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Abstract

Coastal lagoons and estuarine ecosystems regularly undergo natural and anthropogenic

forcings that make these ecosystems susceptible to eutrophication, particularly due to
increased nutrient loading from anthropogenic activities. This causes these ecosystems
to sustain high biological production leading to several cascading effects such as
hypoxia and shift in community composition. At present, our knowledge of nitrogen
and carbon cycling in such aquatic ecosystems of India, particularly with respect to
rates of different biogeochemical processes, remains rudimentary. The present work
aimed to study different aspects of nitrogen and carbon cycling in two such systems of
India located at the interface of land and sea i.e., the Chilika lagoon and Hooghly-
Sundarbans estuarine system. The study attempted to measure the rates of dissolved
inorganic nitrogen and carbon uptake rates in the above-mentioned systems. Stable
isotopic composition of nitrogen and carbon were also measured in organic and
inorganic phases to understand the sources of organic matter and dissolved inorganic
carbon dynamics, respectively. Based on the data gathered during the present study and
that available in literature, a preliminary model for nitrogen budget was also
constructed for the Chilika lagoon.

Overall, the results showed high dissolved inorganic nitrogen (nitrate and
ammonium) uptake rates in the Chilika lagoon compared many other aquatic
ecosystems with relatively higher preference for ammonium than nitrate. On an
average, the turnover time for ammonium in the water column of the Chilika was
shorter compared to nitrate suggesting faster cycling of ammonium in the lagoon.
Interestingly, the nitrate and ammonium uptake rates in the bottom waters of the lagoon
were comparable to the rates observed in the surface waters, pointing towards the
importance of benthic biogeochemistry in shallow aquatic ecosystems like Chilika. The
calculation of sector-wise uptake rates indicated the highest dissolved inorganic
nitrogen fixation in the central sector of the lagoon. A preliminary investigation based
on the present and literature data showed atmospheric deposition to be a major potential

source of new nitrogen to the lagoon. Considerable N> fixation was observed in the
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lagoon indicating diazotrophic activity in the lake despite high nitrate and ammonium
concentration in the water column.

The northern sector of the lagoon showed the highest particulate organic carbon
and nitrogen compared to other sectors with relatively lower carbon isotopic
composition of particulate matter during postmonsoon suggesting dominance of
terrestrial and freshwater inputs to the lagoon and/or production of freshwater
phytoplankton during that season. Significant increase in carbon isotopic composition
from particulate to sediment organic matter in the Chilika indicated biogeochemical
transformation of organic matter in the water column and during burial.

The deviation of dissolved inorganic carbon and its carbon isotopic
composition from the respective conservative mixing values suggested different
processes to be active during different seasons in modulating the dissolved inorganic
carbon dynamics in the lagoon with dominance of carbon dioxide outgassing and
carbonate dissolution across seasons. The carbon uptake rates in the surface waters of
the Chilika were higher during the monsoon and premonsoon compared to
postmonsoon with comparable rates in the bottom waters.

In the Hooghly-Sundarbans system, the dissolved inorganic nitrogen (nitrate
and ammonium) and carbon uptake rates in the anthropogenically influenced Hooghly
estuary were significantly higher than the rates in the mangrove dominated Sundarbans.
Similar to the Chilika, the preference for ammonium was higher compared to nitrate in
the water column with faster turnover for ammonium within both Hooghly and
Sundarbans.

The particulate organic carbon concentration in the Hooghly was marginally
lower than the Sundarbans with relatively higher values in the freshwater zone of the
Hooghly. On an average, carbon isotopic composition of particulate organic matter in
the Hooghly was relatively lower compared to that of the Sundarbans suggesting
relatively higher influence of terrestrial inputs in the Hooghly. Signals for marine
influence or biogeochemical modification of particulate organic matter were found in

the Sundarbans.
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Chapter-1
Introduction

Biogeochemical cycle is defined as the pathways by which a chemical substance or an
element moves through biotic and abiotic environments of the Earth, hence facilitates
the transfer of matter from one form to another and also from one location to another
(Schlesinger 1991). From the perspective of global change, biogeochemical cycling of
elements such as nitrogen (N), carbon (C), phosphorous (P), oxygen (O), and sulphur
(S) are important. Among these, N and C cycles are particularly captivating owing to
their direct influence on climate and environmental change. Although N and C are
indispensable to sustain life, excess of these elements in ecosystem leads to several
ecological and environmental problems, such as increased algal productivity, shift in
community structure, harmful algal bloom, hypoxia, greenhouse gas emission,
acidification of soil and water bodies etc. According to some estimates, the amount of
reactive N (biologically and chemically active form) such as nitrate (NOs"), ammonium
(NH4"), nitrite (NO2) etc. in the biosphere has doubled since pre-industrial era
(Galloway et al., 2008), leading to biogeochemical imbalance in many natural

ecosystems.

