 to 1.58
0.69 to 2.30
0.45 to 3.42
0.27 to 3.75
0.14 to 2.72
0.07 to 1.66
0.48 to 2.96
1.17 to 18.5
0.45 to 5.48
0.26 to 0.90

Panigrahy et al. (2014)

Godavari estuary Not specified Sediment 0.014 to 
0.704

Kiran et al. (2015)

Adyar estuary July 2008 Sediment 7.26–16.83 Venkatachalapathy 
et al. (2010)

Kuvam estuary July 2008 Sediment 5.5–39.72 Venkatachalapathy 
et al. (2010)

Pichavaram 
mangroves, 
Vellar–Coleroon 
estuary

July 2009 Sediment 1.05–7.71 Venkatachalapathy 
et al. (2012)

Tamil Nadu coast Not specified 10 fish species 0.52–2.05 Veerasingam et al. 
(2011a)

Tamil Nadu coast March 2010 8 mollusk 
species

2.44–6.04 Veerasingam et al. 
(2011b)
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blooms. Industrial activities, along with the dissemination of domestic sewage, 
jeopardized the water quality of many of these estuaries. Many estuarine reaches 
recorded the presence of fecal coliform in such ranges that even bathing in those 
waters is expected to cause a human health hazard. Owing to increasing anthropo-
genic activities, the organic matter load along with petroleum hydrocarbons has 
increased substantially in these estuaries. Overall, the abundance of these pollutants 
was higher in the northern estuaries along the east coastline compared to the south-
ern estuaries.
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Chapter 11
Nutrient Cycling and Seasonal Dynamics 
of Primary Production in Nearshore 
Waters of East Coast of India

Rajdeep Roy, Ravidas Krishna Naik, Priya M. D’Costa, P. V. Nagamani, 
and S. B. Choudhury

Abstract The five major rivers (Ganges, Mahanadi, Godavari, Krishna, and 
Cauvery) flowing in the north eastern Indian Ocean greatly influence the biogeo-
chemical cycling nearshore waters of the east coast of India. For example, estuaries 
which are located at the interface between land and ocean are an area of intense 
recycling of organic matter with a large salinity gradient. The estuarine environment 
is generally complex, as local circulations and mixing affect the chemistry and 
deposition of organic matter, thereby controlling the estuarine–coastal nutrient bud-
get. The fluvial inputs are major sources of nutrients to the Bay of Bengal (BoB) 
which also regulates the phytoplankton dynamics in both estuaries and coastal 
waters. The annual supply of nutrients by the Ganges and Brahmaputra rivers to the 
BoB is estimated to be 133 × 109 mol year−1 which is ∼2% of the riverine input to 
the world ocean. Both river runoff and precipitation are more intense during the 
southwest monsoon (SWM), resulting in lowering of surface salinity to 3 to 7 units 
in the Bay of Bengal. This also creates a strong seasonality in phytoplankton pri-
mary production in both estuaries and coastal waters. In general, primary produc-
tion in the nearshore waters of eastern India has been found to covary with reduced 
suspended material and stability of water column with three seasonal peaks at few 
locations. Although it was hypothesized that the biological productivity of BoB is 
low in comparison to its adjacent basin due to various reasons such as a narrow 
shelf, cloud cover during the summer monsoon, turbidity resulting from sediment 
influx, etc. However, recent studies suggest the presence of cyclonic eddies can 
enhance primary production in BoB due to the entrainment of nutrient-rich waters 
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within the oligotrophic mixed layer. All these suggest that factors controlling 
 primary production in BoB remain poorly understood. As growing industrial activi-
ties and regulated discharge through dams can influence the riverine nutrient load, it 
is expected plankton’s primary productivity and estuarine carbon budget may need 
periodic reassessment in near future.

Keywords Estuaries · Bay of Bengal · Ganges · Nutrients · Primary 
Production, carbon

11.1  Introduction

The five major rivers (Ganges, Mahanadi, Godavari, Krishna, and Cauvery) flowing 
in the north eastern Indian Ocean greatly influence the biogeochemical cycling of 
the estuarine environment. Estuaries are commonly described as semi-enclosed 
bodies of water, situated at the interface between land and ocean, where seawater is 
gradually diluted by the inflow of freshwater. The estuarine environment is gener-
ally complex, as local circulations and mixing effects the chemistry and deposition 
organic matter thereby controlling the estuarine–coastal nutrient budget. Along the 
east coast of India, the Hugli estuary forms largest delta in the world due to conflu-
ence of the distributaries of the Ganges and Brahmaputra (Fig. 11.1). The lower 
section of the estuary stretches through the rich mangrove forest, known as the 
Sunderban, covering the Matla River and therefore sometimes referred to as Hugli–
Matla estuarine system although hydrologically they are completely different. The 
inland water connection provides a shipping channel to the major port (Kolkata port 
trust) through Kolkata and Haldia docks in the upper and lower sections, respec-
tively. While Hugli estuary is shallow, funnel shaped, and considered as a positive 
estuary that traces its path through the southern region of the West Bengal state of 
India, several geomorphological changes has been recorded in recent times (Jayappa 
et al. 2006). The Matla River, on the other hand, no longer receives freshwater influx 
either from the River Hugli or Bidyadhari and thus becomes an enclosed tidal inlet 
of the sea with limited wave action and water movements. The region generally 
becomes filled with seawater during high tide, and most of the water gets drained 
away toward the sea at low tide, leaving a narrow stream of 0.9–1.2 m water in some 
places (Sarkar et al. 2004). The Hugli estuary receives a perennial freshwater dis-
charge from the Ganges, and its lower stretches act as an open estuary throughout 
the year connecting to the coastal Bay of Bengal (BoB). The depth of the Hugli 
Estuary varies along the channel from ~21 m at Diamond Harbour to ~8 m at the 
mouth of the estuary (Central Inland Fisheries Research Institute 2012). The sea-
sonality in this region can be described as spring inter-monsoon (February–May), 
summer monsoon (June–September), fall inter-monsoon (October–November), and 
northeast monsoon (December–January), respectively. The highest river discharge 
(3000  ±  1000  m3  s−1) in the Hooghly estuary is observed during the summer 
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monsoon season and reduces to the minimum (1000 ± 80 m3 s−1) during the pre-
monsoon season (Mukhopadhyay et al. 2006; Ray et al. 2015). The tidal regime of 
the estuary is strong and semi-diurnal in nature, with the tide height ranging from 
5.2 m during spring to 1.8 m during the neap tide period and a velocity as high as 6 
knots with significant influence the currents and the resultant circulation pattern 
(Sadhuram et al. 2005; Mukhopadhyay et al. 2006). The tidal flow and the opposing 
freshwater flow bring in a huge volume of organic and inorganic suspended sedi-
ments that result in high turbidity of the water column. The fluvial inputs are major 

Fig. 11.1 Shows the stations at the river end, mixing zone, and sea end. The seasonal distribution 
of nutrients and their fluxes at these locations are described along with influence of tidal fluctua-
tions at Station A and Station B offshore. (Reproduced from Das et al. 2017 with permission from 
Elsevier)
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sources of nutrients to the BoB; however, most of the nutrients are found to be 
removed within the estuary itself (Sarma et al. 2009). The annual supply of nutrients 
by the Ganges and Brahmaputra rivers to the BoB is 133 × 109 mol year−1 account-
ing for 2% riverine input to the world ocean (Sarin et al. 1989). In addition to these, 
significant agricultural activities along the banks of rivers due to the availability of 
freshwater have also been reported (Sarma et al. 2014) Isotopic signatures of δ15N 
Particulate Organic Matter (POM) in the Indian estuaries from the discharge period 
suggest strong enrichment in highly polluted estuaries (>10‰) compared to rela-
tively clean estuaries (<6‰) (Sarma et  al. 2014). Apart from this Hugli estuary 
receives approximately 13  m3 sec−1 of industrial effluent and urban wastewater 
(Sadhuram et al. 2005, and references therein) from densely populated and indus-
trial cities such as Kolkata, Haldia.

To the south of the Hugli estuary lies the Mahanadi river system, which is the 
third-largest river of India and the largest river system in the Odisha state. The 
Mahanadi river basin (19°20′ to 23°35′N and 80°30′–86°50′E) extends over an area 
of approximately 141,600 km2 (65,628 km2 in Odisha), has a total length of 851 km 
and a peak discharge of 44,740 m3/s (Konhauser et al. 1997). The main branch of the 
Mahanadi river meets the BoB at Paradip, and known for its industrial activity 
(Radhakrishna 2001), while the minor distributaries meet the BoB near Chilika. 
Mangrove patches are also situated in the estuary (Sundaray et al. 2006). Human 
influences are more pronounced in the industrial cities, viz. Sambalpur, Cuttack, 
Bauda, Choudwar, Jagatpur, and Paradip (Sundaray et al. 2006). While Hugli and 
Brahmaputra can be termed as glacial rivers due to the influence of snow melt, the 
rivers in the peninsular India are typical monsoonal rivers, as these rivers receive 
large amount freshwater during the wet period compare to the dry months (Sarma 
et al. 2014). These include Mahanadi, Godavari, Krishna and Cauvery. Due to heavy 
discharge during monsoon period, the estuaries turn into freshwater system with no 
vertical salinity gradient (Vijith et al. 2009; Sridevi 2013; Sridevi et al. 2015). The 
discharge of these rivers is in unison with the precipitation pattern of the area, and 
are therefore called “Monsoonal estuaries” and exhibit a non-steady state behavior 
(Vijith et al. 2009).

The Godavari estuary in peninsular India is located around 16o15′ N and 82o5′ E, 
covering an area of 330  km with a basin area of 3.1  ×  105  km2. Near the town 
Rajahmundry the river flow is regulated by a century-old dam at Dowleswaram 
(Sarma et al. 2014). Strong seasonal variability in nutrient distribution is observed 
here between monsoon and non-monsoon period (Sarma et al. 2010). While Krishna 
estuary is about 45 km in length and the estuarine system of Krishna river covers an 
area of about 320 km2 with all its four distributaries, the tidal portion extends up to 
39 km upstream near Penumudi in the river. It is essentially a shallow one with a 
mean width of 1.2  km and an average depth of 5–7  m. The estuary has a well- 
developed sandy coast that experiences longshore drift, build-up spits, and barriers 
across river mouths, creating a coastal lagoon (Kumari and Rao 2010). It is a meso- 
tidal estuary with a tide range of 2–3 m and strong tidal current of 1.2 m sec−1. 
Dissolved and particulate loads of the Krishna river are derived from a variety of 
igneous, metamorphic, and sedimentary rocks in their catchment areas (Kumari and 
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Rao 2010). Similarly, the fourth-largest river of southern region, Cauvery, is an 
easterly flowing river of the peninsular India that runs across three of the southern 
Indian states, that is, Karnataka, Tamil Nadu, Kerala, and the Union Territory of 
Puducherry. The river in its 800 km long journey from the Western Ghats traverses 
through Mysore plateau and finally forms a delta on the eastern coastline of the 
subcontinent before falling into the Bay of Bengal. The point of origin of Cauvery, 
Talakaveri, is in the Brahmagiri ranges of the Western Ghats at an elevation of 
1341  m (https://www.indiawaterportal.org/). In addition to this, the East India 
Coastal Currents (EICC) which flows along the coastal BoB also influences the 
local budget which reverses its direction twice a year. It flows northwards from 
February to September with a strong peak in March–April and flows southwestward 
from October to January with strongest flow during January (Schott and McCreary 
Jr 2001). A study by Bristow et al. (2017) suggests that the amount of nutrients com-
ing from the east coast to India through river discharge can make BoB a dead zone 
due to increase in primary production and sinking carbon fluxes. All these highlight 
the complex interaction where anthropogenic perturbation as well as physical pro-
cess can act together in different time scale thereby influencing the estuarine budget. 
Thus, Indian estuaries need occasional reassessments of nutrient budget and associ-
ated fluxes in order to delineate long-term trends.

11.2  Nutrient Dynamics in and Around East Coast of India

Aquatic dissolved nutrients mainly consist of inorganic nitrogen (nitrate + nitrite), 
phosphorus, and silica (Si (OH) 4), which generally limit phytoplankton growth in 
natural waters. Studies on nutrient distribution from the Hugli–Matla estuarine sys-
tem is limited (Mukhopadhyay et al. 2006; Das et al. 2015, 2017). Further, very few 
studies highlight the influence of tides on nutrient distribution in this region (Das 
et al. 2015, 2017). Based on Land-Ocean Interactions in the Coastal Zone (LIOCZ) 
biogeochemical model, Mukhopadhyay et al. 2006 illustrated that fluxes of inorganic 
nitrogen were in an order of (65.8 × 10^3 t) followed by phosphorus (12.8 × 10 3 t). 
Further silicate discharge by Hugli estuary was found to be in the order of (Si (OH)4 
(42.8 × 10 3 t) where more than 50% of the load was contributed during the monsoon 
seasons. They also showed that during the estuarine transport, 7.0% of the silicate 
was removed within the estuary itself; however, there was addition of inorganic nitro-
gen (59%) and phosphorus (44%), which they attributed to heterotrophic regenera-
tion within the estuary. The seasonal variations of inorganic nitrogen and silicate at 
three stations (Station 1: sea end; Station 2: mixing zone; Station 3: riverine end) 
along the Hugli estuarine system is illustrated in Fig. 11.2.

Das et al. 2015 studied biogeochemical characteristics at seven different loca-
tions along the Hugli estuarine system during highest high tide (HTT) and lowest 
low tide (LLT) to understand the influence of the tidal fluxes on nutrient distribu-
tion. The data reveal that during the LLT hours, a relative increase of freshwater 
input in the northern BoB can have elevated the nutrient concentration compared 
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with that observed during the HHT hours. The ratio of nutrient concentration is 
found to deviate significantly from the Redfield ratio in the Hugli estuarine system. 
The abundance of dissolved inorganic phosphorous (DIP) is much higher compared 
with that of dissolved inorganic nitrogen (DIN) and dissolved inorganic silica (DSi). 
The anthropogenic sources of DIP from the upstream flow (especially the domestic 
effluent of several metropolises) can be mainly attributed during those observations. 
Apart from this, weathering of rocks is found to release soluble alkali phosphate and 
colloidal calcium phosphate to the rivers which is ultimately drained in estuary can 
also be a potential source (Ramesh et  al. 2015). Further, Das et  al. (2017) did a 
follow-up study during the high tide and low tide conditions (daytime) of the spring 
and neap phases throughout two annual cycles (February 2013 to January 2015) to 
understand how tidal processes principally regulate the nutrient variability in short- 
term scale in the Hugli estuarine region. Influence of tidal fluxes on nutrient distri-
bution along the Hugli estuarine system is illustrated in Fig.  11.3. The results 
suggest that spring–neap and high tide–low tide contrast was most prominent in 
pre-monsoon and post-monsoon season. Hugli estuarine system is mainly fed by 
glacial rivers (Ganges and Brahmaputra); however, few of the other rivers along the 
east coast can be called as monsoonal rivers as there is significant difference in the 
discharge rates between monsoon and non-monsoon periods (Sarma et al. 2010). 
Discharge from the Indian monsoonal rivers is limited to a few months only because 
these rivers are fed by the SWM-induced precipitation over the catchment. However, 
glacial rivers also show remarkably high discharge (50% of the annual discharge) 
during SWM (June–September) due to the influence of monsoonal precipitation 
over the catchments (Ittekkot et al. 1991). The detailed nutrient budget along with 

Fig. 11.2 Monthly variation (averaged over 2 years between 1999 and 2001) of (a) silicate and 
dissolved inorganic nitrogen (Reproduced from Mukhopadhyay et al. 2006 with permission from 
Elsevier)
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the catchment area for the east coast of India is illustrated in Table 11.1. Krishna 
et al. (2016) showed that among the monsoonal rivers in peninsular India, Godavari 
transports highest amount of nitrate (0.08 Tg yr. −1), while the Krishna transports 
highest amounts of phosphate (0.02 Tg yr.−1) and silicate (0.36 Tg yr.−1). These riv-
ers export similar amount of dissolved inorganic N (ammonium + nitrite + nitrate) 
to the BoB (0.12 ± 0.03 Tg yr.−1) as compared to that of Arabian Sea; however, the 
phosphate and silicate load during monsoon is much higher in BoB than Arabian 
Sea. The monsoonal rivers were found to export 1.03 ± 0.25 Tg yr.−1 of silicate to 
the northern Indian Ocean of which 0.91 ± 0.23 Tg yr.−1 enter the BoB (Krishna 
et al. 2016). Apart from this contribution from atmospheric deposition and subma-
rine groundwater discharge has also been recently quantified. As atmospheric depo-
sition of DIN and DIP from Indo-Gangetic (IGP) plain to BoB remained poorly 
understood this study is important and timely. Air mass back trajectories suggest 
conspicuous downwind transport of chemical constituents from the IGP to the BoB 
during the late northeast monsoon (January–April). Among the water-soluble nitro-
gen compounds, ammonium was found to dominate 90% of the observed aerosol, 

Fig. 11.3 The monthly mean spatial differences (between Station A and Station B) in concentra-
tions of DIP, DIN, and DSi (i.e., ΔDIP, ΔDIN, and ΔDSi) during (a) spring tide and (b) neap tide. 
The error bars show the standard deviation from mean during each month. Blue line: ΔDIN; green 
line: ΔDSi; maroon line: ΔDIP. (Reproduced from Das et al. 2017 with permission from Elsevier)

11 Nutrient Cycling and Seasonal Dynamics of Primary Production in Nearshore…



172

Ta
bl

e 
11

.1
 

C
at

ch
m

en
t a

re
a 

(1
06  

km
2 )

, a
nn

ua
l m

ea
n 

di
sc

ha
rg

e 
(k

m
3 )

, a
nd

 le
ng

th
 (

km
) 

of
 th

e 
In

di
an

 m
on

so
on

al
 r

iv
er

s 
ar

e 
gi

ve
n.

 M
ea

su
re

d 
co

nc
en

tr
at

io
ns

 (
m

g 
L

−
1 )

 
in

 e
st

ua
ri

es
 d

ur
in

g 
so

ut
hw

es
t 

m
on

so
on

 (
SW

M
),

 a
nd

 e
st

im
at

ed
 t

ot
al

 e
xp

or
t 

(t
on

s 
ye

ar
−

1 )
 o

f 
di

ss
ol

ve
d 

in
or

ga
ni

c 
N

 (
ni

tr
ite

 +
 n

itr
at

e 
+

 a
m

m
on

iu
m

),
 p

ho
sp

ha
te

, 
an

d 
si

lic
at

e 
to

 th
e 

co
as

ta
l o

ce
an

 f
ro

m
 th

e 
m

on
so

on
al

 r
iv

er
s 

w
er

e 
al

so
 p

ro
vi

de
d.

 E
xp

or
t fl

ux
es

 n
or

m
al

iz
ed

 b
y 

ca
tc

hm
en

t a
re

a 
of

 d
is

so
lv

ed
 in

or
ga

ni
c 

N
 (

kg
 N

 k
m

 −
 2  y

r.−
1 )

, 
ph

os
ph

at
e 

(k
g 

P 
km

−
2  y

r.−
1 )

, a
nd

 s
ili

ca
te

 (
kg

 S
i k

m
−

2  y
r.−

1 )
 f

ro
m

 th
e 

In
di

an
 m

on
so

on
al

 e
st

ua
ri

es
 d

ur
in

g 
SW

M
 a

re
 a

ls
o 

gi
ve

n 
fr

om
 K

ri
sh

na
 e

t a
l. 

(2
01

6)
. R

ep
ro

du
ce

d 
w

ith
 p

er
m

is
si

on
 f

ro
m

 E
ls

ev
ie

r

N
am

e 
of

 th
e 

es
tu

ar
y

C
at

ch
m

en
t 

ar
ea

 
(1

06  k
m

2 )

M
ea

n 
di

sc
ha

rg
e 

(k
m

3 )
L

en
gt

h 
(k

m
)

D
is

so
lv

ed
 

in
or

ga
ni

c 
ni

tr
og

en
 

(m
g 

L
−

1 )
Ph

os
ph

at
e 

(m
g 

L
−

1 )
Si

lic
at

e 
(m

g 
L

−
1 )

D
is

so
lv

ed
 

in
or

ga
ni

c 
ni

tr
og

en
 

(t
on

s 
yr

.−
1 )

Ph
os

ph
at

e 
(t

on
s 

yr
.−

1 )

Si
lic

at
e 

(t
on

s 
yr

.−
1 )

D
is

so
lv

ed
 

in
or

ga
ni

c 
ni

tr
og

en
 

(k
g 

N
 k

m
−

2  y
r.−

1 )

Ph
os

ph
at

e 
(k

g 
P 

km
−

2  y
r.−

1 )

Si
lic

at
e 

 
(k

g 
Si

 
km

−
2  y

r.−
1 )

B
ay

 o
f 

B
en

ga
l

H
al

di
a

0.
01

02
50

.4
6

–
0.

28
0.

42
0.

74
14

,2
27

20
,9

60
37

,1
57

13
95

20
55

36
43

Su
be

rn
ar

ek
ha

0.
01

93
12

.3
6

44
6

0.
10

0.
02

0.
79

12
50

30
3

97
61

65
16

50
6

B
ai

ta
ra

ni
0.

01
42

28
.4

8
44

0
0.

17
0.

08
1.

01
47

44
23

84
28

,8
64

33
4

16
8

20
33

M
ah

an
ad

i
0.

14
16

66
.8

9
85

8
0.

12
1.

11
1.

62
78

00
70

71
10

8,
43

9
55

50
76

6
R

us
hi

ku
ly

a
0.

00
9

1.
93

17
5

0.
08

0.
03

0.
45

14
6

66
86

5
16

7
96

V
am

sa
dh

ar
a

0.
01

1
3.

50
25

4
0.

09
0.

04
0.

67
33

2
14

9
23

42
30

14
21

3
N

ag
av

al
i

0.
00

94
1.

99
25

6
0.

07
0.

04
0.

39
13

7
83

78
6

15
9

84
G

od
av

ar
i

0.
31

3
11

0.
53

14
65

0.
72

0.
12

2.
02

79
,5

71
13

,1
92

22
3,

76
4

25
4

42
71

5
K

ri
sh

na
0.

25
9

69
.7

9
–

0.
13

0.
30

5.
20

93
21

21
,1

80
36

2,
87

5
36

82
14

01
Pe

nn
a

0.
05

5
6.

30
59

7
0.

06
0.

18
5.

74
38

4
11

34
36

,1
86

7
21

65
8

Po
nn

ay
aa

r
0.

01
6

1.
60

39
6

0.
10

0.
10

7.
56

15
3

16
5

12
,0

96
10

10
75

6
V

el
la

r
0.

00
86

0.
90

21
0

0.
07

0.
26

3.
92

65
23

4
35

31
8

27
41

1
C

au
ve

ry
0.

08
8

21
.3

5
–

0.
08

0.
38

3.
50

16
02

80
08

74
,7

25
18

91
84

9

R. Roy et al.



173

followed by 10% of other nitrogen compounds (Srinivas et al. 2016), whereas the 
abundance of soluble DIP varied between 0.4 to 4.8 nmol m−3. Studies such as this 
suggest complex source of nutrient enrichment within the estuary and should be 
further investigated for understanding the regional budget.

Further, Rengrajan and Sarma (2015) studied the submarine groundwater dis-
charge (SGD) and its contribution to nutrient fluxes in the BoB. A model based on 
the decay of 224Ra relative to 228Ra was used to determine apparent water ages of 
various bays within the estuary. These ages ranged from 2.6 to 4.8  days during 
November 2011. Knowing the water age, the distribution of radium in the estuary 
and the radium isotopic composition of groundwater enabled them to calculate SGD 
fluxes to the estuary and determine the magnitude and seasonal variability in the 
nutrient fluxes to the estuary associated with SGD. These nutrient fluxes (in units of 
mmol m−2d−1) ranged 1–19 (DIN), 0.6–2.6 (DIP), and 5–40 (DSi) in Gautami–
Godavari; 19–40 (DIN), 2.6–5.5 (DIP), and 200 (DSi) in Vasishta Godavari; and 
120–140 (DIN), 10 (DIP), and 220 (DSi) in Kakinada bay. It was observed that high 
SGD fluxes to Kakinada bay contribute significant nutrients in the southern penin-
sula. It is found that the river-borne nutrients (1.74 ± 0.43 Tg yr.−1) support 17% of 
total primary production (66 Tg yr.−1; Fernandes et al. 2008) in the BoB (upper 10 m).

11.3  Primary Productivity Dynamics from Estuarine 
and Coastal Waters of Bay of Bengal

Ocean biogeochemical processes modulate the ocean ecosystem through gross pri-
mary production (GPP) in the ocean surface where inorganic carbon is fixed by 
phytoplankton in ocean through photosynthetic processes. Determination of GPP is 
an important function of phytoplankton biomass and its physiological status which 
can be measured through various techniques (e.g., from carbon isotopes to satellite 
based) to determine the phytoplankton primary production. Several units have been 
used to express primary production in literature. However, the most common are the 
mmol C m−2 day−1, mg C m−2 day−1, g C m−2 y−1, where the use of moles makes the 
comparison of the stoichiometric ratios easier between nutrients and carbon and 
most of the chemical oceanographer prefer this. During the measurement of primary 
production, often the respiration rates are also determined which when subtracted 
from GPP yields the net primary production (NPP), which is defined as the amount 
of photosynthetically fixed carbon available to the first heterotrophic level in the 
aquatic ecosystem. The global oceanic annual net primary production is about an 
order of 48.5 Gt (1 Gt = 1015 grams), which contributes nearly 46.2% of total global 
annual net primary productivity (marine + terrestrial) (Field et al. 1998). The spatial 
distribution of NPP is not homogeneous and there are regions of low production 
such as the central gyres, whereas the high production areas include the estuarine 
and upwelling regions.
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Various methods have been used to estimate primary productivity of oceans. 
Based on the source of nitrogen, used Primary Production (PP) can be categorized 
into New Production or Regenerated Production. New Production is defined as the 
primary production that is based on the nitrate as nitrogen source from diffusion/
upwelling from below or from the atmosphere via nitrogen fixation or nitrification 
whereas Regenerated Production is the production based on ammonium and urea as 
the source of nitrogen. The ratio of nitrate uptake by the sum of uptake by nitrate 
and ammonium gives the term “f-ratio,” originally coined by Dugdale and Goering 
(1967). In other words, if we write P = gross production and R = respiration, then 
we can also approximate f, as f = (P − R/P), which can also be termed as the ration 
of NPP to GPP. Some of the common methods used are O2 evolution technique, 
14C assimilation, 15NO3 assimilation, 15NH4 assimilation, and remote sensing of 
ocean color. Some of the above techniques can help in measuring the new and 
regenerated production and have varying time scales from hours to days. 
Traditionally, BoB is considered to be less productive than the adjacent basin 
(Arabian Sea), although located in the similar latitudes (Qasim 1977; Sen Gupta 
et al. 1977; Kumar et al. 2002). The low biological productivity of BOB has been 
hypothesized due to various reasons, such as narrow shelf, cloud cover during sum-
mer monsoon, turbidity resulting from sediment influx, freshwater-induced stratifi-
cation, and even sunlight (Qasim 1977; Gomes et  al. 2000; Kumar et  al. 2010). 
Earlier reports suggest that PP values can range up to 3.0–8.7 g C m2d−1 from the 
inshore waters of the east coast of India in June–July (Nair et al. 1973). A study by 
Gomes et al. (2000) suggests that during March–April (spring inter-monsoon), the 
poleward flow of EICC brings nutrient-laden cooler waters that enrich the inshore 
waters leading to increase in PP. They observed highest biomass (Chl a, 53 mg m−2) 
and productivity (4.5 g C m−2d−1) were located in the region of an eddy-like struc-
ture along the coast between 13 and 16°N latitude. This study carefully illustrates 
the linkages between the physical dynamics and primary productivity. During the 
summer monsoon of 2001, the PP values along the shallow waters of east coast of 
India ranged 328–520 mg C m−2 d−1, except for a low 40 mg C m−2 d−1 at 15°N 
(Madhupratap et al. 2003). A vertical profile of primary productions from coastal 
and open ocean waters in BoB is shown in Fig. 11.4. PP within the mixed layer was 
about 54% of the total, while below 80 m it was insignificant (8% in both coastal 
and open waters). About 26% of the PP was associated with the subsurface chloro-
phyll maxima. The productivity to chlorophyll a ratio was between 10 and 20, 
although a few higher values (up to 40) occurred at some coastal stations 
(Madhupratap et al. 2003). Phytoplankton population during summer monsoon of 
2001 was dominated by diatoms both in coastal and open ocean waters. Low pro-
duction in open ocean in BoB in comparison to the coastal waters in BoB is attrib-
uted to nitrate deficit due to arising from strong stratification and weaker mixing in 
comparison to Arabian Sea (Prassana Kumar et al. 2002). During a revisit, Prasanna 
Kumar et al. (2010) occupied several stations along the western boundary of the 
BoB during three (summer, fall, and inter) monsoon to understand the influence of 
light limitation on PP. Along the western boundary of the BOB, the highest PP of 
502.01 mg C m−2 d−1 was in the south at 12°N, and the second-highest value of 
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433.8  mg C m−2 d−1 was in the north at 19°N during summer monsoon (July–
August). Their analysis showed that along the western boundary the highest PP in 
the northern bay was not associated with summer or in the fall inter-monsoon, but 
occurred in the spring inter-monsoon. This is due to that fact that riverine flux 
reduced the downward penetration of solar radiation at both times, acting in con-
junction with prevailing cloud cover which possibly affected the PP. Recently the 
role of eddies in influencing the total and size-fractionated PP in BoB has also been 
illustrated (Sarma et al. 2020). Two cyclonic (CE), one anticyclonic (ACE), and no- 
eddy (NE) regions were sampled in the BoB during pre-summer monsoon (June 
2019). Sarma et al. (2020) illustrated that photic zone integrated total primary pro-
duction was higher in the CE and NE than ACE regions associated with higher 
nutrients in the former than latter region. Due to the availability of nutrients within 
the CE microphytoplankton was more dominant and contributed significant amount 
to the size-fractionated PP. Here the PP ranged within CE (164 ± 16 mgC m−2 d−1) 

Fig. 11.4 Vertical profiles of primary production (solid circles) and chlorophyll a (open circles) in 
(a) oceanic and (b) coastal stations (shown by latitudes and longitudes). Mixed-layer depths are 
shown as shaded areas. (Adapted from Madhupratap et al. (2003) with permission from Elsevier)
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than ACE (60  ±  26 mgC m−2 d−1). Higher picophytoplankton production was 
observed at depth below 10 m from surface (10–80%) than nano- and microphyto-
plankton (1–30%). This study is important as it suggest cyclonic eddies can enhance 
PP in BoB otherwise known be less productive traditionally. Further role of eddies 
and its implications on export fluxes in BoB remains poorly understood.

A localized study from estuarine waters of Hugli suggests that maximum produc-
tivity occurred during winter when cell counts showed highest values as well (136 
cells ml−1). On the contrary, minimum productivity with respect to both carbon 
equivalents as well as total phytoplankton cell counts was recorded in the monsoon 
months (cells ml−1). Phytoplankton productivity (GPP) at the estuarine station was 
maximum in December 2010 (227.77 mg C m−3 h−1) when total phytoplankton cell 
count was maximum as well (203 cells ml−1) and minimum in August 2010 
(58.95  mg C m−3  h−1) (Choudhury and Pal 2012). Further, recent satellite-based 
study suggests a strong link between tropical hilsa shad (Tenualosa ilisha) in the 
estuarine region of Hugli and Bangladesh. This study describes spatial and temporal 
variability of productivity in the Bay of Bengal (BoB) relating to hilsa fishery 
(Hossain et al. 2020). Satellite-based estimates of NPP were found be in an order of 
>2000 mg C m−2 day−1 within in the Ganges–Brahmaputra–Meghna region covary-
ing with higher fish catch. Their study suggests variations in seasonal productivity 
linked with nutrients and phytoplankton abundance are important factors for pre-
dicting hilsa habitat and their migration patterns in the deltaic regions and shelf 
waters of BoB. Historical data suggests that most of the primary production is sup-
ported by larger phytoplankton called the diatoms although contribution by other 
classes is also being recognized recently (Madhupratap et al. 2003; Sarma et al. 2020).

11.4  Phytoplankton Community Structure from Estuarine 
Waters of East Coast of India

The information on phytoplankton community structure from east coast of India is 
available from 1942 (Chacko 1942), probably the first report that explain the phyto-
plankton bloom from east coast of India. It is evident that the information on phyto-
plankton community have been studied and updated on regular intervals by various 
researchers (Roy 1955; Shetty et al. 1961; Subba Rao 1969; Gopalakrishnan 1971; 
Santra et al. 1991; Banerjee and Santra 2001; Mukhopadhyay and Pal 2002; Sarkar 
and Naskar 2002; Choudhury and Pal 2012; Manna et al. 2010; Akhand et al. 2012). 
The overall results indicate that the phytoplankton community at east coast of India 
is dominated by diatom group followed by dinoflagellate, blue-green algae, and 
chlorophyceae. Diatom dominance holds true with different estuarine complex 
along the east coast of India, such as Hooghly estuary, where diatom contribute 
more than 50% of the total phytoplankton taxa with 195 species followed by 82 
species of green algae, 59 species of cyanophyceae, and 29 species of dinoflagel-
lates (Roshith et al. 2018). Among the dinoflagellate community, further classifica-
tion based on their mode of nutrition (autotrophic, mixotrophic, heterotrophic), it 
was noted that that the heterotrophic dinoflagellate were the dominant forms in 
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Hooghly estuary irrespective of the different seasons (Naik et al. 2011). Mahanadi 
estuarine regime also exhibited the similar pattern of diatom contributing more than 
50% of the total phytoplankton taxa identified, followed by cyanobacteria, chryso-
phyceae, and dinoflagellates (Mishra et al. 2018). While the phytoplankton com-
munities patter from further south estuarine ecosystems (Krishna and Godavari) 
along the east coast of India, they were not different than the Hugli and Mahanadi 
estuarine complex, where the diatom contributed more than 80% to the total phyto-
plankton biomass followed by dinoflagellates, green algae, cyanobacteria, and sili-
coflagellates (Baliarsingh et al. 2016). Similarly, Bharathi et al. (2018) studied the 
phytoplankton community dynamics along the northwest and southwest regions of 
the Bay of Bengal along the east coast and found the diatom being most abundant 
group of phytoplankton. Studies carried out based on phytoplankton pigments also 
indicated the dominance of fucoxanthin (marker pigment for diatom) along the 
coastal Bay of Bengal (Bandyopadhyay et al. 2017). Studies carried out along the 
Krishna north, Krishna south, Godavari north, and Godavari south estuarine tran-
sects indicated the dominance of diatom, with more than 65% contribution to the 
total phytoplankton biomass followed by other groups (Bharathi et al. 2018).

11.4.1  Phytoplankton Bloom Dynamics Along the East Coast 
of India

Among the bloom-forming groups of phytoplankton along the east coast of India, 
blooms caused by diatoms tops the table followed by dinoflagellate and cyanobac-
teria (D’Silva et al. 2012). Among the diatom, Asterionella japonica (=Asterionella 
glacialis) was the most common bloom-forming species; Noctiluca scintillans and 
Trichodesmium erythraeum were the common bloom-forming species belong to 
dinoflagellate and cyanobacteria group, respectively. D’Silva et al. (2012) in their 
comprehensive review on algal blooms from Indian waters found that the occur-
rence of algal bloom along the east coast is throughout the year with the exception 
of January and November months. While March to May are favorable for diatom 
dominance, April to August are better for dinoflagellate and cyanobacterial blooms, 
mostly during month of March.

11.4.2  Causative Factors for Higher Growth of Phytoplankton

Phytoplankton community structure from the east coast of India, specifically from 
major estuarine habitats, exhibit the more or less similar pattern with dominance of 
diatom. However, the total biomass and the secondary dominating groups are vary-
ing from one region to another. The causative factors explained such as change in 
salinity due to high influx of freshwater through the rivers, stratification, local 
upwelling, and also the storms and cyclones. Diatom blooms of A. japonica were 
related to high nutrient, low temperature conditions due to local upwelling (Rao 
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1969), whereas recent studies show that the dominance of diatoms along the estua-
rine complex was related to higher silicate concentrations (Bharathi et al. 2018). 
Higher abundance of T. erythraeum during the pre-monsoon period was attributed 
to the prevalence of stratified condition in the Bay of Bengal (Hegde et al. 2008). 
Among the higher abundance of dinoflagellates, Noctiluca scintillans was associ-
ated with nutrient-enriched water during the plankton succession (D’Silva et  al. 
2012). Physical mechanisms such as eddies and cyclones and their potential role are 
also highlighted in bloom dynamics of N. scintillans (Naik et al. 2011).

11.5  Summary

The biogeochemical dynamics at nearshore waters of the east coast of India is com-
plex and dynamic, as local circulations and mixing affect the chemistry and deposi-
tion of organic matter thereby controlling the estuarine–coastal nutrient budget. The 
fluvial inputs are major sources of nutrients to the Bay of Bengal (BoB) which also 
regulates the phytoplankton dynamics in both estuaries and coastal waters. The 
river-borne nutrients (~1.74 ± 0.43 Tg yr.−1) support 17% of total PP in the BoB 
(upper 10 m). Although earlier studies have shown that seasonal dynamics in PP are 
strongly controlled by riverine inputs and stratification due to freshwater fluxes and 
low light, however recent analysis suggest  t that  formation of eddies can be an 
important source of nutrient enhancement in BoB which remains poorly quantified. 
Therefore future studies should also address the impact of these mesoscale features 
on regional productivity and carbon cycling from this region along with quantifica-
tion of size-fractionated PP budget. This will help us to understand carbon cycling 
across the phytoplankton groups and its importance across the different oceanic 
environments.
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Chapter 12
Microzooplankton in Estuaries, 
Mangroves, and Lagoons of East Coast 
of India

Biraja Kumar Sahu and Sourav Das

Abstract The east coast of India is endowed with major estuaries, luxuriant man-
groves, and the largest lagoons of India. This study compiled the microzooplankton 
research works undertaken in estuaries, mangroves, and lagoons of the east coast of 
India. Regionally, the microzooplankton study is reported from five estuaries, three 
mangrove areas, and two lagoon studies. The taxonomic groups in microzooplank-
ton comprised ciliates, rotifers, heterotrophic dinoflagellates (HDFs), crustacean 
nauplii, molluscan nauplii, foraminiferans, radiolarians, etc. The ciliates formed the 
dominant group in all the ecoregions. A total of 120 ciliate species were listed that 
are classified into 29 families and 39 genera. The genera Tintinnopsis, Strombidium, 
and Eutintinnus contained the highest number of species. Among the ciliates, 91 
species are loricate (shelled) and 29 are loricate (naked) forms. Among 91 loricate 
species, 57 are agglomerated and 34 are non-agglomerated (hyaline). Most studies 
focused on tintinnids only. Tintinnid biomass and production rate are available for 
four regions. Rotifers comprised 59 species covering 14 families and 25 genera. The 
families Brachionidae and Lecanidae dominated the species list. Brachionus genera 
covered maximum species (13 species) followed by Lecane (10 species). The high-
est number of rotifer species (35 species) are recorded in Chilika lagoon and 
Pichavaram mangroves. A few studies of HDFs in microzooplankton are available. 
A big research gap is there in microzooplankton studies including taxonomy and 
process studies in the tropical coastal environments of India.
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12.1  Introduction

Microzooplankton represents a significant constituent of the plankton community. 
Their size ranges from 20 to 200 μm. They form an important link between small 
cells (like pico-, nano-, bacterioplankton) and higher trophic levels (like mesozoo-
plankton and fishes) (Mukherjee et al. 2015). It consists of planktonic ciliates, roti-
fers, heterotrophic dinoflagellates, crustacean nauplii, molluscan nauplii, 
foraminiferans, etc. They play a significant role in carbon transfer in the food web 
by linking higher trophic levels from primary production of small organisms 
(Hopkins 1987). According to Gauns et al. (2005), “it is believed that due to the 
close coupling between microbial and microzooplankton components of the aquatic 
food webs, less organic carbon leaves the euphotic zone especially where microzoo-
plankton form the mediator route for the uptake of organic carbon thereby influenc-
ing biogeochemical cycles” (Gauns et al. 2005). Only a small portion of the organic 
matter produced by autotrophs takes the “fast lane” to upper trophic levels, to be 
grazed directly by large metazoans (e.g., copepods) and most primary production 
circulates through different trophic levels, including microzooplankton, and is even-
tually respired within the microbial loop (Azam et al. 1983; Calbet 2008). According 
to Bruggeman and Kooijman (2007), if the role of each group of the microzooplank-
ton is depicted, then the dynamics of the food web will be better understood, and 
more precise plankton models will be built.

The east coast of India is endowed with giant river estuaries, luxuriant man-
groves, and the largest lagoons of India. Major rivers of India drain into the Bay of 
Bengal (BoB) on the east coast of India, such as the Ganges, Brahmaputra, Godavari, 
Mahanadi, etc. Estuaries are semi-enclosed bodies of water where freshwater from 
rivers and a coastal stream merges with the ocean, and it mediates material flux 
between terrestrial and marine ecosystems (Sooria et al. 2015). The mixing of fresh-
water and seawater generates salinity gradient and variable physical characteristics 
that create multiple unique habitats supporting high diverse communities and it pro-
vides vital links to nearby ecosystems (McLusky and Elliott 2004; Sun et al. 2012). 
The estuaries can be microtidal (<2 m), mesotidal (2–4 m), macrotidal (4–6 m), and 
hypertidal (>6 m) based on a tidal range (McLusky and Elliott 2004). On the Indian 
east coast, the tidal range increases from the south (0.6 m in Nagapattinam) toward 
the north (5.5 m in Sunderban) (Misra et  al. 2013; Das 2015). Estuaries receive 
considerable amounts of freshwater, nutrients, dissolved and particulate organic 
matter, suspended matter, and also contaminants from land, and exchange materials 
and energy with the open ocean (Sarma et al. 2010). The freshwater flow into the 
estuaries varies largely with seasons; the highest flow is in monsoon and the lowest 
in summer seasons. The northern part of the east coast sees high river flow in the 
southwest monsoon (June to September) while the southern part (mostly Tamil 
Nadu) sees the high flow in the northeast monsoon (November to December). The 
mangrove regions which thrive adjacent to these estuarine regions also face similar 
freshwater flow. Most of the lagoons on the east coast of India also demonstrate 
estuarine characteristics with many rivers flowing into them.
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Microzooplankton population dynamics is a prerequisite to fully understand and 
quantitatively model carbon cycling pathways and other biogenic elements on a 
global scale (Godhantaraman 2004). The present study collected all the information 
on microzooplankton studies carried out in estuaries, mangroves, and lagoons of the 
east coast of India. It compiles all the data and aims to give a holistic view of the 
microzooplankton of the east coast of India.

12.2  Methodology

The microzooplankton studies were collected from the published articles, book 
chapters, and books. The literature collection retrieved the studies from Hooghly 
estuary, Sunderban mangroves, Chilika lagoon, Bahuda estuary, Godavari–Coringa 
mangroves, Pulicat lagoon, Vellar estuary, Pichavaram mangroves, Parangipettai 
backwater, Kaduviyar estuary, Muthupet lagoon, and Pullavazhi estuary (Fig. 12.1). 
It covered the studies carried out from 1973 to 2020. Before 1973, literature is there 

Fig. 12.1 Map showing microzooplankton studied sites on east coast of India (PM: Pichavaram 
mangroves, PB: Parangipettai backwater). (Source: Google Earth)

12 Microzooplankton in Estuaries, Mangroves, and Lagoons of East Coast of India



186

on taxa coming under microzooplankton; however they are exempted from this 
study due to their inaccessibility. Basic hydrographic parameters such as salinity, 
temperature and chlorophyll-a, and microzooplankton species list was prepared.