(1]



Introduction Chapter 1

Despite being abundant in the Earth’s atmosphere, gaseous form of N

(unreactive N) is unavailable to most of the biology due to its strong triple bond (N=N).
Nitrogen is a limiting nutrient in major parts of the world oceans, which affects the
primary production and hence the biological C pump, exerting significant role in global
C sequestration (Falkowski et al., 1998; Gruber, 2004). Until pre-industrial era, other
aquatic ecosystems viz. estuaries, coastal waters, and rivers were limited to reactive N;
however, presently the scenario has reversed. Whereas reactive N in the open ocean is
derived largely through microbial assimilation of gaseous N (N2), aquatic systems such
as estuaries and lagoons receive reactive N from many sources. These sources include
agricultural and domestic wastes, industrial inputs, atmospheric deposition etc.
Similarly, anthropogenic C is also being pumped in the system due to industrial and
vehicular emissions ultimately affecting the ecosystem. Hence, aquatic ecosystems
situated at the land-ocean interface, such as estuaries and lagoons (henceforth also
referred as transitional ecosystems), receive extensive load of materials in the form of
dissolved and particulate C, N, P and silica (Si) from rivers. This potentially leads to
abundant biodiversity and biological productivity in transition zones, which
complicates the N and C cycle in these zones compared to open ocean (Bianchi et al.,
2007). Below is the brief overview of major processes related to N and C cycle in

aquatic ecosystems.
1.1 Nitrogen cycle in aquatic systems

All the processes occurring in the aquatic N cycle are biologically mediated and many
enzymes are involved in sustaining these processes (Figure 1.1). One of the major
processes in the N cycle is N2 fixation, which converts molecular N2 to NH4*. This N2
fixation can only be performed by special types of organisms called N> fixers (e.g.
trichodesmium). N fixation is one of the important processes which supply new N to

aguatic systems.
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Figure 1.1: Nitrogen cycle in aquatic ecosystems.

The next process in the N cycle is nitrification, which is two step microbially
mediated oxidation of NHs™ to NOs". The first step of nitrification is conversion of
NH4* to NO2™ by nitrosomonas bacteria and second is NO2™ to NOs™ by nitrobactor.
Nitrification is the source of oxidized form of N in aquatic systems. Another process
which is responsible for primary production (i.e., biomass formation) is assimilation.
Assimilation is defined as the conversion of NH4*, NOs™ and NO>" to organic matter.
The most preferred form of N for assimilation is NH4" owing to its reduced form and
easy transportation across the cell membrane (McCarthy et al., 1977; Raven et al.,
1992; Glibert et al., 2016). The reverse of assimilation is re-mineralization, which is
degradation of organic matter. The loss of N from an aquatic system occurs via two
processes i.e., denitrification and anaerobic ammonium oxidation (anammox). These
two processes ensues in oxygen minimum zones (OMZ). Denitrification involves series
of reactions which produces molecular N2 gas as end product from NOs.
Denitrification engender nitrous oxide (N20O) as one of the intermediate products,

which is a potent greenhouse gas affecting the Earth’s radiation budget. In recent years,
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anammox is luring considerable research interest. Anammox bacteria oxidizes NH4" to
N2 using NO_".

1.2 Carbon cycle in agquatic systems

Carbon is a fundamental element for all life forms on the Earth and contributes to ~ 50
% dry weight of the living matter. Thus health of the biosphere can be understood from
the global production and decomposition of organic matter (Ussiri et al., 2017). The
oxidation state of C varies from + 4 to — 6 but mostly it occurs in + 4 oxidation state as
carbon dioxide (CO2) and carbonate (COs?). CO: is a trace constituent in the
atmosphere comprising ~ 0.04 % of all the molecules present in the atmosphere and

plays the most vital role in C cycle (Figure 1.2).