12.3  Results and Discussion

The microzooplankton study literature in the eastern Indian estuaries/mangroves/
lagoons included Hooghly estuary (Biswas et al. 2013, 2014; Rakshit et al. 2015, 
2016a), Sunderban mangroves (Rakshit et al. 2016b, 2017), Chilika lagoon (Pattnaik 
1973; Kalavati and Raman 2008; Sahu et al. 2016a; Mukherjee et al. 2014, 2015, 
2018), Bahuda estuary (Mishra and Panigrahy 1999), Godavari–Coringa mangroves 
(Kalavati and Raman 2008), Pulicat lagoon (Basuri et  al. 2020), Vellar estuary 
(Krishnamurthy and Santhanam 1975; Godhantaraman 2001, 2002; Prabu et  al. 
2005), Pichavaram mangroves (Krishnamurthy and Santhanam 1975; 
Godhantaraman 1994, 2001, 2002), Parangipettai backwater (Krishnamurthy and 
Santhanam 1975), Kaduviyar estuary (Perumal et  al. 2009), Muthupet lagoon 
(Santhanam et al. 2019), and Pullavazhi estuary (Srinivasan et al. 1988) from north 
to south.

Most of the studies were carried out on monthly basis covering one to a few 
years, and among them one study was carried out fortnightly (Pullavazhi estuary, 
Srinivasan et al. 1988). A few studies were single time surveys or for short period 
(Biswas et al. 2014; Rakshit et al. 2016a) and three studies were on seasonal basis 
(Mukherjee et al. 2014, 2015; Sahu et al. 2016a; Basuri et al. 2020).

The sampling methodology involved the collection of a variable amount of sur-
face or subsurface water by water sampler or by bucket or using a plankton net. The 
mesh sizes of the plankton net used were 41 μm, 54 μm, 75 μm, 76 μm, and 158 μm. 
The mesh size of 158 μm was not solely used for microzooplankton but also meso-
zooplankton. A study collected a sample by using a 74 μm (mesh size) plankton net, 
and to collect plankton of <74 μm, it used a 20 μm plankton net for filtration of 
100 L water from the same sampling point (Mukherjee et al. 2018).

12.3.1  General Hydrography

Estuaries represent the complexity of coastal ecosystems with very high variability 
with time and space (Heip et al. 1995; Sarma et al. 2009). The range of salinity, 
water temperature, and chlorophyll-a in the studied regions are given in Table 12.1. 
Water temperature (WT) remained lower in northern east coast than the southern 
east coast while the temperature range was just opposite. Lower salinity was also 
observed in northern parts due to prevalence of more freshwater. Sunderban man-
grove area showed higher salinity and the range was also high as compared to 
nearby Hooghly estuary. The salinity upper value (36.3 PSU) of Bahuda estuary is 
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Table 12.1 Hydrographical parameters, microzooplankton (ciliate) species number, and 
population range

Salinity 
(PSU)

WT 
(°C)

Chl-a 
(mg/
m3)

Species 
(Nos.)

Populationa 
(Nos./L)

Collection 
method References

Sunderban 
mangroves

5.4–
30.8

19.0–
34.8

0.67–
5.67

35 0–2747 Water sampleb Biswas et al. 
(2013, 2014), 
Rakshit et al. 
(2015, 2016a)

Hooghly 
estuary

0.21–
22.28

19–
34

1.10–
2.71

32 52–9113 Water sample Rakshit et al. 
(2016b, 2017)

Chilika 
lagoon

0–33.6 22.2–
33.4

2.1–
49.6

48 0–5244 Water sample 
and by net 
[20μm and 
74μm, 
Mukherjee 
et al. 2015; 
75μm, Pattnaik 
1973]

Pattnaik (1973), 
Kalavati and 
Raman (2008), 
Mukherjee et al. 
(2014, 2015, 
2018), Sahu 
et al. (2016a)

Bahuda 
estuary

2.7–
36.3

24.0–
32.5

– 24 1–16 By net (76μm) Mishra and 
Panigrahy 
(1999)

Godavari–
Coringa 
mangroves

0–34.36 – – 5 – Water sample Kalavati and 
Raman (2008)

Pulicat 
lagoon

12.5–
61.0

25.2–
32.8

0.6–
106.8

29 96–25,546 Water sample Basuri et al. 
(2020)

Vellar 
estuary

2.3–
35.5

22.5–
34

~1–
~23

53 1–420 Water sample 
and by net 
[54μm, 75μm, 
Prabu et al. 
2005; 
Krishnamurthy 
and Santhanam 
1975]

Krishnamurthy 
and Santhanam 
(1975), 
Godhantaraman 
(2001, 2002), 
Prabu et al. 
(2005)

Parangipettai 
backwater

5.2–
35.5

23–
34

– 7 9–79 By net (75μm) Krishnamurthy 
and Santhanam 
(1975)

Pichavaram 
mangroves

2.6–
35.5

22.5–
34

~1–
~24

37 1–290 Water sample 
and by net 
[75μm, 
Krishnamurthy 
and Santhanam 
1975]

Krishnamurthy 
and Santhanam 
(1975), 
Godhantaraman 
(1994, 2001, 
2002)

Kaduviyar 
estuary

0–34 24–
31

– 11 By net (158μm) Perumal et al. 
(2009)

Muthupet 
lagoon

0.9–39 26–
34

– 11 By net (158μm) Santhanam et al. 
(2019)

(continued)
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high as compared to the coastal waters and it is so with Godavari–Coringa man-
groves (34.36 PSU). Pulicat lagoon is a hyper-saline environment with the recorded 
salinity range of 12.5–61.0 PSU.  Vellar estuary, Pichavaram mangroves, and 
Parangipettai backwater showed similar salinity range with somewhat higher value 
in backwater. In Muthupet lagoon, it ranged 0.9–39.0 PSU.  Pullavazhi estuary 
seemed to be a seawater-dominated estuary with salinity range of 25.6–35.5 
PSU. Chlorophyll-a (proxy of primary production) was found low in Sunderban and 
Hooghly estuary as compared to other reported estuaries and lagoons. Highest chlo-
rophyll- a (Chl-a) concentrations were in lagoons.

12.3.2  Ciliates (Phylum: Ciliophora)

These unicellular eukaryotes are widely distributed and diverse group of protists. 
Presence of nuclear dualism, short generation time, species-specific ciliature, and 
specialized oral apparatus to grasp food are some of the unique characteristics 
which distinguish ciliates from other protists (Corliss 1979; Fukang et  al. 2002; 
Kaur et al. 2019). Ciliates thrive in different habitats – planktonic, epiphytic, psam-
mophilic/in sediments and as parasite. Microzooplankton include the planktonic 
forms only. They are an important component of all aquatic ecosystems on earth, 
from freshwater to almost saturated brines (Pandey et al. 2008). Tintinnids are the 
most recognizable among the numerous species of ciliates, and they are beautiful 
due to their distinctive tunics called loricae, a name borrowed from the armor of 
Roman soldiers (Sardet 2015).

Ciliates are mostly heterotrophs, and many of them feed on bacteria, diatoms, 
and algae (Finlay et al. 1996). Some ciliates are mixotrophs that have characters like 
acquired phototrophy and karyoklepty (Sahu et al. 2016b). So, ciliates can be found 
at various trophic levels in food webs, which make them important for the proper 
functioning of an ecosystem (Verni and Rosati 2011). These are source of protein 
with a low C:N ratio as compared to phytoplankton, and thus considered as high- 
quality food for higher trophic level (Stoecker and Capuzzo 1990; Gifford 1991). 
The ciliate community structure is highly complex and most likely an important 
driver for structuring the phytoplankton community (Haraguchi et al. 2018).

Table 12.1 (continued)

Salinity 
(PSU)

WT 
(°C)

Chl-a 
(mg/
m3)

Species 
(Nos.)

Populationa 
(Nos./L)

Collection 
method References

Pullavazhi 
estuary

25.6–
35.5

24.5–
29.5

– 17 0–148 By net (41μm) Srinivasan et al. 
(1988)

aRange is not representative of all studies given. It is given wherever it is available. Some popula-
tions are only of tintinnids
bHere water sample means collection by water sampler or by bucket
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In the east coast of India, most of the microzooplankton studies are focused on 
ciliates, more specifically tintinnids (Class: Spirotrichea, Subclass: Choreotrichia, 
Order: Tintinnida). A total of 120 ciliate species are recorded under 29 families and 
39 genera. The genera Tintinnopsis, Strombidium, and Eutintinnus contained the 
highest number of species. Among all, 91 species are loricate and 29 are aloricate. 
Among 91 loricate species, 57 are agglomerated and 34 are non-agglomerated (hya-
line). Generally, the two lorica types approximately correspond to different habitats 
where they live (Dolan 2013). The agglomerated ciliates mostly dominate in coastal 
regions while non-agglomerated ones in open ocean (Dolan 2013).

The ciliate community of Pulicat lagoon largely differed from other regions 
(Table  12.2). In Hooghly estuary and Sunderban mangroves, the species like 
Tintinnopsis beroidea, Tintinnidium primitivum, and Leprotintinnus simplex form 
the core species of the environment. Rest of the species of this region are observed 
seasonally or occasionally. If the mangrove regions are compared, Pichavaram man-
grove region has shown higher number of species (37). Among all, Vellar estuary 
has shown highest number of species (53). It was observed in this case that more 
investigations lead to more number of species records (Table 12.1).

The species that found in most regions are Tintinnopsis beroidea, Tintinnopsis 
cylindrica, Tintinnopsis tocantinensis, Tintinnopsis tubulosa, Tintinnopsis directa, 
Leprotintinnus nordqvistii, Favella philippinensis (7 species). When the species list 
was compared, it was observed that some species remained confined to specific 
study regions. It is so because some studies focused on only loricates while others 
focused on both. Maximum number of species remained constrained in Pulicat 
lagoon – Rimostrombidium sp., Strombidium tintinnodes (=Strombidium oculatum), 
Strombidium spiralis, Strombidium acutum, Strombidium conicum, Strombidium 
elongatum, Strombidium sp1., Strombidium sp2., Strobilidium sp., Euplotes sp., 
Euplotes vannus, Euplotes crassus, Fabrea salina, Uronema sp., Frontonia sp., 
Coleps sp., Mesodinium sp., Prorodon sp., Holosticha sp., Epistylis sp., and 
Amphirellopsis sp. (21 species). Tintinnopsis brasiliensis, Tintinnopsis amoyensis, 
Tintinnopsis orientalis, Codonellopsis lusitanica, Tintinnidium mucicola, 
Amphorellopsis tetragona, and Amphorellopsis acuta (7 species) were confined to 
Sunderban mangroves. Wangiella dicollaria, Tintinnopsis urnula, Tintinnopsis ten-
taculata, Tintinnopsis turbo, Tintinnopsis acuminata, and Helicostomella sp. (6 
species) confined to Hooghly estuary. Lacrymaria coronata, Loxophyllum setigerum, 
Nassula citrea, Oxytricha oxymarina (=Oxytricha marina), Holophrya simplex, 
Tintinnopsis compressa, Tintinnopsis failakkaensis, Tintinnopsis spiralis, 
Tintinnopsis fimbriata, Eutintinnus fraknoi, Eutintinnus elongatus, Metacylis trop-
ica, Favella adriatica, Favella campanula (14 species) were confined to Chilika 
lagoon. Prorodon discolor and Tintinnidium fluviatile (2 species) were confined to 
Godavari–Coringa mangroves. Didinium sp., Metacylis corbula, Helicostomella 
fusiformis, Epiplocylis undella, and Rhabdonella spiralis (5 species) were confined 
to Vellar estuary. Tintinnopsis amphora (1 species) is confined to Pichavaram man-
groves. There may be two reasons for this confinement in this coast:
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 (i) It may be due to the prevailed salinity and temperature of the region; as we go 
from north to south, the salinity of the coastal area increases towards the south-
ern coast.

 (ii) The regions may be understudied, as only two to three regions are well-studied 
and some studies focused on tintinnids only.

Ciliate population varied significantly from 0 to 25,546 Nos./L (Table 12.1). The 
population was very low in Bahuda estuary (1–16 Nos./L) and Parangipettai back-
water (9–79 Nos./L) while high population was found in Sunderban mangroves, 
Hooghly estuary, Chilika lagoon, and Pulicat lagoon. Sometimes, swarming of the 
ciliates was also observed in Vellar estuary and Pichavaram mangroves 
(Krishnamurthy and Naidu 1977; Naidu 1986). The reason for this type of varied 
population may be due to the following:

 (i) In the different types of sampling methods used in these studies, some used 
higher mesh size net. The 74/76 μm net misses the population of 20–74 μm 
range.

 (ii) The growth of the population normally depends on the food availability and 
mesozooplankton grazing pressure.

Small-sized tintinnid (lorica length < 76 μm) was found to be dominated over the 
large-sized, and this might be favored by environmental variables (low Chl-a, salin-
ity and high turbidity) as well as biotic interaction (e.g., reduced prey size) (Rakshit 
and Sarkar 2016). Tintinnopsis species use silica grains to build their lorica (Burns 
1983), and showed strong relation to silicate as they are more agglomerated with 
silica or diatoms shells on lorica (Mukherjee et al. 2018). This may be the reason for 
dominance of agglomerated ciliates in the coastal environments.

Tintinnid biomass and production rate is available in many regions. These were 
calculated by measuring lorica length and lorica oral diameter, and then calculating 
the volume and converting it into biomass and production rate by using previously 
calculated factors, measured salinity, and temperature. In Sunderban mangroves, the 
biomass ranged from 0.03 to 18.08 μg C L−1 and the production rate varied from 
0.006 to 7.65 μg C L−1 day−1 (Biswas et al. 2013, 2014; Rakshit et al. 2016a). In 
Hooghly estuary, the biomass ranged from 0.004 to 3.32 μg C L−1 and the production 
rate varied from 0.04 to 3.55 μg C L−1 day−1 (Rakshit et al. 2016b, 2017). In Vellar 
estuary, the biomass ranged from 0.04 to 3.01 μg C L−1 and production rate varied 
from 0.07 to 2.50 μg C L−1 day−1 (Godhantaraman 2002). In Pichavaram mangroves, 
the biomass ranged from 0.02 to 2.18 μg C L−1 and production rate varied from 0.02 
to 2.01 μg C L−1 day−1 (Godhantaraman 2002). In Pullavazhi estuary, the biomass (as 
plasma volume) varied from 0.35 to 55.98 mm3 m−3 (Srinivasan et al. 1988). The 
overall idea on size range of tintinnids was given afterwards. The size range of tintin-
nids were LL (lorica length): 13.90–531.9 μm and LOD (lorica oral diameter): 
4.3–151.1 μm in Sunderban mangroves (Biswas et  al. 2013, 2014; Rakshit et  al. 
2016a); LL: 22.76–260.8 μm and LOD: 8.45–74.52 μm in Hooghly estuary (Rakshit 
et al. 2016b, 2017); LL: 22.70–307.97 μm and LOD: 9.60–107.16 μm in Chilika 
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lagoon (Mukherjee et al. 2015); LL: 44–540 μm and LOD: 24–144 μm in Pullavazhi 
estuary (Srinivasan et al. 1988).

By this compiled study, it was observed that the taxonomic position of some spe-
cies is uncertain and is to be rechecked. Some species names are not there in species 
databases (WoRMS  – World Register of Marine Species, Marine Species 
Identification Portal). Some species’ taxonomic validity is uncertain or disputed by 
different experts (taxon inquirendum). There are also spelling mistakes/changes in 
various studies. Care was taken to present the spellings correctly in this article.

Traditionally, tintinnid species are distinguished via lorica features (Dolan et al. 
2014). Recently, sequencing has revealed polymorphism, that is, genetically identi-
cal individuals with distinct lorica morphologies (Dolan et al. 2014). We should go 
for closer look at the scaling between morphological and genetic diversity as the 
two may be inconsistent (Andre et al. 2013; Dolan et al. 2014).

12.3.3  Rotifers (Phylum: Rotifera)

Rotifers, commonly known as “wheel animalcule,” are metazoans with ubiquitous 
presence in freshwater (95%) and limited presence (5% of the community) in the 
marine environment (Sharma 1987; Sharma and Naik 1996; Anjusha et al. 2018). 
Rotifers play an essential role in the biodiversity and functioning of zooplankton 
communities in estuarine ecosystems (Telesh 2004; Gopko and Telesh 2013). 
Planktonic rotifers are notably dependent on the water body trophic conditions and 
therefore they may be used as bioindicators (Duggan et al. 2001; Gopko and Telesh 
2013). Rotifers have received little attention in studies of estuarine and marine 
plankton, and while this can be understood as due to their limited distribution and 
underrepresentation in net samples (Heinbokel et al. 1988; Dolan and Gallegos 1992).

When we study an estuarine environment, these animals play an important role 
when salinity is low during monsoonal flows. So, they contribute significantly to the 
biomass in seasonal periods in tidal freshwater and estuarine waters (Park and 
Marshall 2000). They are also important because of their reproductive rates that are 
among the fastest of the metazoans due to their parthenogenetic production and 
short developmental periods (Herzig 1983; Park and Marshall 2000). Accordingly, 
they can populate vacant niches with extreme rapidity, and convert primary produc-
tion into a form usable for secondary consumers, producing up to 30% of the total 
plankton biomass (Nogrady et al. 1993; Park and Marshall 2000).

Five regions were studied for rotifers in estuaries, mangroves, and lagoons of 
east coast of India (Table 12.3). They are in Chilika lagoon (Mukherjee et al. 2014, 
2018; Sahu et al. 2016a), Vellar estuary (Prabu et al. 2005), Pichavaram mangroves 
(Govindasamy and Kannan 1991), Kaduviyar estuary (Perumal et  al. 2009), and 
Muthupet lagoon (Santhanam et al. 2019).

In total, 59 species of rotifers were recorded covering 14 families and 25 genera. 
The families Brachionidae and Lecanidae dominated the species list. Brachionus 
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Table 12.3 Rotifers in estuaries, mangroves, and lagoons of east coast of India

Species name Chilika lagoon
Vellar 
estuary

Pichavaram 
mangroves

Kaduviyar 
estuary

Muthupet 
lagoon

Brachionus 
rubens

P P P

Brachionus 
plicatilis

P P P P

Brachionus 
angularis

P P P P

Brachionus 
urceolaris

P P P P

Brachionus 
bidentata

P P P

Brachionus 
calyciflorus

P P P P

Brachionus 
caudatus

P P P

Brachionus 
falcatus

P P P P

Brachionus 
forficula

P

Brachionus 
quadricornis

P

Brachionus 
quadridentata

P P P

Brachionus 
rubens

P

Brachionus sp. P
Kellicottia 
longispina

P

Anuraeopsis 
fissa

P

Keratella 
cochlearis

P

Keratella 
procurva

P

Keratella 
quadrata

P

Keratella tropica P P
Keratella sp. P P
Platyias patulus P P
Platyias 
quadricornis

P P P

Monostyla bulla P P P
Monostyla sp. P P
Lecane 
curvicornis

P

(continued)
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Table 12.3 (continued)

Species name Chilika lagoon
Vellar 
estuary

Pichavaram 
mangroves

Kaduviyar 
estuary

Muthupet 
lagoon

Lecane leontina P P
Lecane luna P P
Lecane papuana P
Lecane ungulata P P
Lecane styrax P
Lecane batillifer P
Lecane crepida P
Lecane 
inopinata

P P

Lecane sp. P
Monostyla bulla P
Monostyla 
closterocerca

P

Monostyla 
quadridentata

P P

Monostyla 
stenroosi

P

Monostyla 
unguitata

P

Dipleuchlanis 
propatula

P

Euchlanis 
dilatata

P

Euchlanis 
oropha

P

Tripleuchlanis 
plicata

P

Polyarthra sp. P
Ploesoma 
lenticularia

P

Trichocerca sp. P
Trichotria 
tetractis

P

Hexarthra sp. P
Lepadella sp. P
Cephalodella 
gibba

P P

Asplanchna sp. P
Testudinella 
patina

P

Pompholyx 
sulcata

Testudinella sp. P

(continued)
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genera covered maximum species (13 species) followed by Lecane (10 species). 
Highest numbers of species (35 species each) were found in Chilika lagoon and 
Pichavaram mangroves. These species were mostly observed in low salinities like 
1.02–7.10 PSU in Pichavaram mangroves (Govindasamy and Kannan 1991). The 
species number were low in Vellar estuary (5), Kaduviyar estuary (9), and Muthupet 
lagoon (13). Saline or brackish water species like Brachionus plicatilis and 
Brachionus falcatus observed in more saline regions (Mukherjee et  al. 2014).) 
Rotifers can be an important component of the microzooplankton during some spe-
cific periods in estuarine habitats but play a definite trophic role by replacing other 
microzooplankton (Park and Marshall 2000).

The common species recorded in most of the regions were Brachionus plicatilis, 
Brachionus angularis, Brachionus urceolaris, Brachionus calyciflorus, Brachionus 
falcatus, Brachionus rubens, Brachionus bidentata, Brachionus caudatus, 
Brachionus quadridentata, Platyias quadricornis, Monostyla bulla, and Filinia lon-
giseta (12 species). The species confined to Chilika lagoon were Brachionus sp., 
Kellicottia longispina, Lecane styrax, Lecane batillifer, Lecane crepida, Lecane sp., 
Monostyla bulla, Polyarthra sp., Trichocerca sp., Hexarthra sp., Lepadella sp., 
Asplanchna sp., Testudinella patina, Testudinella sp., Filinia opoliensis, Filinia sp., 
and Conochilus dossuarius (17 species). The species confined to Vellar and 
Kaduviyar estuary were zero. The species confined to Pichavaram mangroves were 
Brachionus forficula, Anuraeopsis fissa, Keratella cochlearis, Keratella procurva, 
Keratella quadrata, Lecane curvicornis, Lecane papuana, Monostyla closterocerca, 
Monostyla quadridentata, Monostyla stenroosi, Monostyla unguitata, Dipleuchlanis 
propatula, Euchlanis dilatata, Euchlanis oropha, Tripleuchlanis plicata, Ploesoma 
lenticularia, Trichotria tetractis, and Mytilina ventralis (18 species). The species 
confined to Muthupet lagoon were Brachionus quadricornis and Brachionus rubens 
(2 species).

Table 12.3 (continued)

Species name Chilika lagoon
Vellar 
estuary

Pichavaram 
mangroves

Kaduviyar 
estuary

Muthupet 
lagoon

Mytilina 
ventralis

P

Filinia longiseta P P P
Filinia 
opoliensis

P

Filinia sp. P
Conochilus 
dossuarius

P

References Mukherjee 
et al. (2014, 
2018)
Sahu et al. 
(2016a)

Prabu 
et al. 
(2005)

Govindasamy and 
Kannan (1991)

Perumal 
et al. (2009)

Santhanam 
et al. (2019)
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Like ciliates, in rotifers also some species have taxonomic uncertainty. For 
example, the species Ploesoma lenticularia was reported by Govindasamy and 
Kannan (1991) from Pichavaram mangroves. Any reference to the species was not 
found on Google Scholar search engine. Therefore, there is a need for taxonomic 
validation of some species.

12.3.4  Heterotrophic Dinoflagellates (Class: Dinophyceae) 
and Other Groups

Heterotrophic dinoflagellates (HDFs) are a significant component of microzoo-
plankton biomass and major grazers of diatoms in the sea (Sherr and Sherr 2007). 
Approximately 50% of dinoflagellate species are heterotrophic and the rest are 
autotrophic or mixotrophic (Dale 2009). They have the greatest potential to con-
sume diatoms of the major groups of herbivores in pelagic systems (Sherr and Sherr 
2007). HDFs can prey on organisms as large as, or larger than, themselves in size, 
while other categories of phagotrophic protists (heterotrophic flagellates and cili-
ates) in general feed on smaller-sized prey (Sherr and Sherr 2007; Lan et al. 2009). 
A mathematical model based on observed rates of grazing by Gyrodinium sp. sug-
gested that the heterotrophic dinoflagellates could have grazed down the diatom 
bloom to ambient abundance within 7 to 8 days (Saito et al. 2006). With their poten-
tial fast-growth rate, HDFs respond quickly to blooms and play a role as significant 
as the mesozooplankton in consuming phytoplankton blooms (Sherr and Sherr 
2007; Lan et al. 2009).

Studies on heterotrophic dinoflagellates (HDFs) in microzooplankton are very 
rare in the estuaries, mangroves, and lagoons of east coast of India. Only one study 
(Sahu et al. 2016a) in Chilika lagoon has included these HDFs in the microzoo-
plankton study. Two genera of HDF was recorded  – Gymnodinium sp. and 
Protoperidinium sp. Normally these HDFs dominate the microzooplankton in open 
ocean in Bay of Bengal (Jyothibabu et al. 2003) (Table 12.4).

Apart from ciliates, rotifers, and HDFs, the other groups that come in microzoo-
plankton are crustacean larvae, molluscan larvae, foraminiferans, radiolarians, etc. 
These were recorded in Chilika lagoon (Sahu et al. 2016a), Vellar estuary (Prabu 
et al. 2005), and Kaduviyar estuary (Perumal et al. 2009) (Table 12.4). The crusta-
cean larvae (copepod naupli and cirripede naupli) and molluscan larvae (bivalve 
veliger and gastropod veliger) were recorded in all three regions. The foraminifer-
ans and radiolarians were recorded in Vellar estuary. The naupliar forms are impor-
tant intermediaries between microbial and classical food web as they can efficiently 
graze on autotrophic picophytoplankton and heterotrophic bacteria in diverse 
aquatic ecosystems that allows picophytoplankton carbon transfer into classical 
food chain (Richardson and Jackson 2007; Bemal and Anil 2019). The high abun-
dance of crustacean nauplii is linked to the high availability of picoplankton, the 
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major preferred food source of invertebrate larval forms (Roff et al. 1995). They are 
abundant, but their role in food chain is undermined.

12.4  Conclusion

The study described the microzooplankton study of Hooghly estuary, Sunderban 
mangroves, Chilika lagoon, Bahuda estuary, Godavari–Coringa mangroves, Pulicat 
lagoon, Vellar estuary, Pichavaram mangroves, Parangipettai backwater, Kaduviyar 
estuary, Muthupet lagoon, and Pullavazhi estuary of the east coast of India. A total 
of 120 ciliate species was classified into 29 families and 39 genera. In total, 59 spe-
cies of rotifers were recorded including 14 families and 25 genera. In these coastal 
environments, major studies were carried out in mesozooplankton and phytoplank-
ton, but there is a big gap in microzooplankton studies in all the estuaries, man-
groves, and lagoons of the east coast of India. We have also look into the 
microzooplankton for their mixotrophy characteristics to understand the entire food 
web dynamics and carbon flow. It is also proposed that a better understanding of 
each group of microzooplankton will lead to better modeling of the food web.

Table 12.4 Heterotrophic dinoflagellates and other groups in estuaries, mangroves, and lagoons 
of east coast of India (Sahu et al. 2016a; Prabu et al. 2005; Perumal et al. 2009)

Groups/Taxa Chilika lagoon Vellar estuary Kaduviyar estuary

Heterotrophic dinoflagellates
Gymnodinium sp. P
Protoperidinium sp. P
Crustacean larvae
Copepod nauplii P P P
Cirripede nauplii P P P
Molluscan larvae
Bivalve veliger P P P
Gastropod veliger P P P
Foraminifera
Globigerina rubescens P
Globigerina plicatilis P
Globigerina sp. P
Radiolaria
Acantharia sp. P
Thalassicolla sp. P
Others
Polychaete larvae P
Oikopleura larvae p
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Chapter 13
Influence of Physical Processes on Nutrient 
Dynamics and Phytoplankton 
in the Coastal Bay of Bengal

Madhusmita Dash, Chandanlal Parida, Biraja Kumar Sahu, 
Kali Charan Sahu, and Sourav Das

Abstract This review chapter addresses the impact of physical forcing mechanisms 
on spatiotemporal variation of biological productivity aided by nutrient dynamics in 
the nearshore waters of the Bay of Bengal (BoB). The BoB has a unique physical 
forcing mechanism, viz., reversal pattern of monsoon wind, large freshwater influx, 
and remote forcing from the equator. The substantial freshwater influx into the BoB 
leads to strong stratification and a strong halocline below the mixed layer. Nonetheless, 
the strong southwest monsoon wind is inadequate to break this stratification and 
hence obstructs the vertical transfer of nutrients from the nutricline. This phenome-
non makes the BoB oligotrophic. In contrast to this, several physical processes 
increase productivity by bringing nutrients from the nutricline to euphotic depths. 
The southwest monsoon-induced wind-driven upwelling and the ocean Ekman 
pumping by positive cyclonic wind stress circulation triggered by the northeast mon-
soon enhance the primary production in the BoB. Before the onset of the southwest 
monsoon, the water current along India’s east coast brings more saline, cooler water 
to the surface by eddy-like structures, and this process causes surplus productivity in 
the BoB. Moreover, tropical cyclones moving over the BoB are adequate to break the 
stratification and thereby injecting nutrients, subject to phytoplankton blooms.
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13.1  Introduction

The northeastern part of the Indian Ocean encompasses a semi-enclosed ocean 
basin, which experiences a typical tropical climate, and we refer to this region as the 
Bay of Bengal (BoB). The BoB is a unique area in the perspective of the physical 
oceanographic processes. A typical monsoon climate characterizes the BoB, where 
the wind reverses twice in a year, and therefore the bay experiences a seasonal 
change in circulation (Shetye et al. 1991). Wind over the BoB blows from the south-
west from May to September and northeast from November to January. In addition 
to the seasonal reversal wind pattern, the BoB receives a large volume of freshwater 
in the form of precipitation and river influx (Girishkumar et al. 2012). The BoB 
receives freshwater plumes of about 1.5 × 1012 m3/year (Martin et al. 1981; UNESCO 
1988) from several perennial rivers such as Ganges, Mahanadi, Godavari, and 
Brahmaputra (Gomes et al. 2000) and ~2 m/year in the form of precipitation (Prasad 
1997). The riverine influx in the BoB is substantially higher than that in the Arabian 
Sea. The freshwater of BoB and the high saline water from the Arabian Sea (AS) 
through Summer Monsoon Current (SMC) create two different layers of 
water masses.

The freshwater on the top with subducted high saline water reduces the salinity 
in the upper surface layer and stratifies the water column in the photic region 
(Prasanna Kumar et  al. 2002). It also leads to a strong halocline with a shallow 
mixed layer (Shetye et al. 1996; Vinayachandran et al. 2002). Such stratification 
enables the formation of a strong barrier layer (BL) between mixed layer and ther-
mocline (Vinayachandran et al. 2002; Girishkumar et al. 2012). The formation and 
dissipation of BL play a crucial role in monsoon variation and the genesis of the 
tropical cyclones (George et al. 2019). The BL acts as an obstruction towards strati-
fication and upwelling of nutrient-enriched water, and hence forms an oligotrophic 
condition (Vidya and Das 2017; Prasanna Kumar et al. 2002). Apart from the fresh-
water influx and seasonal wind pattern, the proximity to the equatorial Indian Ocean 
leads to a third forcing mechanism in the BoB. The Kelvin waves that occur in the 
coastal regions of the Bay merge with the equatorial Rossby waves along the eastern 
border of the BoB, which, in turn leads to wind forcing in the entire coastal periph-
ery of the equatorial Indian Ocean (McCreary et al. 1993; Shankar et al. 1996). The 
combination of all the three factors, viz., reversal monsoon wind, distant forcing 
from the equator, and freshwater influx, regulate the circulation pattern in the 
BoB. The entire physical phenomenon that takes place in the BoB has a significant 
impact on nutrient dynamics and biological productivity.

The biological productivity is comparatively much lower in the BoB than that 
observed in the Arabian Sea (Radhakrishna et al. 1978; Prasanna Kumar et al. 2002, 
2004; Vinayachandran 2009). Despite the fact that the nutrient input in the BoB is 
much higher than the Arabian Sea, the net primary production in the BoB is signifi-
cantly less than that of Arabian Sea (Madhupratap et al. 2003). This point has been 
reiterated by several shipboard observational studies (Gomes et al. 2000; Prasanna 
Kumar et al. 2002; Madhupratap et al. 2003; Jyothibabu et al. 2004; Vinayachandran 
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2009). The freshwater influence acts as a major reason for low biological productiv-
ity in the BoB. The strong stratification due to freshwater caps in the upper layer of 
the BoB prevents the nutrients upwelling from the mixed layer to the euphotic 
depths (McCreary et al. 2009; Vinayachandran 2009; Amol et al. 2019). Even the 
strong winds accompanied by the southwest monsoon are inadequate to disrupt the 
stratification (Shenoi et al. 2002) that could enable the transport of nutrients from 
the nutricline to the euphotic zone, and this limits the productivity in the BoB 
(Gomes et al. 2000). Besides, higher concentrations of suspended sediments, intense 
cloud cover, and shallow continental shelf are also possible reasons behind the low 
productivity in the BoB (Muraleedharan et al. 2007; Vinayachandran 2009).

Several physical processes promote productivity by bringing nutrients from the 
subsurface to the euphotic zone, leading to phytoplankton blooms. Shetye et  al. 
(1991) observed that the southwest monsoon facilitates the local alongshore wind- 
driven upwelling, and enhances the productivity along the southern part of the 
Indian coast (Gomes et al. 2000; Madhupratap et al. 2003; Madhu et al. 2006). The 
coastal upwelling process (Vinayachandran et al. 2004; Girishkumar et al. 2012) 
causes the phytoplankton bloom in the south of Sri Lanka. During northeast mon-
soon, the open ocean Ekman pumping acts as a principal factor for the phytoplank-
ton bloom in the southwestern BoB (Vinayachandran and Mathew 2003). The 
circulation process during northeast monsoon consists of a cyclonic gyre in the 
southwestern BoB (Vinayachandran and Yamagata 1998). The Ekman pumping 
caused by the positive wind stress curl augments the chlorophyll concentration in 
the southwestern part of the BoB (Vinayachandran et al. 2005) and also enhances 
the chlorophyll concentration within the Sri Lanka dome during the southwest mon-
soon (Vinayachandran and Yamagata 1998; Vinayachandran et  al. 2004). In the 
BoB, the cyclonic cold-core eddies are also promoting biological productivity 
(Falkowski et  al. 1991; Prasanna Kumar et  al. 2002, 2004; Sarangi et  al. 2008; 
McGillicuddy et al. 2003; Sarma et al. 2013). During northeast monsoon, the cool-
ing of sea surface takes place due to the heat loss from the sea. The high wind speed 
is capable of mixing and churning the water column as the stability remains com-
paratively low during this time of the year. The cold-core eddies are capable of sup-
plying nutrients under such lowered stability conditions. This, in turn, increases the 
biological productivity in the BoB (Gomes et al. 2000; Muraleedharan et al. 2007). 
The tropical cyclones that originate in the BoB can also de-stratify the water col-
umn, which facilitates nutrient injection from the subsurface to the euphotic zone 
(Vinayachandran and Mathew 2003; Madhu et  al. 2003, 2006; Rao et  al. 2006; 
Smitha et al. 2006; McCreary et al. 2009; Vinayachandran 2009; Baliarsingh et al. 
2015; Sarangi et al. 2014; Amol et al. 2019; Jayaram et al. 2019). Before the onset 
of the southwest monsoon, the East India coastal current (EICC) brings more saline, 
cooler water to the surface by eddy-like structures, and this process also causes 
surplus productivity in the BoB. Along with the coastal areas of the BoB, the rivers 
play a crucial role in supplying nutrients and thereby increasing the biological pro-
duction (Muraleedharan et al. 2007; Choudhury and Pal 2010). The principal objec-
tive of this review is to characterize the role of the physical processes on 
phytoplankton and nutrient variability of coastal BoB.
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13.2  Physical Processes

The growth of phytoplankton primarily depends upon the availability of sunlight 
and nutrients, and consequently, the scarcity of either one limits the productivity 
and growth of phytoplankton. In the tropical oceans, availability of light throughout 
the year usually never delimits the productivity; however the nutrient concentrations 
often remain significantly low to limit the biological growth of the autotrophs 
(Prasanna Kumar et  al. 2002). However, during the southwest monsoon, the sky 
over the BoB remains cloudy for a longer period. This lack of an adequate amount 
of light might be a possible reason for low productivity in the BoB (Radhakrishna 
et al. 1978; Gomes et al. 2000; Muraleedharan et al. 2007). In tropical oceans, the 
significant limiting factor is the nutrient availability. Enrichment of nutrients to the 
euphotic layers by the process of coastal and open ocean upwelling and entrainment 
increases the chlorophyll. The augmentation of phytoplankton due to these physical 
processes, along with strong monsoonal wind, is highly familiar in the Arabian Sea 
(Lévy et al. 2007). Indian monsoon impacts both the western and eastern tropical 
Indian Ocean basins, that is, the Arabian Sea and the BoB. However, the response 
of the BoB to the monsoon is different from that of the Arabian Sea. The mixing 
phenomena and the entrainment are absent in the BoB and are mainly due to the (a) 
weak monsoonal wind over the BoB than those over Somalia and Oman in the 
Arabian Sea, (b) remotely forced thermocline deepens around the perimeter of the 
BoB, and (c) substantial freshwater influx into the BoB strongly stratifies the sur-
face layer of the BoB, which needs strong energy to break the stratification 
(McCreary et al. 2009; Vinayachandran 2009). Nevertheless, several physical pro-
cesses in different spatiotemporal scale help to break the barrier layer, cause upwell-
ing of nutrients from subsurface to the near-surface zone, and allow an increase in 
the primary productivity in the BoB.  The details of the physical processes are 
described in the next section. Figure  13.1 indicates the Ocean Surface Current 
Analysis Real-time (OSCAR) current vectors (averages for the period of pre- 
monsoon, monsoon, and post-monsoon, 2016), shown as arrows.

13.2.1  Coastal Upwelling

The winds over the BoB are weak during the initial months (March and April) of the 
southwest monsoon, but during this period the anticyclonic curls are developed by 
the wind, and its center is located in the BoB. The southwesterlies cover the entire 
BoB during May and remains so till September. During the transition period 
between the southwesterlies and northeasterlies, the tropical cyclones originate in 
the western BoB, and the southwesterlies move to the south. The northeasterlies are 
strong and occur from November to February. The wind during the southwest mon-
soon blows toward Sri Lankan’s west coast and away from its east coast. However, 
the wind blows parallel to the south of Sri Lankan coast, which is conducive for 
upwelling. This upwelling enhances the primary production (Vinayachandran et al. 
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2004). The wind flow across the east coast of the BoB during the southwest mon-
soon favors upwelling and enhance the biological productivity (Shetye et al. 1991; 
Gomes et al. 2000; Madhupratap et al. 2003; Thushara and Vinayachandran 2016; 
Lotliker et al. 2020). In the BoB, during the transition period of the monsoon, the 
westerlies over the equatorial Indian Ocean generate coastal Kelvin waves and oce-
anic Rossby waves (Shankar et al. 2002). The Rossby wave propagation acts as a 
driving mechanism for the offshore spread of chlorophyll. The upwelling on the east 
coast of the bay is not common because of the advection of the equatorial river 
plume and propagation of the downwelling coastal Kelvin wave (Vinayachandran 
et  al. 1996). This indicates localized blooming of phytoplankton during pre- 
southwest monsoon. And the time lag between river influence and local upwelling 
also shows an increase in chlorophyll in the early summer monsoon period, and this 
could be due to the coastal upwelling (Vinayachandran 2009). During the winter 
monsoon, the wind over the BoB is favorable for upwelling in the northeastern part 
of the Bay (McCreary et al. 1996).

13.2.2  Ekman Pumping

The local wind stress-driven Ekman pumping is an important forcing factor of the 
Bay. During pre-summer monsoon months, the downward Ekman pumping is the 
major driving mechanism of the anticyclonic gyre (Shankar et al. 1996). However, 
the upward Ekman pumping during the southwest monsoon in the Sri Lankan east 
coast leads to the formation of the Sri Lankan dome. A cyclonic gyre formation due 
to the upward Ekman pumping takes place in the southwestern part of the bay dur-
ing the northeast monsoon (Vinayachandran and Yamagata 1998). During northeast 
monsoon, enhancement of phytoplankton blooms in the southwestern BoB takes 
place due to the nutrient injection into the upper surface led by Ekman pumping 
(Vinayachandran and Mathew 2003). The downward pumping makes the bay less 
productive, whereas upward Ekman pumping results in higher chlorophyll concen-
trations. A numerical model study by Vinayachandran et al. (2005) using a coupled 
physical–biological model has also stated that the physical process, that is, 

Fig. 13.1 Map of the Bay of Bengal, arrows indicate the Ocean Surface Current Analysis Real- 
time (OSCAR) current vectors shown in this figure are averages for period for pre-monsoon, mon-
soon, and post-monsoon for the year 2016
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upwelling in the southwestern BoB during northeast monsoon caused by the Ekman 
pumping (Vinayachandran 2009). The bloom around the Sri Lankan coast is due to 
the Ekman pumping. It usually leads to the formation of two separate regions of 
bloom. One of these patches cover the Sri Lankan dome and the other encompasses 
the southeastern coast of Sri Lanka. Besides, during the southwest monsoon, Ekman 
pumping facilitates the upwelling in the northwestern BoB.

13.2.3  Tropical Cyclone

Over the tropical oceanic region, a weather system with anticyclonic wind forms in 
the northern hemisphere and is known as tropical cyclones. The wind speeds associ-
ated with cyclones are very high, and sometimes they can reach as high as 85 m/s 
(Emanuel 2003), which abruptly changes the circulation pattern in the ocean. The 
tropical cyclones cause the cooling of SST and mixed-layer deepening. The forcing 
by a storm can simulate oceanic productivity. The periodic churning process by 
cyclonic storms entrains nutrients into the near-surface layer and thereby increasing 
the chlorophyll concentration. Five percent of all the tropical cyclones that occur 
throughout the world occurs in the BoB (Neetu et al. 2012; Jayaram et al. 2019). 
The cyclonic storms in the BoB generally originate from May to October (Madhu 
et al. 2006). In the BoB, cyclones affect the biological as well as physical character-
istics by decreasing the sea surface temperature, increasing the dissolved oxygen, 
and enhancing productivity (Chacko 2017). A significant increase in chlorophyll 
concentration took place in the northern BoB after the 1999 super-cyclonic storm 
(Patra et al. 2007) and increased the productivity in the southwestern BoB (Madhu 
et al. 2006). The passage of a cyclone during November 2000 over the BoB led to 
the extensive growth of surface chlorophyll and primary productivity (Rao et  al. 
2006). During northeast monsoon, cyclones over the BoB lead to intense localized 
bloom (Vinayachandran and Mathew 2003). Another tropical cyclone developed 
over BoB during May 2003 and has influenced the increase in chlorophyll and pri-
mary productivity in the southern BoB (Smitha et al. 2006). Similarly, the passages 
of other tropical cyclones, viz., Phailin, HudHud, Helen, Leher, and Madi, etc., over 
the BoB have also influenced an increase in the chlorophyll concentration and 
thereby in the biological productivity over the bay (Sarangi 2011; Sarangi et  al. 
2014; Baliarsingh et al. 2015; Jayaram et al. 2019).

13.2.4  Cyclonic Eddies

Mesoscale processes like cyclonic eddies are accompanied by upward movement of 
the thermocline, which can upwell nutrients into the euphotic zone. The cyclonic 
eddies also play a pivotal role in supplying the nutrients to the photic zone (Falkowski 
et  al. 1991). In the BoB, cyclonic eddies enhance the autotrophic production by 
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bringing the nutrients into the upper surface oligotrophic waters during the south-
west monsoon. During this time, a baroclinic instability at the junction of two 
opposing currents, that is, the Western Boundary Current (WBC) and the freshwater 
discharge from the rivers occurs along the east coast of India. This instability can 
effectively generate the cyclonic eddies and the wind stress curl over these regions 
aids in the formation of cold-core eddy (Muraleedharan et al. 2007). Though the 
upper layers of the BoB are highly stratified during the southwest monsoon, cold- 
core eddy pumping acts as the possible mechanism for transferring nutrients into 
the photic zone and increasing biological production (Gomes et al. 2000; Prasanna 
Kumar et al. 2004; Muraleedharan et al. 2007). The cold-core eddy enhances bio-
logical productivity by more than double in the BoB (Prasanna Kumar et al. 2004). 
Sardessai et al. (2007) also reported that the upliftment of water mass to shallower 
depth by the cyclonic eddies was the prime mechanism supplying nutrients to the 
surface waters in the BoB.  From October to December the sea level decreases 
because of the seasonal cyclonic gyre in the southwestern BoB and the eddies could 
be distinguished. The cold-core eddies fewer its number and much weaker in the 
eastern BoB as compared to the west. And a cyclonic eddy is defined to occur nega-
tive sea level anomaly becomes less than 10 cm (Vinayachandran 2009).