Primary

Z lankt
productivity Grazing ooplan o.n

Ph
P

Physical
transport

Sinking
phytoplankton Sinking
fecal
Sinking pellets

aggregates

Figure 1.2: Simplified aquatic carbon cycle.
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One of the most important processes in the C cycle is dissolution of atmospheric

CO; at the air-water interface. Upon reacting with water after dissolution, CO forms
three different dissolved inorganic carbon (DIC) species. Abundance of these DIC
species is highly dependent on pH of the system. For example, at pH 8.17, 90% of DIC
exists in the form of bicarbonate (HCO3?), 9% as COs* and the remaining 1% as
aqueous CO; (Falkowski et al., 1998; Neven et al., 2011). The next step in C cycle is
the primary productivity i.e., formation of organic matter via photosynthesis. During
photosynthesis, HCOz™ and aqueous CO; are taken up by phytoplankton which are the
main sources of C for organic matter formation. The phytoplankton cells formed by
photosynthesis are taken up by zooplankton present in the water column. Zooplanktons
are the primary consumers in aquatic C cycle which are eaten by the higher trophic
level consumers. The remaining phytoplankton biomass either living or dead sinks to
the deeper ocean and gets exported to the sediment. Another process in the C cycle is
called re-mineralization i.e., decomposition of organic matter. Decomposition is
performed by bacteria present in the water and it reverts back DIC to the aquatic
system. In addition, two more processes which contribute to the C cycle are carbonate
precipitation and dissolution. The carbonate precipitation removes DIC from the
system and eventually removes C; whereas carbonate dissolution adds DIC to the
system. These two processes are highly dependent on the pH of the medium.

In recent years, the natural cycling of N and C have been significantly modified
in transitional aquatic zones due to excess loading of these elements owing to
anthropogenic activities. The consequences of excess loading of N and C in global and
Indian waters have been briefly discussed below.

1.3 Excess reactive nitrogen: global perspective

Half of the human population on the Earth lives in coastal water and air sheds (Vitousek
et al., 1997; Ache et al., 2015). Acceleration in urban, agricultural, and industrial
revolution in the last few decades has led to unprecedented stress on the ecological
health of the downstream riverine, coastal and estuarine bodies. From 2001 to 2010,
use of urea as a fertilizer has increased at a rate of 3.8 % per year and in the past four
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decades urea use has enhanced more than 100 fold (Glibert et al., 2006; Heffer and

Prud’homme 2013). The incorporation of agricultural N into plant biomass is extremely
inefficient owing to various N loss pathways such as leaching and run off from
agriculture fields, ammonia (NH3) volatilization, denitrification and other N
transformation processes (Bouwman et al., 2009). This ‘leaked N’ ultimately leads to
nutrient enrichment in lakes, rivers, wetlands and other aquatic systems. None of the
transitional aquatic zones now a days are N deficient, and average NH4™ concentration
greater than 5 pmol L are very common in transitional aquatic ecosystems worldwide
(Chen et al., 2010; Xu et al., 2012; Glibert et al., 2014a; Glibert et al., 2014b; Glibert
et al., 2014c; Samanta et al., 2015; Barik et al., 2017). Nitrogen (in the form of urea)
concentration up to 25 - 50 umol L have been reported in the Chesapeake Bay,
heavily fertilized Yaqui Valley and other coastal areas (Lomas et al., 2002; Glibert et
al., 2005, 2006). Apart from the above mentioned ecosystems, very high
concentrations of urea (up to 150 umol L) has been reported in the Lake Kinnet in
Israel, some Polish lakes and many lakes in central Canada (Berman, 1974; Siuda &
Chrost, 2006; Kudela et al., 2008; Switzer, 2008). Not only land derived, but airborne
N deposition from fossil fuel burning and animal husbandry are also responsible for
vegetation change in open habitats and species diversity all over Europe (Aerts, 1993;
Bobbink et al., 2010). The atmospheric deposition of nutrients to ocean has been
reported to be ~ 20 times that of Redfield ratio (Jickells, 2006; Pefiuelas et al., 2012).