13.2.5  Circulation and Advection

The seasonal circulation in the BoB does not take place according to the monsoon 
wind reversal due to the combination of remote and local forcing that governs the 
seasonality of the surface circulation of the BoB (Vinayachandran et  al. 1996; 
MacCreary et al. 1996). In the BoB during the initial period of the pre-monsoon 
season, that is, March to April, a well-defined anticyclonic gyre with poleward East 
Indian Coastal Current (EICC) along the east coast of India (Shetye et al. 1993; 
Sanilkumar et al. 1997). The EICC flows through an eastward direction north of 
19°N. In the western part of Andaman Islands, the gyre starts flowing southward 
and thereafter this anticyclonic gyre meets the westward winter monsoon current 
(Shankar et al. 2002). The disintegration of this gyre commences in May, and by the 
month of June its complete disappearance takes place. During the southwest mon-
soon, the intense current in the east and south of Sri Lanka, where the Southwest 
Monsoon Current (SMC) turns around Sri Lanka and flows into the BoB 
(Vinayachandran et al. 1999). And during this period, there is an intense coastal 
upwelling along the southern coast, and the SMC transports cold upwelled nutrient-
rich water along its path into the BoB (Vinayachandran et al. 2004; Jyothibabu et al. 
2015; Thushara et al. 2019), which led to the formation of a cold pool and increased 
the biological productivity. The summertime coastal current, EICC flows northward 
up to 15°N, where it turns eastward. During the northeast monsoon months, the 
EICC flows downward and carries low saline water along its path (Shetye et  al. 
1996). In this period, the southwestern BoB consists of a cyclonic gyre 
(Vinayachandran and Yamagata 1998). The SMC advects high concentration 
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chlorophyll from the west coast to Sri Lanka and from there into the BoB. During 
northeast monsoon, the EICC flows equatorward and advects nutrients-rich water 
along its route (Vinayachandran 2009).

13.2.6  River Influx

During the summer monsoon period, the freshwater discharge from peninsular riv-
ers is at its peak. Therefore, in the BoB, elevated chlorophyll was also observed at 
the mouths of several rivers dumping into the BoB. The discharge from these rivers 
can often penetrate several hundred kilometers offshore. However, the direction of 
flow and extent depends upon the volume, wind, and current patterns (Vinayachandran 
2009; Lotliker et al. 2020). The river discharge acts as a potential source of nutrients 
for enhancing the biological productivity in the BoB (Narvekar and Kumar 2006; 
Sarma et al. 2013). Specifically, the coastal regions receive inputs of nutrients via 
riverine outflows and runoff from the land inputs, which sustain new production. 
Hence, the coastal region can respond rapidly to episodic events like upwelling 
(Muraleedharan et  al. 2007). During spring inter-monsoon seasons, eddies and 
recirculation zones in the coastal regions forms due to the Western Boundary 
Currents (WBC) fund to enhance the chlorophyll concentration (Gomes et al. 2000; 
Prasanna Kumar et al. 2004; Madhu et al. 2006). However, during the summer mon-
soon season, the nutrient input from river runoff triggers the primary production of 
the coastal waters of the BoB (Madhupratap et  al. 2003; Madhu et  al. 2006). 
Vinayachandran (2009) reported that there is a large influx of fresh water from the 
River Irrawaddy into the BoB during the southwest monsoon, and during October 
to December a large patch of chlorophyll flows directly outward, and the current 
pattern prevails over the BoB advect this plume in a northwestward direction. They 
also mentioned similar observations off the mouth of the Ganges and Brahmaputra 
rivers. After the withdrawal of southwest monsoon, when EICC flows equatorward, 
the chlorophyll regions cling to the coast, and when the current reverse, the chloro-
phyll plumes flow offshore directly, away from the coast to the open ocean. During 
northeast monsoon, the river plumes from the mouth of the River Mahanadi and 
flows southward of the Indian coast and then toward the offshore.

13.3  Conclusion

The overall primary productivity in the Bay of Bengal is substantially less than that 
observed in its western counterpart, the Arabian Sea. However, several studies indi-
cated that a suite of physical processes regulate the primary activity in this bay. In 
the present chapter, we detailed about the physical processes and their impact on 
nutrient dynamics and biological productivity of the bay on a different spatiotempo-
ral scale. In offshore areas, the cyclonic circulation associated with thermocline is 
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an important process. During northeast monsoon, cyclonic gyre occupies in the 
southwestern BoB and is associated with high chlorophyll concentration. The 
cyclonic eddies also have higher chlorophyll concentrations. The Ekman pumping 
caused by the positive wind stress curl augments the chlorophyll concentration in 
the southwestern part of the BoB and enhances the chlorophyll concentration within 
the Sri Lanka dome during the southwest monsoon. The tropical cyclone in the bay 
narrows down the thermocline and enables the injection of nutrient-enriched water 
into the photic zone, which leads to phytoplankton blooms. Enhanced productivity 
due to the coastal upwelling takes place in three different regions, that is, in the 
south of Sri Lankan coast, the southern part of the east coast, and the northeastern 
coast of the bay. The first two regions become biologically enriched during the 
southwest monsoon season while the third one from December to March. The river-
ine influx also helps to increase the productivity in different parts of the BoB, par-
ticularly in coastal and river mouth areas. The flow of water enriched with 
chlorophyll along the east coast of India depends upon the pattern and magnitudes 
of coastal currents. The East India coastal current also plays a very significant role 
in governing the river plumes in the BoB.

References

Amol P, Vinayachandran PN, Shankar D, Thushara V, Vijith V, Chatterjee A, Kankonkar A (2019) 
Effect of freshwater advection and winds on the vertical structure of chlorophyll in the northern 
Bay of Bengal. Deep Sea Research Part II: Topical Studies in Oceanography, 104622

Baliarsingh SK, Chandanlal P, Lotliker AA, Suchismita S, Sahu KC, Srinivasa Kumar T (2015) 
Biological implications of cyclone Hudhud in the coastal waters of northwestern Bay of 
Bengal. Curr Sci 109(7):1243–1245

Chacko N (2017) Chlorophyll bloom in response to tropical cyclone Hudhud in the Bay of Bengal: 
bio-Argo subsurface observations. Deep-Sea Res I Oceanogr Res Pap 124:66–72

Choudhury AK, Pal R (2010) Phytoplankton and nutrient dynamics of shallow coastal stations at 
Bay of Bengal, Eastern Indian coast. Aquat Ecol 44(1):55–71

Emanuel K (2003) Tropical cyclones. Annu Rev Earth Planet Sci 31:75–104
Falkowski PG, Ziemann D, Kolber Z, Bienfang PK (1991) Role of eddy pumping in enhancing 

primary production in the ocean. Nature 352(6330):55–58
George JV, Vinayachandran PN, Vijith V, Thushara V, Nayak AA, Pargaonkar SM, Matthews AJ 

(2019) Mechanisms of barrier layer formation and erosion from in situ observations in the Bay 
of Bengal. J Phys Oceanogr 49(5):1183–1200

Girishkumar MS, Ravichandran M, Pant V (2012) Observed chlorophyll-a bloom in the southern 
Bay of Bengal during winter 2006–2007. Int J Remote Sens 33(4):1264–1275

Gomes HR, Goes JI, Saino T (2000) Influence of physical processes and freshwater discharge on 
the seasonality of phytoplankton regime in the Bay of Bengal. Cont Shelf Res 20(3):313–330

Jayaram C, Bhaskar TU, Kumar JP, Swain D (2019) Cyclone enhanced chlorophyll in the Bay 
of Bengal as evidenced from satellite and BGC-Argo float observations. J Indian Soc Remote 
Sensing 47(11):1875–1882

Jyothibabu R, Maheswaran PA, Madhu NV, Ashraf TM, Gerson VJ, Haridas PC, Gopalakrishnan 
TC (2004) Differential response of winter cooling on biological production in the northeastern 
Arabian Sea and the northwestern Bay of Bengal. Curr Sci 87:783–791

13 Influence of Physical Processes on Nutrient Dynamics and Phytoplankton…



220

Jyothibabu R, Vinayachandran PN, Madhu NV, Robin RS, Karnan C, Jagadeesan L, Anjusha A 
(2015) Phytoplankton size structure in the southern Bay of Bengal modified by the summer 
monsoon current and associated eddies: implications on the vertical biogenic flux. J Mar Syst 
143:98–119

Lévy M, Shankar D, André JM, Shenoi SSC, Durand F, de Boyer Montégut C (2007) Basin- 
wide seasonal evolution of the Indian Ocean's phytoplankton blooms. J Geophys Res Oceans 
112(C12):1–14

Lotliker AA, Baliarsingh SK, Sahu KC, Kumar TS (2020) Long-term chlorophyll-a dynamics in 
tropical coastal waters of the western Bay of Bengal. Environ Sci Pollut Res 27(6):6411–6419

Madhu NV, Jyothibabu R, Maheswaran PA, Gerson VJ, Gopalakrishnan TC, Nair KKC (2006) 
Lack of seasonality in phytoplankton standing stock (chlorophyll a) and production in the 
western Bay of Bengal. Cont Shelf Res 26(16):1868–1883

Madhu NV, Jyothibabu R, Maheswaran PA, Gerson VJ, Gopalakrishnan TC, Nair KKC (2003) 
Lack of seasonality in phytoplankton standing stock (chlorophyll a) and production in the 
western Bay of Bengal. Cont Shelf Res 26(16):1868–1883

Madhupratap M, Gauns M, Ramaiah N, Kumar SP, Muraleedharan PM, De Sousa SN, 
Muraleedharan U (2003) Biogeochemistry of the Bay of Bengal: physical, chemical and pri-
mary productivity characteristics of the central and western Bay of Bengal during summer 
monsoon 2001. Deep-Sea Res II Top Stud Oceanogr 50(5):881–896

Martin JM, Eisma D, Burton JD (eds) (1981) River inputs to ocean systems. United Nations 
Environment Programme

McCreary JP Jr, Kundu PK, Molinari RL (1993) A numerical investigation of dynamics, thermo-
dynamics and mixed-layer processes in the Indian Ocean. Prog Oceanogr 31(3):181–244

McCreary JP, Han W, Shankar D, Shetye SR (1996) Dynamics of the East India coastal current: 2. 
Numerical solutions. J Geophys Res:Oceans 101(C6):13993–14010

McCreary JP, Murtugudde R, Vialard J, Vinayachandran PN, Wiggert JD, Hood RR, Shetye S 
(2009) Biophysical processes in the Indian Ocean. Indian Ocean Biogeochemical Processes 
and Ecological Variability 185:9–32

McGillicuddy DJ Jr, Anderson LA, Doney SC, Maltrud ME (2003) Eddy-driven sources and sinks 
of nutrients in the upper ocean: results from a 0.1 resolution model of the North Atlantic. Glob 
Biogeochem Cycles 17(2):1035. https://doi.org/10.1029/2002GB001987

Muraleedharan KR, Jasmine P, Achuthankutty CT, Revichandran C, Kumar PD, Anand P, Rejomon 
G (2007) Influence of basin-scale and mesoscale physical processes on biological productivity 
in the Bay of Bengal during the summer monsoon. Prog Oceanogr 72(4):364–383

Narvekar J, Kumar SP (2006) Seasonal variability of the mixed layer in the central Bay of Bengal 
and associated changes in nutrients and chlorophyll. Deep-Sea Res I Oceanogr Res Pap 
53(5):820–835

Neetu S, Lengaigne M, Vincent EM, Vialard J, Madec G, Samson G, Durand F (2012) Influence of 
upper-ocean stratification on tropical cyclone-induced surface cooling in the Bay of Bengal. J 
Geophys Res Oceans 117(C12):C12020

Patra PK, Kumar MD, Mahowald N, Sarma VVSS (2007) Atmospheric deposition and surface 
stratification as controls of contrasting chlorophyll abundance in the North Indian Ocean. J 
Geophys Res Oceans 112(C5):1–14

Paul JT, Ramaiah N, Sardessai S (2008) Nutrient regimes and their effect on distribution of phyto-
plankton in the Bay of Bengal. Mar Environ Res 66(3):337–344

Prasad TG (1997) Annual and seasonal mean buoyancy fluxes for the tropical Indian Ocean. Curr 
Sci 73:667–674

Prasanna Kumar S, Muraleedharan PM, Prasad TG, Gauns M, Ramaiah N, De Souza SN, 
Madhupratap M (2002) Why is the Bay of Bengal less productive during summer monsoon 
compared to the Arabian Sea? Geophys Res Lett 29(24):88–81

Prasanna Kumar S, Nuncio M, Narvekar J, Kumar A, Sardesai DS, De Souza SN, Madhupratap 
M (2004) Are eddies nature’s trigger to enhance biological productivity in the Bay of Bengal? 
Geophys Res Lett 31(7):1–5

M. Dash et al.

https://doi.org/10.1029/2002GB001987


221

Radhakrishna K, Bhattathiri PMA, Devassy VP (1978) Primary productivity of the Bay of Bengal 
during August-September 1976. Indian J Mar Sci 7(1):94–98

Rao KH, Smitha A, Ali MM (2006) A study on cyclone induced productivity in south-western Bay 
of Bengal during November-December 2000 using MODIS (SST and chlorophyll-a). IJMS 
35(2):153–160

Sanilkumar KV, Kuruvilla TV, Jogendranath D, Rao RR (1997) Observations of the Western 
boundary current of the Bay of Bengal from a hydrographic survey during march 1993. Deep- 
Sea Res I Oceanogr Res Pap 44(1):135–145

Sarangi RK, Nayak S, Panigrahy RC (2008) Monthly variability of chlorophyll and associated 
physical parameters in the southwest Bay of Bengal water using remote sensing data. IJMS 
37(3):256–266

Sarangi RK (2011) Impact of cyclones on the Bay of Bengal chlorophyll variability using remote 
sensing satellites. Indian J Geo-Mar Sci 40(6):794–801

Sarangi RK, Mishra MK, Chauhan P (2014) Remote sensing observations on impact of Phailin 
cyclone on phytoplankton distribution in northern Bay of Bengal. IEEE J Sel Top Appl Earth 
Obs Remote Sens 8(2):539–549

Sardessai S, Ramaiah N, Prasanna Kumar S, De Sousa SN (2007) Influence of environmental 
forcings on the seasonality of dissolved oxygen and nutrients in the Bay of Bengal. J Mar Res 
65(2):301–316

Sarma VVSS, Sridevi B, Maneesha K, Sridevi T, Naidu SA, Prasad VR, Kiran BS (2013) Impact of 
atmospheric and physical forcings on biogeochemical cycling of dissolved oxygen and nutri-
ents in the coastal Bay of Bengal. J Oceanogr 69(2):229–243

Shankar D, McCreary JP, Han W, Shetye SR (1996) Dynamics of the East India coastal current: 1. 
Analytic solutions forced by interior Ekman pumping and local alongshore winds. J Geophys 
Res Oceans 101(C6):13975–13991

Shankar D, Vinayachandran PN, Unnikrishnan AS (2002) The monsoon currents in the North 
Indian Ocean. Prog Oceanogr 52(1):63–120

Shenoi SSC, Shankar D, Shetye SR (2002) Differences in heat budgets of the near-surface 
Arabian Sea and Bay of Bengal: implications for the summer monsoon. J Geophys Res Oceans 
107(C6):5–1

Shetye SR, Shenoi SSC, Gouveia AD, Michael GS, Sundar D, Nampoothiri G (1991) Wind-driven 
coastal upwelling along the western boundary of the Bay of Bengal during the southwest mon-
soon. Cont Shelf Res 11(11):1397–1408

Shetye SR, Gouveia AD, Shenoi SSC, Sundar D, Michael GS, Nampoothiri G (1993) The western 
boundary current of the seasonal subtropical gyre in the Bay of Bengal. J Geophys Res Oceans 
98(C1):945–954

Shetye SR, Gouveia AD, Shankar D, Shenoi SSC, Vinayachandran PN, Sundar D, Nampoothiri G 
(1996) Hydrography and circulation in the western Bay of Bengal during the northeast mon-
soon. J Geophys Res Oceans 101(C6):14011–14025

Smitha A, Rao KH, Sengupta D (2006) Effect of May 2003 tropical cyclone on physical and bio-
logical processes in the Bay of Bengal. Int J Remote Sens 27(23):5301–5314

Thushara V, Vinayachandran PN (2016) Formation of summer phytoplankton bloom in the 
northwestern Bay of Bengal in a coupled physical-ecosystem model. J Geophys Res Oceans 
121(12):8535–8550

Thushara V, Vinayachandran PN, Matthews A, Webber B, Queste B (2019) Vertical distribution 
of chlorophyll in dynamically distinct regions of the southern Bay of Bengal. Biogeosciences 
16(7):1447–1468

UNESCO (1988) River inputs to the ocean systems: status and recommendations for research. 
UNESCO Technical papers in Marine Science, No. 55, Final Report of the SCOR Working 
group 46, Paris, 25pp.

Vidya PJ, Das S (2017) Contrasting Chl-a responses to the tropical cyclones Thane and Phailin in 
the Bay of Bengal. J Mar Syst 165:103–114

13 Influence of Physical Processes on Nutrient Dynamics and Phytoplankton…



222

Vinayachandran PN (2009) Impact of physical processes on chlorophyll distribution in the Bay of 
Bengal. Indian Ocean Biogeochemical Processes and Ecological Variability 185:71–86

Vinayachandran PN, Mathew S (2003) Phytoplankton bloom in the Bay of Bengal during the 
northeast monsoon and its intensification by cyclones. Geophys Res Lett 30(11):1572. https://
doi.org/10.1029/2002GL016717

Vinayachandran PN, Yamagata T (1998) Monsoon response of the sea around Sri Lanka: genera-
tion of thermal domes and anticyclonic vortices. J Phys Oceanogr 28(10):1946–1960

Vinayachandran PN, Shetye SR, Sengupta D, Gadgil S (1996) Forcing mechanisms of the Bay of 
Bengal. Curr Sci 70(10):753–763

Vinayachandran PN, Masumoto Y, Mikawa T, Yamagata T (1999) Intrusion of the southwest mon-
soon current into the Bay of Bengal. J Geophys Res Oceans 104(C5):11077–11085

Vinayachandran PN, Murty VSN, Ramesh Babu V (2002) Observations of barrier layer formation 
in the Bay of Bengal during summer monsoon. J Geophy Res Oceans 107(C12):SRF-19

Vinayachandran PN, Chauhan P, Mohan M, Nayak S (2004) Biological response of the sea around 
Sri Lanka to summer monsoon. Geophys Res Lett 31(1):1–4

Vinayachandran PN, McCreary JP Jr, Hood RR, Kohler KE (2005) A numerical investigation of 
the phytoplankton bloom in the Bay of Bengal during Northeast Monsoon. J Geophys Res 
Oceans 110(C12):1–14

M. Dash et al.

https://doi.org/10.1029/2002GL016717
https://doi.org/10.1029/2002GL016717


223© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
S. Das, T. Ghosh (eds.), Estuarine Biogeochemical Dynamics of the East Coast 
of India, https://doi.org/10.1007/978-3-030-68980-3_14

Chapter 14
A Review of Estuarine CDOM Dynamics 
of East Coast of India Influenced 
by Hydrographical Forcing

Sudarsana Rao Pandi, N. V. H. K. Chari, Nittala S. Sarma, Sarat C. Tripathy, 
G. Chiranjeevulu, and Sourav Das

Abstract Colored Dissolved Organic Matter (CDOM) is a fraction of dissolved 
organic matter (DOM) that interacts with light and can be detected by satellite ocean 
color remote sensing. In the estuarine and coastal region, CDOM studies are helpful 
in the carbon cycle modeling. The Indian summer monsoon causes heavy dis-
charges, enriched in CDOM transporting to the western Bay of Bengal, and the 
estuaries act as conduits. CDOM-related studies are relatively few in estuaries of the 
Bay of Bengal. Limited findings suggest a dual behavior, conservative in the 
15–31 × 10−3 salinity range (October/November to April) during non-lean/lean dis-
charge period and nonconservative behavior outside of this salinity range during 
monsoon season. Studies integrating the river, estuary, and coastal regions, over 
temporal cycles, are still lacking. A summary of the present status is expected to be 
helpful to pin the areas on which to concentrate and as a reference for future studies 

S. R. Pandi (*) 
National Centre for Polar and Ocean Research, Ministry of Earth Sciences, Vasco-da-Gama, 
Goa, India 

Marine Chemistry Laboratory, Andhra University, Visakhapatnam, Andhra Pradesh, India 

N. V. H. K.  Chari 
Marine Chemistry Laboratory, Andhra University, Visakhapatnam, Andhra Pradesh, India 

Center for Marine Living Resources and Ecology, Ministry of Earth Sciences, Kochi, 
Kerala, India 

N. S. Sarma · G. Chiranjeevulu 
Marine Chemistry Laboratory, Andhra University, Visakhapatnam, Andhra Pradesh, India 

S. C. Tripathy 
National Centre for Polar and Ocean Research, Ministry of Earth Sciences, Vasco-da-Gama, 
Goa, India 

S. Das 
School of Oceanographic Studies, Jadavpur University, Kolkata, West Bengal, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-68980-3_14&domain=pdf
https://doi.org/10.1007/978-3-030-68980-3_14#DOI


224

as we witness changes in the river discharge due to either dam construction or cli-
mate change–related perturbations affecting the export of terrigenous DOM, its 
dynamics, and nutrients that fertilize the sea.