The increased nutrients load has degraded the water quality and also steered
nutrient enrichment in most of the coastal ecosystems leading to eutrophication with
increase in phytoplankton abundance, changes in elemental stoichiometry of biomass,
shift in community composition (which further led to harmful algal blooms: HABS),
reduction in dissolved O in water column, fish kill etc. (Ryther & Dunstan, 1971,
Paerl, 1988; Downing, 1997; Klausmeier et al., 2004; Beman et al., 2005; Heisler et
al., 2008). The HABs can be harmful to food web and have the potential to impact
human health as these cells produce toxic compounds. Upon decay, HABs may create
hypoxia in the water column (Hallegraeff, 1993; Glibert et al., 2005; Backer &

McGillicuddy Jr, 2006). In shallow water bodies, decrease in water clarity may further
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promote ecosystem alterations and fetch in primary production from benthic to pelagic
(Borum & Sand-Jensen, 1996; Krause-Jensen et al., 2012).

1.4 Excess reactive nitrogen: Indian perspective

Like many aquatic ecosystems in other parts of the world, Indian lakes, rivers,
estuaries, and lagoons are also suffering from the excess N loading. Many studies have
reported more than desirable N concentrations in numerous water bodies of India
(Mukhopadhyay et al., 2002; Gupta et al., 2008; Bhavya et al., 2016; Barik et al., 2017).
Biogeochemical modeling of C and N flux from the Hooghly estuary revealed annual
DIC, dissolved inorganic nitrogen (DIN), dissolved reactive phosphate (DRP) and
silicates (SiOs*) to be ~ 2.76 x 10° tones, 65.8 x 10° tones, 12.5 x 10° tones, and 42.8
x 10% tones, respectively (Mukhopadhyay et al., 2006). The longest estuary in the
southern coast of India (Cochin estuary) also receives high dissolved inorganic
phosphate (DIP: 1.37 kg d) and NO3™ (2.69 kg dt). The Cochin estuary exports ~ 0.91
kg d! phosphate (PO4>) and ~ 1.71 kg d* NOs" to the coastal ocean indicating recycling
of nutrients in the estuary (Balachandran, 2001). Indian water bodies are not only
affected by land derived reactive N but also suffers from atmospheric deposition.
Significant impacts of dry and wet deposition have been reported from Indian
Sundarbans (Biswas et al. 2005). The dry deposition rate of N in the mangroves of
Sundarbans has been reported to be 2.26x10% kg N km yr! with NH4* flux rate of
775.7 kg N km2 yr? from air to water. Annual N flux from the proximate terrestrial
sources was found to be 4.26x10° kg N yr? of which 32.9 % was deposited on nearby
coastal areas (Biswas et al., 2005).

Due to the anthropogenic loading, most of the Indian estuaries, such as the
Hooghly estuary, are reported to be heterotrophic where respiration dominates over
primary production (Mukhopadhyay et al., 2002, 2006). Not only estuaries, Asia’s
largest brackish water lagoon (Chilika) also showed signs of heterotrophy, particularly
during monsoon season (Gupta et al., 2008; Muduli et al., 2012). Owing to the
dominance of respiration over primary production, these estuaries also remains under

saturated with respect to O», which may eventually lead to hypoxia.
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1.5 Anthropogenic carbon: global and Indian perspective

Atmospheric CO; concentration has increased from ~280 ppm (pre-industrial era) to ~

402 ppm (https://www.esrl.noaa.gov/gmd/ccgg/trends/global.html) in the present day.
In other words, atmospheric CO- has increased ~ 40 % from 589 Pg C in 1750 to 849
+ 5 Pg C in 2015 with an average atmospheric CO; increase of ~ 0.98 Pg C yr * (Ciais
et al., 2014; Le Queéré et al., 2015, 2016). Currently, ocean act as a sink for ~ 26% of
all anthropogenic C emissions and also reduces C accumulation in the atmosphere
which helps in slowing down the global climate change (Palevsky & Quay, 2017).
Although the inland waters contribute ~ 1% of the Earth’s surface, its collective
contribution to the global C cycle is surprising. Roughly 2.7 Pg C is transported,
mineralized and buried annually by inland waters, which is similar to the sink for
anthropogenic CO, (~ 2.8 Pg C yr 1; Battin et al., 2009; Tranvik et al., 2009).

There are three main driving factors for exchange of CO. between the ocean (or
any aquatic body) and atmosphere. First is the chemical effect which regulates CO;
solubility through temperature-salinity variations; second is the biological effect from
the water surface owing to fixation, export of organic C and biogenic carbonate
precipitation or dissolution; and third is the advection and mixing (Roy et al., 2011;
Ciais et al., 2014; Hauck et al., 2015). The net decadal uptake of CO2 by ocean and
land for the year 2015 has been estimated to be 3.0 = 0.5 and 1.9 + 0.9 Pg C yr,
respectively (http://cdiac.ornl.gov/GCP/carbonbudget/2015/). After post-industrial era

due to increase in CO. and methane (CH4) concentrations, the land and ocean surface
temperatures has been increased by ~ 0.85+ 0.21 °C globally over the period of 1880 -
2014 (IPCC 2014; Jones et al., 2013; Ruedy et al., 2015). It has also been reported that
elevated CO; emission is also leading to CO; fertilization effect which is defined as
increase in leaf photosynthesis with increasing atmospheric CO. (Zak et al., 2011;
Kauwe et al., 2013). Another severe impact of rising levels of CO2 is ocean
acidification which is decline in pH and reduction in COs% mineral saturation state. In
past 200 years, ocean consumed ~ 40% of atmospheric CO2 emission leading to pH

drop of ~ 0.1 of the world’s ocean which is equivalent to 30% increase in ocean acidity
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(Caldeira & Wickett, 2003; Zeebe et al., 2008; Johnson & White, 2014). Ocean

acidification has severe impact on ocean chemistry with major negative impact on

marine life (Hoegh-Guldberg et al., 2007). Furthermore, global warming caused by
anthropogenic CO> also led to increase in water column stratification as depicted by
climate-ocean simulations. This will again reduce transport of C to the deeper ocean
and hence affect sequestration of anthropogenic C (Manabe & Stouffer, 1993; Mitchell
et al., 1995; Sarmiento et al., 1998; Joos et al., 1999). Studies on climate-ocean CO>
perturbation are required to understand the change in climate and to control the
permissible emission levels of C.

Some Indian estuaries and coastal ecosystems have been studied with respect
to CO2 and results indicate most of the ecosystems to be source of CO: i.e., flux of CO>
is from water to atmosphere (Sarma et al., 2001; Bouillon et al., 2003; Biswas et al.,
2004; Gupta et al., 2008; Muduli et al., 2012, 2013). Very high bacterial respiration
(20.7 = 0.7 umolC L d}) has been observed in the Godavari estuary leading to very
high partial pressure of CO. (pCOz) of ~ 30000 patm during peak discharge period
(Sarma et al., 2011). Not only estuaries, coastal zones also showed pCO2 more than
atmospheric value suggesting heterotrophic activity, especially during peak discharge
time (Prasad et al., 2013). The Arabian Sea, which is a part of the Indian Ocean, is also
a perennial source of CO2 as reported by many authors (Goyet et al., 1998; Sarma et
al., 1998; Sarma, 2003).

1.6 Scope of the present work

India, being a highly populated country, is in urgent need to preserve its water resources
from potential anthropogenic threats described earlier. However, in order to evolve a
mitigation strategy to save these resources, first we need to thoroughly understand and
quantify different biogeochemical processes occurring in Indian aquatic systems.
Although significant studies vis-a-vis C and N cycling have been conducted in coastal
and estuarine systems worldwide, limited studies exist in tropical settings like India
(Sarma et al., 2014; Ye et al.,, 2015; Bardhan et al., 2015; Bhavya et al., 2016;

Moynihan et al., 2016). These studies become particularly non-existent with respect to
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lagoon systems (Muduli et al., 2012, 2013). Also, different sources of organic matter

pool and its burial in transitional aquatic systems of India have rarely been investigated.
Therefore, the main focus of the present thesis is to understand and quantify different
aspects of N and C cycling in some major transitional aquatic ecosystems (defined here
as aquatic systems situated at the interface of land and ocean such as lagoons and
estuaries) of India. The ecosystems covered during the present study were the Chilika
lagoon (Asia’s largest brackish water lagoon), Hooghly estuary (anthropogenically

impacted estuary) and the estuaries of Sundarbans (mangrove-dominated estuary).

Specifically, the present study focused around investigating following aspects:

1. Understanding the cycling and fate of N in transitional aquatic systems which receive
high nutrient loads. Also, the aim was to investigate differences in N cycling of an

anthropogenically dominated system from that of a mangrove-dominated one.

2. Understand the coupling of primary productivity (C uptake) and N uptake rates in

CO; supersaturated systems.