Keywords CDOM · FDOM · Estuaries · Freshwater discharge · Bay of Bengal

14.1  Introduction

Dissolved organic matter (DOM) is operationally defined as aquatic organic matter 
that passes along with water through filters 0.2 μm in pore size (Morel and Bricaud 
1981). The DOM of the global oceans has concentrations between 30 and 300 
micromoles (as carbon) litre−1 with higher concentrations at surface of the coastal 
seas where it is introduced by the ex situ terrestrial input and the in situ living pro-
cesses. The chemically characterized fraction of DOM in natural waters consists of 
carbohydrates, amino acids, hydrocarbons, lipids, phenolic acids, etc., adding up to 
30% of the total DOM (Repeta et al. 2002). The remaining 70% is a chemically 
unclassified fraction, generally termed as gelbstoff or yellow substance. The gelbst-
off is formed in soil by degradation of terrestrial plants followed by polycondensa-
tion between different monomers (Kalle 1938) and transported into the sea via river 
runoff. Humic substances (HS) are also formed in situ from the planktonic exudates. 
They are the most hydrophobic component of DOM and are composed of organic 
acids of molecular weight (MW) range of 500–10,000 or more atomic mass units 
(AMU). HS are generally colored yellow to dark brown and are divided into three 
categories. Humic acids (HA) are insoluble in water or in acid, but become soluble 
at alkaline pH conditions, forming metal salts (humates). Fulvic acids (FA) are 
hydrophilic acids soluble under all pH conditions. Humin is the fraction which is 
insoluble under all pH conditions (Ishiwatari 1992). The chromophoric DOM, also 
known as colored DOM (CDOM) is a major fraction of DOM, and amenable to 
structural study through optical methods due to its absorption and fluorescence 
properties. Allochthonous CDOM is from terrestrial sources and the autochthonous 
CDOM is of internal origin.

An exponential law roughly governs the absorption behavior of CDOM in terms 
of wavelength in the ultraviolet-visible (UV-Vis) region of the electromagnetic radi-
ation: a(λ) = a(λ0) exp

- -( )S l l0 , where a(λ) is the absorption coefficient at wavelength 
λ and λ0 is the reference wavelength. The units of a(λ) are m−1, an optical unit while 
that of concentration (of HS or CDOM) is mg CL−1 with reference a standard, for 
example, reference HA. The exponent term in the above relationship is the spectral 
slope (S, nm−1). The calculation of S is by a chosen curve-fitting method. The glob-
ally recommended method is nonlinear exponential curve fitting of a(λ) vs λ 
(Stedmon and Markager 2003).

The absorption of natural waters is due, apart from CDOM, to the particles – 
detrital and phytoplanktonic. As CDOM absorbs frequencies of the composite white 
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light that are also absorbed by chlorophyll (Chl), in remote sensing applications, the 
presence of CDOM tends to lead to an overestimation of Chl-a. This necessitates 
correction for CDOM in the algorithms for Chl-a. As CDOM is heterogeneous in its 
composition and abundance in different coastal waters, the CDOM of each location 
has to be studied in detail and relations established specific to the given region.

A fraction of CDOM exhibits fluorescence, and the fluorescent CDOM (FDOM) 
can be characterized in terms of the fluorescence excitation and emission maxima of 
the constituting fluorescence components, termed as fluorophores. Initially, fluores-
cence was measured at single excitation and emission maxima, for example, 
Excitation/Emission 320–350/430–450 nm. Quinine bisulfate was used as standard, 
and the concentration expressed as quinine bisulfate units or equivalents (QSU or 
QSE) (Velapoldi and Mielenz 1981). The QSE of the DOM was used as an index of 
estuarine water in the coastal and offshore regions, for example, the coastal region 
away from Godavari estuary (Sarma et al. 1994). When the three-dimensional fluo-
rescence measurement became available (Coble 1996), it soon replaced all fluores-
cence studies as it became possible to study the differences in the origin of samples 
such as river, lake, estuary, coastal, and marine water based on peak shifts and inten-
sities in the Excitation Emission Matrix (EEM) spectra (Coble 1996; Romera- 
Castillo et al. 2011). These spectra are calibrated with the water Raman line using 
Milli-Q water as the reference and the intensities are converted into the Raman units 
(RU), which can be compared across different laboratories and sample regimes 
being globally calibrated (Lawaetz and Stedmon 2009). Further advantage of these 
spectra is that several indices can be calculated such as humification index (HIX) 
(Zsolnay 2003), fluorescence index (FI) (McKnight et al. 2001), biological index 
(BIX) (Huguet et  al. 2009), and relative fluorescence efficiency (Downing et  al. 
2009), which can be useful to distinguish the ex situ versus in situ, bacterial versus 
photochemical, biotic versus abiotic factors, and one water mass versus another.

Parallel factor (PARAFAC) analysis has become a standard statistical tool to 
extract information on the common fluorophores (components) embedded in the 
EEM spectra (Stedmon et al. 2003), which revolutionized the fluorescence studies. 
The fluorescence components are broadly five, three of humic-like and two of 
protein- like appearance. Two of the humic-like fluorophores emit blue fluorescence 
(460–480 nm), one when irradiated by UV light (250–280 nm) and the other when 
irradiated by UV light bordering the visible region (350–370 nm). The third humic 
fluorophore has both the maxima of excitation and emission in the UV, namely 
300–310 and 380–400 nm, respectively. They are designated as A (UV-humic-like), 
C (Vis-humic-like), and M (marine/microbial-humic-like), respectively. The pro-
teins like fluorophores are termed as the tryptophan-protein-like (T) and tyrosine- 
protein- like (B) (Coble 1996) (Fig. 14.1). T and B closely occur, with excitation/
emission maxima around 280/330 and 275/310 nm, respectively. Since fluorescence 
measurement is about three orders of magnitude more sensitive than absorption 
measurement, and since the FDOM is often related to CDOM by simple linear rela-
tionship, FDOM measurement can give a better estimate of DOM particularly when 
the CDOM is in trace concentration (Sarma et al. 1994).
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14.2  Significance of CDOM and Its Spectral Signature

CDOM, due to its ability to absorb radiation more efficiently the harmful UV-A/B 
radiation than the visible radiation, can provide protection to the living organisms 
from DNA damage. Higher concentration of CDOM in the aquatic environments 
will be an advantage to corals and other light-sensitive organisms because of this 
protection. CDOM is used as tracer for a wide variety of processes such as mixing 
of water masses, anthropogenic inputs in the coastal waters, and estuarine mixing 
processes. CDOM and its absorption and fluorescence spectral analyses were help-
ful in the study of human wastes, for example, sewage, agricultural waste, and other 
organic pollutants’ distribution in rivers and estuaries (Baker and Spencer 2004). In 
the estuarine and coastal waters having significant concentration of CDOM, it 
affects the productivity as it significantly controls the penetration of photosyntheti-
cally active radiation (PAR, 400–700 nm).

CDOM plays a significant role in climatology and affects the global temperature. 
The carbon fixed by phytoplankton by carbon dioxide uptake during photosynthesis 
or biological pump reduces the global temperature. In the reverse process, the 
organic matter is degraded by bacteria and carbon dioxide is liberated back to the 
atmosphere, consequently causing global temperature rise. The DOM determina-
tion is an important tool in the coastal and estuarine waters which regulates the 
global temperature.

The latest addition to the suite of marine pollutants is microplastics, which are 
changing marine ecosystem. Microplastics are plastic particles with few nanome-
ters to 5 millimeter size. The global release of microplastic into the ocean is esti-
mated as 8 million metric tons per year. The presence of microplastics can lead to 
an increased production of CDOM along with changes in its molecular weight due 

Fig. 14.1 Examples of excitation emission matrix spectra with the fluorophores (where 
C = visible- humic-like, A = UV-humic-like, M = marine/microbial-humic-like, T = tryptophan- 
protein- like, and B = tyrosine-protein-like)
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either to increased microbial CDOM production or enhanced transformation of 
lower to higher molecular weight CDOM (Galgani et al. 2018).

The CDOM absorption coefficient has been reported in literature at different 
wavelengths such as 320, 325, 350, 355, 370, and 375 nm in the UV and 412, 440, 
and 443 nm, etc., in the visible regions. The more frequently preferred wavelengths 
are 350/355 nm and 440 nm (Del Castillo et al. 2000; Kowalczuk et al. 2006, 2009; 
Para et al. 2010). In this review, the CDOM is presented at 350 nm, the preferred 
wavelength, and also 440 nm. The advantage of 350 nm is that the fluorescence 
intensities exhibit better relationship with aCDOM(350) than aCDOM(440) as the excita-
tion maxima of fluorophores are closer to it. The advantage of 440 nm is that it can 
be potentially used directly in remote sensing applications as 440 nm lies close to 
the major absorption band of chlorophyll a, and a satellite sensor channel.

Peaks in the CDOM absorption spectra indicate the nature of dissolved metabo-
lites released by algae, bacteria, etc. The macroalgae in culture, such as Fucus spi-
ralis and F. serratus cultures, produced a peak at 270  nm. Palmaria palmata 
produced in addition to 270 nm, a peak at 335 nm. Enteromorpha intestinalis pro-
duced 280 nm and 395 nm peaks (Hulatt et al. 2009). Microalgae in culture, for 
example, Cylindrotheca closterium and Tetraselmis suecica produced peaks at 
258 nm and 353 nm, respectively (Chari et al. 2013). Mycosporine-like amino acids 
(MAA) that are UV-protecting metabolites of algae in natural waters released as 
extracellular metabolites having absorption maxima in the 320–370  nm range 
(Singh et al. 2008). Cytochromes are the dominant light absorbers in heterotrophic 
bacteria (Stanier et al. 1988), particularly cytochrome c, which exhibits a typical 
415 nm Soret absorption peak (Fruton and Simmonds 1961). A common occurrence 
of 415 nm absorbing CDOM hydrophilic component has been observed after pre- 
concentration (Röttgers and Koch 2012) and attributed to a degraded porphyrin pig-
ment of heterotrophic (or autotrophic) origin. This degraded pigment may be 
contributing to a variable fraction of the 412 nm absorption that is measured by vari-
ous remote sensors. A broad 520–540 nm peak is attributed to a red pigment of the 
quinone type, which was isolated from culture broth of bacterial isolates from tidal 
flat sediments (Yi et al. 2003). Quinones are considered ubiquitous in the coastal 
marine environment (Cory and McKnight 2005).

14.2.1  Absorption Coefficient Ratios

The ratio of absorption at 254–365  nm (called E2:E3) is used to investigate the 
changes in molecular weight (MW) of the constituent CDOM (Peuravuori et  al. 
2002). Another combination of wavelengths is 465–665 nm (known as E4:E6) to 
indicate the CDOM aromaticity (Chin et al. 1994). In many natural waters in which 
no measurable absorption occurs at 665 nm, Specific Ultraviolet absorption (SUVA) 
is calculated as a ratio of DOC and absorption coefficient at different wavelengths, 
for example, 254  nm (SUVA254) (Weishaar et  al. 2003), 280, 350, or 370  nm 
(SUVA280, SUVA350, SUVA370, respectively) (Chin et  al. 1994). SUVA at these 
wavelengths is an indicator of aromatic content.
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14.2.2  Spectral Slopes

Spectral slopes (S) provide insight into the average structural characteristics of 
CDOM from which the source, reactivity, and fate can be inferred and from aCDOM, 
the magnitude of those processes (Brown 1977). It was observed that S correlates 
strongly with molecular weight of isolates of fulvic acids. In the case of humic 
acids, no such correlation was noted (Carder et al. 1989). The S has also been known 
as an indicator of photobleaching, diagenesis of CDOM (Nelson et al. 2007), imply-
ing that it can be used as a tracer of source and biogeochemical history of CDOM. In 
the beginning a wide spectral range, for example, 300–700 nm was preferred for 
calculating S but now the 300–500 nm range is more common. Ever new ranges are 
proposed, for example, the 330–440  nm range proposed for estuaries (Sarma 
et al. 2018).

14.2.3  Spectral Slope of Narrower Ranges

A narrow range of 275–295 nm for slope has been proposed to hold better advan-
tage, facilitating comparison among dissimilar water types and as a proxy for DOM 
MW (Helms et al. 2008). The advantage of S275–295 is that it can be measured with 
high precision due to stronger absorption of CDOM and steeper fall in this region. 
The S275–295 was used to retrieve DOC concentration, and as a tracer of terrestrial 
DOC in river influenced ocean margins (Fichot and Benner 2011, 2012; Fichot et al. 
2013). The ratio of the spectral slopes (SR) obtained from two narrow wavelength 
ranges, that is, S at 275–295 nm to 350–400 nm, has been proposed as an index of 
MW (of the DOM) and photobleaching (Helms et al. 2008). The SR has since gained 
wide application in evaluating environmental dynamics of DOM in terrestrial 
aquatic (Yamashita et al. 2010; Osburn et al. 2011) as well as coastal environments 
(Guéguen et al. 2011; Shank and Evans 2011).

14.3  Estuarine CDOM Dynamics

14.3.1  CDOM Estimation

For CDOM absorption measurements, Teflon (inner wall)-coated Niskin bottles 
with external opening spring system were preferred and for storing of samples, 
amber-colored corning bottles (to prevent photo decay) with Teflon caps and inner 
walls free of any organic matter, for example, grease. Storing may be done of fil-
tered samples in an ice box (4 °C) immediately after the sampling. The samples 
should not be frozen as that would lead to formation of CDOM flocs that will not 
redissolve upon thawing. Measurements should be done without delay as bacterial 
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metabolism would change the CDOM concentration and profile, preferably within 
less than 3 h. The samples should be filtered under gentle vacuum through 0.22 μm 
Millipore membrane filters immediately following sampling. They should be equili-
brated for constant duration (15 min) to reach constant temperature (22 ± 1 °C), 
transferred to 10 cm pathlength quartz cuvettes gently along the walls, and absor-
bance measured on a precision double beam UV-Vis spectrophotometer, and using 
(organic-free) Milli-Q water in the reference cell. The absorbance spectra are mea-
sured preferably between 200 to 800 nm at 1 nm intervals. The estuarine stations of 
the east coast studied are marked in Fig. 14.2.

14.3.2  Godavari Estuary

Systematic studies of CDOM in estuarine regions of the east coast started around 
the year 2010 (Pandi et al. 2021). The excessive freshwater input through rivers into 
the Bay of Bengal leads to the entire northern and western Bay to be estuary-like at 
surface and stratification at surface. The Godavari estuary experiences a large input 
of CDOM of terrestrial origin through the DOC-rich (2–3 mg/L) river water, >90% 
of which discharges during the 4-month flood season (July–October). In the year 
2010, during the monsoon season, CDOM (a350 throughout, unless otherwise stated) 
was 2.75 m−1 and non-conservative on salinity. The CDOM behaved conservatively 
in the 15–31 × 10−3 salinity range during the non-monsoon. During this time, 
CDOM was related to silicate, and a laboratory-leaching experiment at a pH of 8.2 
on estuarine mud showed that CDOM and silicate were co-leached. From the linear 
relationship of CDOM with salinity, it was inferred that freshwater entering the 
estuary during non-monsoon time had a CDOM of 2.2 m−1. A similar concentration 
of CDOM was reported for Atchafalaya River water (D’Sa 2008). Again during the 
summertime, when the estuary was filled with the coastal water and evaporative 
condition prevailed, the conservative character was lost. The spectral slope (S300–500) 
of CDOM during the discharge season was 0.016 nm−1, which is similar to that of 
major world rivers water (Bowers and Brett 2008). The slope was 0.015 nm−1 for the 
conservative CDOM during the non-monsoon season, which agreed with a higher 
MW of DOM due to phytoplankton production. The flood water fluorescence was 
lower than that of the non-discharge season. Periods of peak abundance of diatoms 
versus nano and picoplankton were associated with higher or lower M:A fluoro-
phore (from PARAFAC analysis) ratio and this ratio was proposed as an ecological 
indicator. First flood of the discharge season was distinct with highest CDOM con-
centration, for example, 3.9 m−1. The slope which was lowest (0.011 nm−1) then 
suggested that photochemically degraded DOM constituted it (Chiranjeevulu et al. 
2014; Pandi et al. 2014).

Further observations on similar lines were reported by Chari et  al. (2019) by 
absorption and fluorescence measurements during a 24-h tidal cycle in April (2015) 
and January (2016) at a station in the lower estuary. The 2 days of sampling were 
during the non-discharge season. April is considered as pre-monsoon season 
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(referred as summer in the paper) when spring blooms occur. The spectral slope 
ratio SR, which is the ratio of S275:295 and S350–400, an inverse DOM MW proxy was 
higher in April  (1.28 ± 0.09) than in winter (1.10 ± 0.18); so also the SUVA254 
(DOC:a254 ratio) (3.95 ± 0.21) and (1.91 ± 0.35) LmgC−1 L−1, respectively), which 
indicated that the pre-monsoon CDOM was of lower MW with lower aromatic con-
tent due to the in situ production being a major contributor of CDOM, than the 
winter CDOM for which the MW was higher and the aromatic content too because 
of a significant fraction of terrestrial CDOM was contributed by the dam-stored 
water that was released at the upstream (Chari et al. 2019).

Four fluorophores were identified by PARAFAC analysis of the EEM spectra, 
three humic (A, C and M), and the other protein-like (T). For April samples, the 
humic fluorophores correlated with Chl-a indicating that river input through a 
ground water discharge was supporting phytoplankton production in the estuary. 
The protein (T) fluorophore correlated with DOC, that is, phytoplankton was acting 
as DOC source within the estuary (Chari et al. 2019).

Fig. 14.2 The study region and stations (blue-filled circles) where samples were collected in the 
coastal Bay of Bengal
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The humic acids (HA) which are a major fraction of CDOM occur as humate 
anions. By chromatography over anion-exchange resins they can be fractionated 
due to their variable charge density. The aromatic richer HA of larger MW owing 
their origin to terrestrial OM are more ionized than the in situ produced aliphatic 
HA of lower MW (Chari and Pandi 2017), by the use of multiple spectral indices, 
for example, E2:E3, and SR of the resin fractionated HAs showed that compared to 
XAD-4, the XAD-8 resin retained HA of higher aromaticity (and higher molecular 
weight of the constituent DOM). Seasonally, they showed that during post-monsoon 
season the biological process produced fresh DOM of higher MW which underwent 
bacterial decay and photodegradation during pre-monsoon season, completing the 
annual cycle (Chari and Pandi 2017).

14.3.3  Chilika Lake

The Chilika Lake on the east coast of India is a shallow brackish water body. It is 
the world’s second largest lagoon and behaves like an estuary due to a narrow mouth 
connection to the Bay of Bengal, and fed by a large number of monsoonal rivers. Its 
salinity fluctuates between close to nil in the monsoon season at the northern part 
where these rivers impound to higher than the coastal water in summer at the mouth 
due to excessive evaporation, a characteristic of a negative/inverse estuary. CDOM 
was high in September (3.6 m−1) at the time of peak monsoon freshwater flux and 
again in March–April (3.9 m−1) when chlorophyll was also at its peak but salinity 
near to that of the coastal water. The lake constitutes a unique (bacterial) metabo-
lism dominated ecosystem in which CDOM maxima occur twice a year due to 
opposite mechanisms, viz., ex situ and in situ input maxima. The S300–500 was 0.018 
and 0.017 nm−1 respectively of the two types of CDOM (Chiranjeevulu et al. 2014).

The spectral slope, for example, S300–500, is an essential parameter for the estima-
tion of CDOM by remote sensing and must be known precisely for a given ecosys-
tem. A small error in slope can result in large errors in the CDOM retrieval by the 
algorithms. By individually examining about 800 UV-Vis spectra of CDOM of the 
Godavari estuary and the Chilika lagoon during different seasons of an year each, 
Sarma et  al. (2018) noted that S300–500 was not appropriate for CDOM retrieval 
because of the absorption peaks at 270–280 and 350–360 nm regions of the spectra 
which distort the slope. Nitrate’s absorption maximum also coincides with the latter 
region particularly at nitrate exceeding 30 μM. They proposed that S330–440 is a better 
option to calculate CDOM at any λ with minimum error (Sarma et al. 2018).

14.3.4  Rushikulya Estuary

Rushikulya is a minor river joining east coast at Gopalpur, Odisha. Freshwater flux-
ing through the river during monsoon season makes the estuary a source of CDOM 
of terrestrial origin and the anthropogenic material. During pre-monsoon season 
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when there is no river flux, and salinity increased, and due to the warm winds that 
cause evaporation at surface followed by upwelling and consequent nutrient enrich-
ment, diatoms followed by a bloom of the Red Noctiluca, the bioluminescent dino-
flagellate, was observed. The mixotroph soon experiences death due to exhaustion 
of their preferred food (diatom) followed by degradation which enhanced the 
CDOM concentrations in the region (Parida et al. 2019). The blooms were restricted 
to the nearshore waters in the vicinity of Rushikulya mouth and hence were attrib-
uted to a possible source from the estuary (Lotliker et al. 2020).

14.3.5  Hooghly Estuary

Unlike the peninsular rivers in which the discharge differential between the mon-
soon and non-monsoon seasons was extremely high, the Ganga–Brahmaputra 
(G–B) system has a more even discharge pattern. From an average discharge of 
65,000 m3 s−1 during the 5-month monsoon season (June–October) at the Ganga 
mouth, it falls to an average of about 9000 m3 s−1 for the remaining 7-month period. 
The Sundarbans mangrove forest, one of the largest of its kind in the world, is 
formed at the delta of the Ganga–Brahmaputra (G–B) river system in the Bay 
of Bengal.

In a study that covered sampling from October (2014) when the SW monsoon 
driven freshwater flux was still at its near peak through April (2015) when the flux 
was lowest, the CDOM was shown to be conservative with a highly significant 
negative correlation with salinity. The CDOM was the highest 0.23 m−1 (reported as 
a440), which corresponds to 0.4641 m−1 of a350 calculated using 0.0078 nm−1 of spec-
tral slope (S400–700). The CDOM (a440) decreased in the subsequent months up to the 
lowest observed of 0.0987 m−1, that is, a350, 0.4166 m−1 using the slope observed of 
0.018 nm−1. The implication is that CDOM concentration remained similar, but the 
MW decreased drastically from October (terrestrial CDOM) to April CDOM (in 
situ CDOM). This underscores the necessity of an accurate measure of spectral 
slope. Due to the high relief of the drainage basin, the Ganga water is rich in sus-
pended sediment. CDOM also showed a very significant, but less strong correlation 
to suspended sediment compared to salinity (Das et al. 2016, 2017).

It may be noted that the salinity range in the above study was 18–29 × 10−3, 
which is similar to the range in which conservative behavior was seen in the 
Godavari estuary (see above) in the corresponding non-monsoon season. Whether 
or not the CDOM of Ganga estuary shows conservative relationship in the 
0–15 × 10−3 salinity range is not known.