3. Investigate if anthropogenically dominated systems have relatively higher primary

productivity compared to mangrove-dominated ones.

4. Whether measurable N> fixation is possible in ecosystems receiving high nutrient

loadings.

5. Investigate relative roles of riverine inputs, atmospheric deposition, and N> fixation

as new N sources to a transitional aquatic system.

6. Understand the biogeochemical processes responsible for controlling DIC dynamics

in transitional aquatic ecosystems.

7. Trace sources and transformations of organic matter in the water column and

sediment.
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To fulfill the above objectives, following studies were carried out:

1.

Dissolved inorganic N (DIN: NOs™ + NH4") uptake rates were measured using
15N tracer technique in the Chilika lagoon during three seasons. DIN uptake
rates were also measured in the Hooghly estuary and the estuaries of
Sundarbans during postmonsoon.

N fixation rates were measured to identify diazotrophic activity in the Chilika
lagoon following **N bubble method.

Primary productivity were measured using $3C tracer technique in the Chilika,
the Hooghly estuary, and the estuaries of Sundarbans.

Dissolved inorganic carbon concentrations and its carbon isotopic compositions
(83Cpic) were measured during three seasons in the Chilika. This was also
performed during postmonsoon in the Hooghly and the estuaries of Sundarbans
to identify different processes governing DIC and §**Cpic dynamics.
Particulate organic matter samples were collected to measure particulate
organic nitrogen (PON) and particulate organic carbon (POC) concentrations
along with 8*3C and 3*°N of organic matter in the above mentioned ecosystems.
For sediment organic matter (SOM) characterization, samples were analyzed
for organic C (%Corg) and N (%N) content and their isotopic compositions
(8%3Csom & 8®°Nsom) in eight and three sediment cores collected from the

Chilika lagoon and adjacent Bhitarkanika mangrove, respectively.

1.7 Outline of the thesis

The thesis contains five chapters. Details of the chapters are as follows:

Chapter-1

This chapter provides a brief overview of different processes related to N and C cycling

in aquatic ecosystems. Also, apart from discussing past work vis-a-vis N and C cycling,

global and Indian perspectives of consequences pertaining to anthropogenic effects on

ecosystems have been discussed. The last part of the chapter discusses rationale and

major scientific objectives of the present study.
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Chapter-2

This chapter discusses methodologies followed during the present study, which include
13C and *°N tracer technique, N fixation measurements, §*3C and 5°N measurements
in organic matter along with PON and POC concentrations. Techniques for DIC and
83*Cpic measurements have also been described in this chapter.

Chapter-3

This chapter deals with biogeochemistry of the Chilika lagoon. The first part of the
chapter discusses different sources of organic matter in the lagoon using 5!3C and §*°N
data. The second part describes about the findings of N2 fixation experiment. The third
part of the chapter provides detailed analysis of the results obtained from DIN uptake
experiments and the fourth part deals with 3C primary productivity results. The fifth
part explains DIC dynamics in the Chilika lagoon. The last part of the chapter deals
with sediment biogeochemistry of the Chilika lagoon and the Bhitarkanika mangrove.

Chapter-4

In the first part of this chapter, sources of particulate organic matter (POM) in the
Hooghly-Sundarbans system have been discussed. The second part includes results
from the DIN uptake experiments. The third part deals with C uptake rates in the
Hooghly estuary and the estuaries of Sundarbans. The DIC dynamics based on DIC
concentrations and 5'*Cpic have been discussed in the last.

Chapter-5

This chapter summarizes the results obtained from the present study and also suggests

scope for future work.
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Chapter 2
Methodology

The thesis covers studies related to different aspects of N and C cycling in three major
ecosystems in India viz. the Chilika lagoon (Asia’s largest brackish water lagoon), the
Hooghly estuary (anthropogenically stressed estuary), and the Sundarbans (world’s
largest mangrove ecosystem). Sampling in the Chilika lagoon were conducted during
three seasons i.e., monsoon (June 2015), premonsoon (April 2016), and postmonsoon
(December 2016). The Hooghly estuary and the Sundarbans were sampled during
postmonsoon (November 2016). Apart from the above-mentioned study areas, a small
mangrove ecosystem (Bhitarkanika) near Chilika lagoon was also studied.