Sanyal et  al. (2020) have recently observed higher CDOM in the Sundarbans 
mangrove forest ca 0.4–2.26 m−1 than observed by Das et al. (2017) (see above) 
during the post-monsoon season, due probably to the significant effect of the man-
grove litterfall. The CDOM was nonconservative, but correlated significantly with 
DOC yielding the relationship: DOC (μM) = 36.35 aCDOM(350) + 125.72, r2 = 0.44 
(p < 0.0001) which can facilitate using CDOM as a DOC proxy.
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14.3.6  Coastal Waters

In the western Bay of Bengal, during the monsoon season, estuarine conditions 
spread into the coastal region. It was shown that CDOM and SUVA254 had the power 
to distinguish Godavari water from Ganga water as the former’s CDOM is more aged 
and humified than the CDOM originated from the much younger Himalayan drain-
age basin. The northern coastal Bay of Bengal closer to river Ganga mouth is mainly 
populated by low absorbing (per unit Chl a) microphytoplankton while the southern 
coastal Bay of Bengal, which is influenced by peninsular rivers, is populated by less 
abundant but higher absorbing nano- and picophytoplankton. In the northern Bay, 
there is an inverse power relationship for chl-a with specific absorption coefficient of 
phytoplankton. This changed in the nano- and picoplankton dominated (>60%) 
coastal regions off peninsular rivers to an inverse linear model (Pandi et al. 2014).

During a seasonal study of FDOM in the Godavari estuary and the adjacent 
coastal waters of Bay of Bengal, it was observed that the ratio of UV-humic to 
visible- humic like fluorophores (A/C) varied seasonally. They were higher during 
the monsoon season. The change of the ecosystem from one of bacteria-replete dur-
ing the pre-monsoon to one of bacteria-free during the monsoon season was very 
well captured by FDOM. The bacterially degraded organic matter was indicated by 
the tyrosine-protein-like fluorophore (Chari et al. 2012). When the freshwater dis-
charge was high, the humic-like fluorophores showed significant enrichment and a 
relationship to pH. Increase of pH (salinity) and an accompanying increase in the 
activity of Ca and Mg caused the externally sourced humates and fulvates to give 
flocs of the insoluble Ca and Mg humates and fulvates respectively, and thereby get 
removed to sediment (Sholkovitz et al. 1978; Zepp et al. 2004; Chari et al. 2012). 
During the nil-discharge period, the CDOM which is newly introduced by the in situ 
biological processes is spectrally distinguishable (Chari et al. 2019).

The western Bay of Bengal adjoining the estuaries is visited by meso-scale 
eddies throughout the year, of which a few reach the surface. The formation of 
eddies may be attributed to the northward moving East India Coastal Current (EICC) 
that is surrounded by warm Indian Ocean water on the offshore and cool (upwelled) 
water toward the inshore region (Shetye et al. 1993). In April 2010, when an anticy-
clonic eddy transited along the mid-western Bay of Bengal, it caused an upwelling 
of cold, nutrient-rich water to the surface, increased production, and a strong enrich-
ment of protein (T)-like fluorescence. A new petroleum hydrocarbon-like fluores-
cence, designated as P fluorophore was also noticed in low abundance and attributed 
to petroleum hydrocarbons possibly from exploration activity along the coast 
(Chiranjeevulu et al. 2014).

14.4  Future Studies

The coastal ecosystem is exposed to the influence of mangroves, aquaculture, and 
industries surrounding the estuaries as well as the hydrocarbon exploration and 
urban and agricultural inputs along the coast. A long-term Coastal Ocean Monitoring 
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and Prediction System (COMAPS) study of the Ministry of Earth Sciences, 
Government of India, executed by the National Centre of Coastal Research (NCCR) 
did not detect any significant amounts of anthropogenic inputs in the Indian coastal 
water beyond 5 km from the shore. However, since CDOM is a relatively easily 
measurable parameter and FDOM since it is about three orders of magnitude higher 
in sensitivity over CDOM, if supplemented, may reveal gray areas for further 
research. The movement of the East India Coastal Current along the coast creates 
estuary-like condition along its path. The southward spreading Ganga water from 
the north and northward drifting Indian Ocean water of the south create a front at 
~19°N latitude which is an important region from a fishery point of view and because 
of its distinct hydrographic conditions and seasonal variations. CDOM studies may 
explain some of the questions, for example, changes in fishery resource, algal pro-
duction, etc., in these areas. CDOM studies of the Bay of Bengal water at different 
depths have the potential to distinguish different sources of water/water masses, for 
example, the Arabia Sea High Saline Water (ASHSW), Persian Gulf Water (PGW), 
and Indian Ocean Water (IOW) in the Bay of Bengal. Size- fractionated CDOM 
studies are extremely limited so far and may help delineate these different sources. 
CDOM structural characteristics may be used for distinguishing subtle changes in 
river inputs. Collecting large volumes of water followed by isolation and spectral 
investigation (including NMR, Mass, and XRD spectra) of its constituent CDOM is 
a gap area for Indian seas. A relatively new area that has come up is the presence of 
microplastics by the dissolution of the dumped debris. It is not known to what extent 
the phthalates of the microplastics can be detected/estimated reliably via absorption/
fluorescence measurements (and gas chromatography) on water samples and needs 
to be explored as an easier alternative to laborious experimental practices.
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Chapter 15
The Indian Sundarbans: Biogeochemical 
Dynamics and Anthropogenic Impacts
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Abstract The Sundarbans region is one of the richest ecosystems in the world and 
is located on one of the world’s largest deltas – the Ganges–Brahmaputra–Meghna 
system. The Indian Sundarbans have exceptional biodiversity, including rare and 
globally threatened species, and is made up of a mangrove forest ecosystem with an 
interconnected network of rivers. The hydrology of the Sundarbans underpin eco-
system health and the potential impact of humans on the region, as the tidal cycle 
changes water salinity diurnally and freshwater supply changes seasonally with the 
monsoon. The Indian Sundarbans face multiple pressures with both a reduction in 
freshwater supply and rising relative sea-level, leading to increased salinization of 
the mangrove forest. Human-driven alteration of the Sundarbans river catchments is 
reducing sediment flow, and when coupled with land-use change, is leading to sub-
sidence, deforestation, nutrient enrichment, and heavy metal pollutants impacting 
the health of the ecosystem. All of these impacts have important ramifications for 
carbon fluxes that could exacerbate climate change and ecosystem health. In this 
chapter, we present an overview of our current understanding of biogeochemical 
dynamics and anthropogenic impacts on the Indian Sundarbans, with a particular 
focus on water quality, aquatic ecology, and carbon dynamics.
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15.1  Introduction

The Sundarbans region is one of the richest ecosystems in the world and is located 
on one of the world’s largest deltas – the Ganges–Brahmaputra–Meghna (GBM) sys-
tem. The Sundarbans is located in the estuarine phases of the Rivers Ganga, 
Brahmaputra, and Meghna between 21°32′N and 21°40′N and 88°05′E and 89°E, 
spanning regions in both India and Bangladesh (Spalding et al. 1997) and contains 
arguably the world’s largest remaining area of mangroves (an area of ~2529 km2, 
Bhattacharyya 2015). The Indian Sundarbans have exceptional biodiversity, includ-
ing rare and globally threatened species, for example, the northern river terrapin 
(Batagur baska, Lesson 1831), the Irrawaddy dolphin (Orcaella brevirostris, Owen 
in Gray 1866), the Ganges River dolphin (Platanista gangetica, Lebeck 1801), the 
brown-winged kingfisher (Pelargopsis amauroptera Pearson 1841), and the Royal 
Bengal tiger (Panthera tigris, Linneaus 1785) – the only mangrove tiger on Earth 
(RAMSAR 2019). The mangrove ecosystem, which makes up the Indian Sundarbans, 
is an interconnected network of rivers, creeks, rivulets, and semi-diurnal tides. The 
lower delta is dominated by a network of tributary rivers, creeks, and channels, with 
direct marine influence on the most seaward part of the Indian Sundarbans (Fig. 15.1). 
As a result, there are a range of hydrological influences (including both freshwater 
and coastal water) on the mangrove system, and when coupled with its topographic 
heterogeneity it results in a rich biodiversity (Gopal and Chauhan 2006). This has led 
to the Sundarbans mangrove forest being designated a World Heritage Site by the 
International Union for Conservation of Nature (IUCN) in 1987; a Biosphere Reserve 
by United Nations Educational, Scientific and Cultural Organization (UNESCO) in 
1989; and a wetland of international importance according to the RAMSAR 
convention in the year 2019.

Despite its international designation, the Indian Sundarbans face multiple pres-
sures. As the freshwater discharge originating from the Himalayan uplands has 
decreased in recent decades (Raha et al. 2012), this has led to increased salinization of 
soil and groundwater within the Sundarbans, leading to the degradation of mangrove 
ecosystem health (Chowdhury et al. 2019). In addition, anthropogenic activities con-
tinue to alter hydrology and sediment flow, while land-use change is leading to defor-
estation, nutrient enrichment, and heavy metal pollutants causing many mangrove 
species to become threatened or extinct (Gopal and Chauhan 2006), triggering an 
overall degraded ecosystem. This, in turn, has important ramifications for carbon 
fluxes in the Indian Sundarbans that could further exacerbate climate change and eco-
system health. The following sections aim to explore these different pressures and the 
impacts they are having on the current and future state of this vital ecosystem.

15.2  Hydrological Regime and Sediment Flow

The Indian Sundarbans landscape has evolved from the subduction of the Asian 
plate under the Burma plate to neotectonic tilting creating a hydrological gradient 
leading to river discharge from the highlands (Morgan and McIntire 1959). As a 
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result, there are seven major estuarine rivers flowing through the Indian Sundarbans – 
the Hooghly, the Muriganga, the Saptamukhi, the Thakuran, the Matla, the Gosaba, 
and the Harinbhanga (also known as Ichamati and Raimangal) (Fig. 15.1). The com-
bination of freshwater and tidal flow shape the deposition and erosion of sediments 
across the Sundarbans region, creating the dynamic nature of this deltaic environ-
ment. The climate of the Sundarbans is sub-humid and characterized by hot sum-
mers and mild winters (Fig 15.2a). The mean monthly temperature varies between 
30 °C to 40 °C in the summer (June to September) and 15 °C to 20 °C in winter 
(October to March). Precipitation from the annual monsoon during June to 
September is the major freshwater source to the Indian Sundarbans as it represents 
80% of all annual rainfall (1750–1800 mm per annum) for the region. As a result, 
changes in freshwater inputs from monsoon rains, baseline river discharge during 
the rest of the year and tidal hydrology strongly influence the Sundarban region.

15.2.1  Hydrological Regime

15.2.1.1  Freshwater Hydrology

Despite the Indian Sundarbans being part of the GBM system (Chatterjee et  al. 
2013), year-round continuous flow is limited to a few river channels. The Hooghly 
River discharges the most freshwater into the Indian Sundarbans and is the western 

Fig. 15.1 A Sentinel-2 satellite natural color image taken in March 2018 of the Sundarbans region 
West Bengal, India, generated through the Sentinel Hub. The main rivers that influence the biogeo-
chemistry and anthropogenic impact of the Sundarbans are labelled and major cities and towns are 
labelled. Inset map shows the location of the Sundarbans within in India
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most branch of the River Ganges reaching the Bay of Bengal (Fig. 15.1) (Rudra 
2018). The Raimangal River at the eastern edge of the Indian Sundarbans also 
brings additional freshwater as a tributary channel of the Ichamati River, and in turn 
this influences the discharge of the Gosaba, Harinbhanga, and Jhila Rivers 
(Chatterjee et al. 2013; Sarkar et al. 2013). While the monsoon seasons create varia-
tion throughout the year (Fig 15.2b), the Hooghly River has a more consistent input 
of freshwater than the Raimangal River (Chatterjee et al. 2013; Ghosh et al. 2013) 

Fig. 15.2 (a) Summary of mean monthly temperature and precipitation data from Kolkata, West 
Bengal, from 1982 to 2012. Data from climate- data.org and is based on an interpolated model of 
weather station data; (b) Mean monthly discharge of the Bhagirathi and Hooghly River systems, 
West Bengal. (Data from Rudra (2014) and is derived from a rainfall-runoff model)

A. C. G. Henderson et al.
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due to the construction of the Farakka Barrage that diverts 7% of the annual flow of 
the Ganges to provide a regulated stream of freshwater throughout the dry season to 
support the operation of the Port of Kolkata (Ghosh et al. 2013).

15.2.1.2  Tidal Influence on Hydrology

The Sundarbans are macrotidal (range: 1.8 to 5.2 m between neap and spring high 
tides) and it experiences a semi-diurnal tide cycle (Gole and Vaidyaraman 1967; 
Rogers and Goodbred 2014; Sinha et al. 1996). Despite the large volumes of fresh-
water from the Hooghly and Raimangal Rivers, rising tides still influence the 
upstream hydrology of the Sundarbans, with tides regularly travelling up to 120 km 
from the mouth of the Hooghly River during the pre-monsoon season (Gole and 
Vaidyaraman 1967). In the post-monsoon, the tide can travel 250 km up the Hooghly 
(Sinha et al. 1996) with the tidal limit at Kalna, West Bengal, during the monsoon 
(Chatterjee et al. 2013).

As the tides bring saline water with them, they impact both anthropogenic access 
to freshwater and affect ecological functioning. The incursion of saline waters by 
flood tides is also controlled by the season in which it happens. For example, the 
extent of saline waters during the monsoon is low, as the increased freshwater deliv-
ered by seasonal rains acts as a barrier to flood tide penetration, with the upper limit 
typically as far as Nayachar Island in the upper mouth of the Hooghly River 
(Chatterjee et al. 2013; Ghosh et al. 2013; Sharma et al. 2018). Another effect is the 
stratification of freshwaters over the saline/brackish waters in the river during the 
monsoon season (Sadhuram et al. 2005; Chatterjee et al. 2013). In the non-monsoon 
seasons there is a significant rise in salinity levels within the Hooghly River with 
30 ppt (parts per thousand) observed near Diamond Harbour and saline waters reach 
as far north as Kolkata (Gole and Vaidyaraman 1967), although during ebb tides the 
limit of saline water moves back down to the mouth of the estuary near Sagar Island 
(Sinha et al. 1996).

15.2.2  Sediment Flow

All river channels flow into the Indian Sundarbans, including freshwater rivers and 
tidal inflows, carrying sediments that affect the whole mangrove ecosystem. 
Sediments carried by the freshwater Hooghly River consist predominantly of sand 
and silt (Somayajulu et al. 2002; Massolo et al. 2012) and less than 10% of the sedi-
ment consists of clay particles. These sediments are predominantly derived from 
rain-driven terrestrial erosion to the Ganges (Somayajulu et al. 2002; Rudra 2018) 
and because of the high discharge of the Ganges and Hooghly Rivers these sedi-
ments do not experience much water-column weathering before they reach the 
Sundarbans and the Bay of Bengal (Somayajulu et  al. 2002; Flood et  al. 2016). 
While the Hooghly carries a large volume of sediment, there is a notable seasonal 
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variation in sediment loads because of monsoon-driven changes in freshwater dis-
charge (Gole and Vaidyaraman 1967).

Each year flood tides deposit ~12 cm of fresh sediment in to the Indian Sundarbans 
(Rudra 2018) and tides carry sediments that are more fine-grained than those trans-
ported by freshwater rivers (Allison et al. 2003; Flood et al. 2016, 2018). Sediments 
transported and deposited by flood tides in the Indian Sundarbans also originate 
from the mouth of the Ganges–Brahmaputra–Meghna River system approximately 
275 km to the east (Flood et al. 2016, 2018; Rudra 2018), where >1 billion tons of 
sediment are discharged each year (Somayajulu et al. 2002; Rogers and Goodbred 
2014; Rudra 2018). These sediments are carried by coastal currents westward along 
the coastline through suspension (Rogers and Goodbred 2014; Flood et al. 2018), 
where they undergo weathering and degradation in the water column, resulting in 
fine-grained sediments being transported in suspension by flood tides in to the 
Sundarbans (Flood et al. 2016, 2018). Sediments are deposited and retained because 
of lateral accretion along mangrove tree roots (Manna et al. 2012; Flood et al. 2018) 
and tidal creeks (Rudra 2018).

Resuspension of sediments occurs as a result of bioturbation in intertidal mud-
flats (Rogers and Goodbred 2014), dredging, winds, and tides. These resuspended 
sediments are redistributed or carried from the Sundarbans through flooding and 
wave action. Approximately 430 km2 of the Indian Sundarbans were eroded between 
1917–2016, which is offset by 220 km2 of sediment accumulation over the same 
period (Rudra 2018). The dynamics of rivers, tides, and sediment movement means 
these are key processes that drive Sundarbans water quality, ecology, and overall 
ecosystem health (Gole and Vaidyaraman 1967; Sinha et  al. 1996; Rogers and 
Goodbred 2014).

15.3  Ecology and Water Quality

The Indian Sundarbans are home to a number of endemic enigmatic and globally 
vulnerable species. By looking at the biology of these fragile Sundarbans ecosys-
tems and the interface with hydrology and biogeochemistry we can document and 
understand the threats to the Sundarbans wetland ecosystem and its iconic 
inhabitants.

15.3.1  Aquatic Ecology

15.3.1.1  Primary Producers

Aquatic primary production in the Sundarbans is a function of nutrient loading and 
light penetration, with the latter often constrained by river turbidity (Chaudhuri 
et  al. 2012). Large river and estuarine channels are dominated by the 
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Bacillariophyceae algal group – biosiliceous diatoms, followed by Pyrrophyceae – 
dinoflagellates, and Chlorophyceae – chlorophytes (Biswas et al. 2010; Manna et al. 
2010; De et al. 2011). There are still large gaps in our knowledge about the role of 
these primary producers in mangrove ecosystems, especially diatoms (Samanta and 
Bhadury 2018). However, the biovolume of primary produces is highest in the post- 
monsoon winter months supporting colonies of long-chain diatoms, whereas there 
are low biovolumes during the monsoon season because of increased total sus-
pended solids (TSS) (derived from rain-driven catchment erosion), reducing light 
penetration and photosynthesis (Chaudhuri et al. 2012; Bhattacharjee et al. 2013). 
Prior to the monsoon season the diatom assemblage is dominated by saline-tolerant 
species (Manna et al. 2010) and this may become a feature of upstream diatom com-
munities as saline intrusion into the delta region becomes more widespread.

15.3.1.2  Macroinvertebrates

The main consumers of primary producers are the zooplankton, who play an inte-
gral role in the transfer of organic matter between trophic levels and export organic 
carbon to sediments (Bhattacharya et  al. 2015a). As macroinvertebrate species 
occupy distinct trophic levels they respond rapidly to environmental change and are 
relatively quick and easy to identify, making them effective water-quality indicators 
(Gannon and Stemberger 1978). Copepods are small cosmopolitan crustaceans, 
which dominate zooplankton in tidal river systems in the Indian Sundarbans (Bir 
et al. 2015). Whereas in tidal flats, polychaetes and mollusks are important macro-
zoobenthic groups, whose spatiotemporal distribution is driven by salinity, the 
nature of the substrate (e.g., mudflats exhibit greater diversity than sandflats), and 
anthropogenic activity (Khan 2003; Roy and Nandi 2012).

In the Sundarbans, compositional changes in zooplankton communities are pri-
marily driven by the quantity and quality of primary producer prey, as well as salin-
ity and water transparency, which can vary seasonally and interannually 
(Bhattacharya et al. 2015a). Much like primary producers, zooplankton biomass is 
highest during the post-monsoon season when water currents, salinity, and tempera-
ture are at their lowest (Bir et al. 2015). However, extreme climate events, such as 
cyclone “Aila” in 2009, can lead to increased suspended particulates and nutrients, 
reductions in transparency, and primary photosynthesis. As a result there is a 
decrease in zooplankton diversity, biomass, and abundance (Bhattacharya et  al. 
2014a). If extreme events across the region worsen, this could modify  phytoplankton–
zooplankton interactions and threaten the viability of both open-water and aquacul-
ture fisheries, whose stock require good quantity and quality of these prey organisms. 
Indeed, continued saltwater intrusion may reduce macrozoobenthic diversity due to 
reductions in decomposition rate of photosynthetic organic matter following higher 
sediment salinities, which may modify macrozoobenthic feeding behaviors and 
consequently impact the higher organisms which they support, for example, wading 
birds (Bandopadhyay and Burman 2006; Roy and Nandi 2012).
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15.3.1.3  Microbial Biodiversity

Mangrove environments are hotspots of microbial diversity because of the complex-
ity of habitats they provide and the fluxes in salinity, nutrients, labile organic com-
pounds, and water levels across daily to seasonal timescales (Chakraborty et  al. 
2015). Seasonal variations in freshwater flow are an important determinant of com-
munity diversity, specifically of the bacterioplankton, where diversity is found to be 
greater in monsoon seasons compared to post-monsoon (Ghosh and Bhadury 2018). 
These microbes play a profound role in biogeochemical cycling from metabolizing 
the considerable allochthonous organic matter inputs of mangrove vegetation 
(Chakraborty et al. 2015), and therefore the sustenance, productivity, and recovery 
of this ecosystem (Ghosh et al. 2010; Roy et al. 2002; Santos et al. 2011). While 
there remains a significant gap in the knowledge of microbial diversity and abun-
dance in the Sundarbans (Ghosh et al. 2010), modifications in microbial abundance, 
diversity, and community composition have been identified (Ghosh and Bhadury 
2018). For example, industrial and boating activity has increased polyaromatic 
hydrocarbons (PAHs), heavy metal, and nutrient pollution detected by bacterial 
strains with heavy metal resistance and those involved in hydrocarbon degradation 
processes (Chakraborty et al. 2015). Eutrophication of these waters has meant bac-
terial productivity exhibits an exponential relationship to temperature as they are no 
longer nutrient-limited (Manna et al. 2010, 2012).

15.3.2  Water Quality

15.3.2.1  Nutrients

One of the key factors determining the biodiversity of the Indian Sundarbans is 
water and the role it plays in transporting nutrients and pollutants in the mangrove 
ecosystem (Sarkar et  al. 2004). In general, phosphorus (P) availability is low in 
tropical regions where soils have been weathered for millions of years (Yang et al. 
2013). Nitrogen (N) can be generated and removed from ecosystems by microbes 
and so mangroves are important sites for N (and C) cycling with mangrove plants 
being significant stores of N (Kamruzzaman et al. 2019; Purvaja et al. 2008). In 
coastal zones, P and N availability changes along the freshwater–marine transition, 
because sediments retain less P in marine environments, releasing P to the waters 
(Blomqvist et al. 2004). Primary production in freshwaters tends to be limited by P, 
whereas marine waters are generally N-limited and P-replete. Therefore, the tidal 
cycle in the Sundarbans is a key influence on nutrient distribution in estuaries, and 
the nutrient status of waters change seasonally to become P-limited after the mon-
soon when the influence of freshwaters increases, and N-limited during the mon-
soon and pre-monsoon periods (Chaudhuri et al. 2012). The main source of nutrients 
are from either freshwater runoff, for example, dissolved silica, nitrate, and phos-
phate, and/or from intertidal flats, for example, ammonium, nitrate/nitrite, and 
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phosphate (Singh et al. 2016). During low tides, there is an increase in freshwater 
input into the northern Bay of Bengal, which dilutes nutrient concentration across 
the continental shelf and the mangrove ecosystem and vice versa during high tides, 
and these tidal dynamics play a crucial role in regulating short-term variability in 
nutrient concentrations (Das et al. 2015, 2017). Atmospheric deposition of P also 
constitutes a major source in the Sundarbans mangroves, comprising >50% of the 
annual P inputs (Ray et al. 2018a). P is hypothesized to be transported from arid 
regions of western India by pre-monsoonal northwesterly (and westerly) winds 
(Ray et al. 2018a). This seasonal P transport seems likely to either drive or exacer-
bate the observed seasonal differences in estuaries, but thus far there has been little 
research into the interplay of monsoonal rainfall, river discharge, and the conse-
quences of desertification in arid regions on nutrient cycling of the Sundarbans.

In addition to natural variability in nutrients, anthropogenic inputs of nutrient- 
rich effluent have led to the eutrophication of smaller rivers, tidal creeks, and ponds 
in the Sundarbans, exacerbated by generally reduced flushing rates. However, such 
phenomena are being more commonly documented within the main estuarine chan-
nels such as the Hooghly River where anthropogenic influences has increased at a 
faster rate (Manna et  al. 2010; De et  al. 2011). Eutrophication has led to algal 
blooms, which reduce light penetration for benthic photosynthesis and deplete oxy-
gen for higher trophic species (due to bloom respiration) (Biswas et al. 2014). In 
addition, harmful algal blooms (HABs) from toxin-producing cyanobacteria 
(CyanoHABs) such as Microcystis species and dinoflagellates have been recorded 
in Sundarbans aquatic habitats (Manna et al. 2010; Sen et al. 2015). CyanoHABs 
outcompete other algal groups due to their ability to regulate buoyancy, adaptation 
to low light, and higher temperatures, and are often able to fix N from the atmo-
sphere (important in systems that are N-limited relative to P typical in these wet-
lands) (Paerl and Tucker 1995; Walsby and Schanz 2002; Islam et al. 2004; Paerl 
and Huisman 2008).

15.3.2.2  Heavy Metals

The primary source of heavy metal contamination in coastal areas of West Bengal is 
the major rivers that run through the Sundarbans (Mitra 1998) and even though these 
metals can occur naturally in the Sundarbans biogeochemical cycle (Garrett 2000), 
they predominantly come from industrial and domestic effluents, storm water runoff, 
dust, and boating activities. The mineralogy and grain size of sediments of the GBM 
river system has the potential to trap contaminants with silt and clays, predominantly 
carrying metal contamination from upstream. However, the textual composition and 
amount of organic matter in the sediment is critical to the sorption of transition met-
als (Kumar and Ramanathan 2015; Roy et al. 2018). Consequently, river sediments 
have become a sink of bioavailable heavy metals, with flooding and dredging leading 
to the resuspension of sediments, releasing their heavy metal load into the water 
column. Furthermore, salinity influences the partitioning, physiochemical form, and 
therefore bioavailability of these metals (Mitra 1998).
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The Hooghly River catchment encompasses rural, agricultural, urban, and indus-
trial land uses, including the megacity of Kolkata (population ~ 15 million) before 
draining into the Bay of Bengal. The metal concentrations of the riverine suspended 
particulate matter (SPM) ranges 7.9–29μg/g (mean: 19 ± 5.5μg/g) for Co, 17–70μg 
/g (mean: 49 ± 14μg /g) for Ni, and 12–55μg/g (mean: 36 ± 12μg/g) for Cu, which 
is higher than the average concentrations for global rivers (Samanta and Dalai 
2018). The dissolved concentrations of metals in the Hooghly River estuary range 
0.8–24 nM/L (mean: 6.2 ± 6 nM/L) for Co, 3.5–172 nM/L (mean: 50 ± 42 nM/ L) 
for Ni, and 8–178 nM/L (mean: 60 ± 37 nM/L) for Cu. Annually, these contribute 
up to 1.8% Co, 2.4% Ni, and up to 1.2% Cu of the global riverine metal fluxes 
(Samanta and Dalai 2018). The heavy metal concentrations of the Hooghly display 
seasonal variability with the maximum pollution load pre-monsoon and minimum 
load during the monsoon (Roy et al. 2018). High concentrations pre-monsoon have 
been attributed to high temperatures and increased evaporation rates of surface 
water (Bhattacharya et al. 2014a; Ghosh and Choudhury 1989; Mitra 1998).

Mixing of riverine and marine waters also contributes to changes in the specia-
tion of metals, as well as the resuspension of sediments. Mukherjee et al. (2009) 
argue physicochemical changes limit the enrichment of heavy metals in river sedi-
ments and the high concentrations in the Hooghly compared to other regional rivers 
is because of a large sediment contribution from a bigger catchment area. The ele-
vated concentrations in the Hooghly River are an important mechanism for elevat-
ing the amount of dissolved Ba in the river estuary via desorption with mixing of 
waters (Samanta and Dalai 2018). Similarly, Hg concentrations are positively cor-
related with pH (r = 0.58–0.68, p < 0.01) and salinity (r = 0.52–0.79, p < 0.01) 
(Bhattacharya et  al. 2014b), and some metal concentrations in the waters of the 
middle and lower Hooghly estuary are significantly higher than other global estuar-
ies in dissolved Ni and Cu (Samanta and Dalai 2018). However, upstream anthropo-
genic activities are still important in contributing widescale pollution across the 
Sundarbans.

Anthropogenic pollution within the Sundarbans itself has led to elevated levels 
of Cd, Cu, Zn, As, Ni, Pb, and Hg, which can cause impacts on biology (Sarkar et al. 
2004; Chatterjee et al. 2007, 2009; Chowdhury et al. 2017; Mitra and Ghosh 2014). 
The source of these contaminants come from a mixture of industrial effluents, boat 
anti-fouling paint, sewage, fertilizers, and storm water drainage (Chowdhury and 
Maiti 2016; Mitra and Ghosh 2014; Chatterjee et al. 2007; Mitra et al. 2009; Kumar 
and Ramanathan 2015). Sediments within the Sundarbans have higher levels of 
contamination compared with sediments in the Hooghly estuary because of lower 
tidal energy and finer-grained sediments (Banerjee et  al. 2012). Hooghly River 
inputs of Cu and Zn are a critical source of heavy metal pollution to the Sundarbans 
(Chakrabarti et al. 1993; Bhattacharya et al. 2015). Moreover, the metal concentra-
tion of fine-gained sediment in the Indian Sundarbans is higher than those in the 
Bangladesh Sundarbans (Kumar and Ramanathan 2015) (Table 15.1). The industri-
alization of the upper catchment in India compared to Bangladesh has been sug-
gested as the primary reason for this difference (Rahman et al. 2011).
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15.3.2.3  Bioaccumulation and Health

Heavy metal pollution of the Sundarbans has important implications for the health 
of the ecosystem, aquatic organisms, and the local communities (Bhattacharya et al. 
2015). River water in the region is largely unpotable due to the dissolved concentra-
tions of Mn, Pb, and Ni (Bhattacharya et al. 2015). River water is also not suitable 
for irrigation due to the high concentration of Mn (Bhattacharya et al. 2015) and the 
large-scale metal pollution in riverine water and sediments is a serious concern as 
fish, prawns, and crabs have been reported to contain significant toxic metals (Dutta 
et  al. 2017a; Mitra et  al. 2012). Bioaccumulation of metals in these organisms 
occurs through the food chain until top level predators accumulate ions at a level 
that can develop neuronal, abdominal, and cardiovascular diseases. Table  15.2 
shows the increase in metal accumulation between water, sediment, and macro ben-
thos. At low concentrations, effects such as diarrhea, vomiting, and skin irritation 
are common. However, at high concentrations and continued exposure, there are 
serious health considerations with the International Agency for Research on Cancer 
(IARC) classifying Cd as a human carcinogen, Pb as possible human carcinogen, 
and Cr to be the cause of a rare sino-nasal cancer (Dayan and Paine 2001; Järup 2003).

Table 15.1 Comparison of 
heavy metal concentrations 
(Fe, Mn, Cu, Zn) across the 
Indian and Bangladesh 
Sundarbans

Heavy metal
Indian 
Sundarban

Bangladesh 
Sundarban

Fe (μg g−1) 38,760–52,829 29,081–45,025
Mn (μg g−1) 424–770 342–792
Cu (μg g−1) 36–82 12–45
Zn (μg g−1) 55–83 29–75

Data from Kumar and Ramanathan (2015)

Table 15.2 Heavy metal concentrations in water, sediments, and macrobenthos from the 
Sundarbans. Concentrations in the macrobenthos exceed toxic levels

Heavy metal Water Sediment Macrobenthos

Cd (μg g−1) 0.04–0.10 6.25–7.38 14.63
Zn (μg g−1) 0.01–9.66 24.91–62.0 268.91
Pb (μg g−1) 0.03–0.16 33.7–50.33 174.84
Fe (μg g−1) 14.3–170.0
Cr (μg g−1) 46.8–78.50 18.76
Cu (μg g−1) 20.38–42.01 90.02

Data from Rahman et al. (2009)
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15.4  Carbon Biogeochemistry

The Sundarbans contain nearly 3% of the total area of the world’s mangrove ecosys-
tems and have been an important region for understanding carbon cycle dynamics 
in estuarine delta ecosystems over the past 20 years. In particular, the biogeochemi-
cal cycling of different carbon species including dissolved organic carbon (DOC), 
particulate organic carbon (POC), dissolved inorganic carbon (DIC), and dissolved 
greenhouse gases (CO2; CH4) in different environments including estuarine water 
(e.g., Biswas et al. 2004; Dutta et al. 2019a, b), sediment (e.g. Dutta et al. 2013; 
Dutta et al. 2017b), mangrove soil and forests (e.g. Rahman et al. 2015; Chanda 
et al. 2016; Das et al. 2016).

15.4.1  Carbon Fluxes in the Sundarbans

Mangrove estuaries have been recognized as important organic C sources for the 
ocean and atmosphere (Rosentreter et al. 2018; Ray et al. 2015), with an estimated 
flux of 55 Tg C yr.−1 (Sippo et al. 2017) derived from plant litter, phytoplankton, and 
microphytobenthos (Ray et al. 2015). However, the Sundarbans have a conspicuous 
lack of data related to its carbon budget. In particular, measurements of POC and 
DOC have only been taken in the last few years (Ray et al. 2018b; Dutta et al. 2019a, 
b). Ray et al. (2018b) provide the first baseline data of C export (DOC, POC, and 
DIC) from the Sundarbans mangroves into the Bay of Bengal, which accounts for 
3.03 Tg C yr.−1, 0.58 Tg C yr.−1, and 3.69 Tg C yr.−1, respectively. DIC is the major 
form of C exported in the Sundarbans region, contributing to >50% of the fluvial C 
budget (Fig. 15.3), with DIC concentration ([DIC]) varying between 1.92 to 2.19 mM 

Fig. 15.3 Percentage contribution of the different carbon fractions – dissolved organic carbon 
(DOC), particulate organic carbon (POC), and dissolved inorganic carbon (DIC) – (a) riverine C 
export from the Hooghly River into the Bay of Bengal during the monsoon season with maximum 
discharge; (b) mangrove-derived C export into the Bay of Bengal. (Data from Ray et al. 2018b)
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during a 24-hour period (Dutta et al. 2019a). However, compared to the Hooghly 
estuary, the major river draining into the Bay of Bengal, the percent contribution and 
flux of [DIC] from the Sundarbans is much smaller and it has a greater amount of 
organic-C flux (as DOC and POC). DOC concentration ([DOC]) was monitored in 
different seasons, with similar values observed during the pre- and post-monsoon 
(pre-monsoon: 294.3 ± 34 uM; post-monsoon: 262.5 ± 48.2 uM) (Ray et al. 2018b), 
235 ± 49 (Dutta et al. 2019b). [POC] is much smaller than [DOC], ranging from 
28.0  ±  8.6 uM during pre-monsoon to 45.4  ±  7.5 uM post- monsoon (Ray et  al. 
2018b). When more locations were monitored, a higher post- monsoon [POC] of 
173 ± 111 uM was observed by Dutta et al. (2019b), reflecting the spatial variability 
of C flux within the Sundarbans region. DIC removal in the Sundarbans is facilitated 
by phytoplankton uptake, CO2 outgassing and export to the adjacent continental shelf 
(Ray et al. 2018b), although significant uncertainty remains.

Much of the work on C biogeochemistry in the Sundarbans has focused on the CO2 
flux from river surface waters (Mukhopadhyay et al. 2002a, b; Biswas et al. 2004; 
Akhand et al. 2016; Vinh et al. 2019) (Table 15.3). While the mangrove forest is an 
autotrophic ecosystem and acts as a net C sink (Rodda et al. 2016), more temporal and 
spatial C flux data is needed to understand its potential to be a large C store. This is 
important as mangroves can export C to adjacent water bodies, increasing the fraction 
of CO2 in water, which can control water-to-air emissions (Akhand et  al. 2012) 
(Table 15.3). A study of the outer part of the Sundarbans found this area to be a CO2 
sink at a rate of 16 × 106 kg C year−1 (Mukhopadhyay et al. 2000), while other studies 
suggest mangrove estuaries are a net CO2 source at a rate of 13.8 kg C ha−1 year−1 
(Biswas et al. 2004), or it varies between a net source and sink through the seasons as 
influenced by the monsoon (Mukhopadhyay et al. 2002a, b) (Table 15.3).

The significance of CH4 production and export from the Sundarbans has been 
recently documented (e.g., Mukhopadhyay et al. 2002a; Jha et al. 2014; Dutta et al. 
2017b). Its importance to the Sundarbans biogeochemical cycle lies in the nature of 
intertidal mangrove sediments, which are generally anoxic and rich in organic car-
bon, and therefore favorable environments for methanogenesis (Dutta et al. 2017b). 
While in the riverine and standing waters, the production of CH4 is linked to the 
stratification of the water column and anoxic bottom waters (Koné et  al. 2010; 
Borges and Abril 2011). As a result, dissolved CH4 concentrations ([CH4]) are 
11.0–129.0 nM throughout the year (Biswas et al. 2007) (Table 15.3), with a distinct 
increase in CH4 in the post-monsoon period and maximum recorded values in 
December across all Sundarbans sites. Higher mean concentration for CH4 is found 
in surface waters (69.9 nM) compared to subsurface (56.1 nM) (Dutta et al. 2017b) 
(Table 15.3).

In mangroves and wetlands, sedimentary-derived CH4 can escape to the adjacent 
water and/or atmosphere via plant vascular system–mediated transport, ebullition, 
and molecular diffusion (Chanton and Dacey 1991), among which ebullition is the 
dominant pathway (Maher et al. 2019) and is rarely accounted for in the water–air 
CH4 budget (Jeffrey et al. 2019). While the [CH4] in water columns can be partly 
oxidized to CO2 via physical and biochemical processes (Hanson and Hanson 
1996), this will be limited in well-mixed water bodies, allowing for CH4 to be emit-
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ted (Abril et al. 2007). The CH4 emission rate from surface waters was between 1.97 
and 134.6μmol m−2 d−1 in three distributaries in the Sundarbans with clear seasonal 
variation  – minimum during the monsoon and maximum in the post-monsoon 
(Biswas et al. 2007) (Table 15.3).

15.4.2  Temporal and Spatial Variations of C Flux

The biogeochemical processes in the Sundarbans can be significantly different in 
the monsoon seasons compared to the dry periods of the year. For example, water in 
the Matla River was found to be marginally oversaturated in CO2 throughout the 
year, but transitioned to a CO2 sink during the post-monsoon season (Akhand et al. 
2016). The difference results from the high discharge during the monsoon seasons 
creating a well-mixed water column, meaning that CO2 diffusion was limited and 
there was little organic-rich sediment deposition. Furthermore, the concentrations 
and fluxes of different forms of C in the Sundarbans are often compared to the 
Hooghly River estuary, the main artery to the Sundarbans mangroves meaning you 
are comparing freshwater with coastal saline/brackish waters, which provides a dif-
ferent C dynamic. For [DOC], [POC], and [DIC] there is no distinct or consistent 
spatial pattern between three Sundarbans estuaries (Dutta et al. 2019b), although 

Table 15.3 A summary of CO2 and CH4 fluxes and concentration estimates from the Sundarban 
ecosystem

Place
CO2 flux 
(mmol m−2 d−1)

[CH4] 
(nM)

CH4 flux (umol 
m−2 d−1) Reference

Sundarbans −3.65 × 109 a.
Hooghly estuary −2.78–84.4 a.
Sundarbans 0.315 b.
Hooghly-Matla −0.337 c.
Sundarbans (inner) 0.675 d.
Sundarbans (middle) 0.536
Sundarbans (outer) −0.759
Hooghly estuary 88.8 e.
Matla estuary 6.3
Saptamukhi estuary
(surface water)

69.9 f.

Saptamukhi estuary
(sub-surface water)

56.1

Sundarbans (Muriganga, 
Saptamukhi, Thakuran)

11.0–
129.0

1.97–134.6 g.

Hooghly estuary 10.3–
59.3

0.88–148.6

Data sources: a. Mukhopadhyay et al. 2000, 2002b. Biswas et al. 2004; c. Akhand et al. 2012; d. 
Akhand et al. 2013; e. Akhand et al. 2016; f. Dutta et al. 2017b; g. Biswas et al. 2007
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[DIC] and [DOC] were both lower on average than the Hooghly River. Akhand et al. 
(2013) shows water in the inner and middle Sundarbans regions is oversaturated in 
CO2, but undersaturated in the outer region during the summer. As a result, the inner 
and middle Sundarbans act as a CO2 source (29.7 and 23.6  mg CO2 m−2  day−1, 
respectively) while the outer Sundarbans is a net sink (−33.4 mg CO2 m−2 day−1). 
This change of carbon sink and source results from higher nutrient availability and 
chlorophyll a concentrations, reflecting primary productivity in the outer mangrove 
system. Variations in the fluxes of CO2 also demonstrate the heterotrophic nature of 
the inner mangrove ecosystems at the land–ocean interface and the C-sink character 
of the outer mangrove on continental shelves (Chen and Borges 2009).

15.4.3  Source of C in the Indian Sundarbans

Very few studies have explored the source of different C species in the Sundarbans 
water, but a modelling study of the Hooghly–Matla river system by Ray et  al. 
(2015) shows plant litter production and the breakdown of detritus from adjacent 
Sundarbans mangrove forests are a major source of dissolved inorganic N and C to 
river waters, and potentially C exports to the continental shelf. In addition, phyto-
plankton is a leading source of C near Sagar Island, while this is not the case for 
the Saptamukhi estuary in the Sundarbans, where POC is mainly sourced from 
riverine suspended sediments and soils, but less from marine plankton, as indicated 
by their C/N ratios (Dutta et  al. 2019a). Higher carbon isotope values in POC 
(δ13CPOC) in estuarine waters compared to mangroves indicate the modification of 
POC. Ray et al. (2018b) also demonstrate mangrove forests (including plant litter, 
eroded soil) are the major source of C exported from Sundarbans to the Bay of 
Bengal, compared to upstream C-inputs and marine phytoplankton. In addition, the 
negative relationship between [DIC] and its carbon isotope value (δ13CDIC) during 
low tide, highlights respiration of marine plankton-derived organic carbon may be 
an important source of DIC rather than exchange of C-rich porewaters derived 
from terrestrial sources.

15.4.4  Influence of Salinity and Tide on C

In general, CO2 flux decreases with increasing salinity toward the open sea (Akhand 
et al. 2012). In the Matla River, the highest fraction of aqueous CO2 (fCO2) coin-
cides with the lowest neap tide, overriding CO2 uptake by photosynthesis. The 
hydrological change during the ebb and low tide leads to the mixing of sediment 
porewater and groundwater with brackish/saline estuary waters. The subsequent 
biogeochemical interaction that leads to increasing fCO2 and the extent of CO2 
efflux highlights the role of salinity in C-dynamics over the Sundarbans (Akhand 
et al. 2016). The importance of tidal stage in controlling dissolved greenhouse gas 
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efflux from water is also demonstrated by Padhy et al. (2020), who show the con-
centrations of dissolved CH4 and CO2 are higher in stagnant water during low tide 
compared to high tide water. This implies the effect of stagnation and lower salinity 
and therefore less SO4

2− availability, which increases CO2 emissions. Apart from 
high pCO2 during low tide, Dutta et al. (2019b) also suggest there is a strong influ-
ence from estuarine mixing on DIC and δ13CDIC during the low tide, both of which 
correlate with salinity. This can be explained by the impacts of this biogeochemistry 
on denitrification, sulfate reduction, and aerobic organic matter mineralization to 
DIC, along with possible organic contributions from porewater.

15.5  Conclusions

This overview of biogeochemical dynamics and anthropogenic impacts on the 
Indian Sundarbans highlights the importance of the hydrological regime in driving 
variability in ecosystem health. Diurnal and seasonal changes in salinity, which are 
driven by the tides and monsoon-driven freshwater availability, influence biological 
responses, biogeochemical cycling, and carbon dynamics. Also, high concentra-
tions of heavy metals mean they are bioavailable within the major rivers running 
into the Sundarbans, but there is little evidence of the short- and long-term implica-
tions of this pollution for mangrove health, aquatic organisms, and local communi-
ties. Overall, there remains a paucity of research into water-quality impacts on 
aquatic ecology, including nutrient enrichment and heavy metal pollution, carbon 
cycling through the mangrove system, and how climate change has and will con-
tinue to affect the Indian Sundarbans.
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