The results presented in the thesis include measurements of several basic
environmental parameters along with N and C isotopic compositions in organic and
inorganic phases. The thesis also incorporates results of isotopic tracer based
experiments to assess the rates of DIN and C uptake by phytoplankton. Below is the
brief overview of different methods used for data collection and experiments during

this study.
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2.1 Environmental parameters and nutrients

Data for water temperature, pH, salinity, and dissolved oxygen (DO) in the Chilika
lagoon during the study period were collected in situ using multi-parameter water
quality sonde (6 Series; DATA-BUQY; YSI, USA) along with Secchi disk depth.
Samples collected for inorganic nutrients, viz. NOs~, NH4*, SiOs* and DIP were passed
through 0.45u membrane filter paper (47mm) and measured by nutrient autoanalyzer
(Skalar San**) with an accuracy of +0.01, +0.01, +0.01 and +0.02 pmol L%,
respectively (Grashoff et al., 1999). Chlorophyll a (Chla) was measured using 90%
acetone extraction by UV - VIS spectrophotometer (Thermo Scientific, Evolution TM
201) as described in Strickland and Parsons (1984). Dissolved O percentage (%DO)
was calculated as: %DO = ([O2] measured X 100 / [O2] equilibrium) Where, [O2] equilibrium 1S
the equilibrium DO concentration calculated at in-situ temperature and salinity (Weiss,
1970) and [Oz2] measured is the measured DO concentration of the lagoon water. Apparent
oxygen utilization (AOU) was calculated as follows: AOU = ([O2] equilibrium - [O2]
Measured). Measurements of total alkalinity (TA) was carried out using titration method
as described in APHA (2005). For measurement of total suspended matter (TSM)
concentration, water samples were filtered in situ through pre-weighted Whatman GF/F
filter paper and dried in hot air oven at 50 °C and final weights were noted. TSM
concentrations were calculated based on deviation between final and initial weights of
the filter paper and volume of the water filtered.

For the Hooghly estuary and the estuaries of Sundarban, water temperature and
pH of the collected samples were measured in situ using thermometer and portable pH
meter (Orion Star A211) fitted with a Ross type combination electrode calibrated (as
described by Frankignoulle and Borges, 2001) on the NBS scale (reproducibility:
+0.005 pH units). For TA estimation, 50 ml of filtered (0.7-um filters) estuarine water
was titrated onboard in a closed cell using 0.1 N HCI following potentiometric titration
method (Bouillon et al., 2003). Salinity and DO concentrations were measured
onboard, following the Mohr-Knudsen and Winkler titration methods, respectively
(Grasshoff et al., 1983). Inorganic nutrients (i.e. NOs~, NH4", SiO4* and DIP) were
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analyzed spectrophotometrically following Grasshoff et al. (1999). Procedure for

calculating other parameters (e.g., %DO, AOU, TSM) were same as described for the

Chilika lagoon.

2.2 Particulate organic carbon and nitrogen: concentrations
and isotopic compositions

For measurements of PON and POC concentrations along with natural isotopic
composition of N and C of POM (6*°*Npom and §**Cpowm), approximately 0.3 - 0.5 L
water samples from the above mentioned ecosystems were filtered using 0.7 um pore
sized 47 mm GF/F filters. After filtration, samples were dried overnight for mass
spectrometric analysis, which was performed using isotope ratio mass spectrometer
(Thermo scientific MAT 253; Figure 2.1) attached to an elemental analyzer (Flash
2000) via conflo (Figure 2.2). For measurements of POC and §*3*Cponm, samples were
decarbonated by exposing the filter papers containing POM to acid fumes (HCI).
Samples for PON and §°Npom Were not treated with acid fumes. The POC and PON
concentrations were calculated using calibration curves obtained by analysing
compounds of known C (IAEA-CH-3 cellulose standard: 44.40 %) and N (protein:
13.32 % and IAEA-N-2 ammonium sulphate: 21.21 %) content against area (masses:
44, 45, 46 for C and 28, 29 and 30 for N) obtained using mass spectrometer (Figure
2.1). The variability in POC and PON for duplicate measurements were less than 10
%. The 5°Cpom and 3°Npom in the present study have been reported as relative

difference in isotopic ratios between sample and standard:

5*Npom Or 32Cpowm (%0) = (R Samp‘e"‘sm‘dard) x 1000

R standard

where, R is the ratio of the abundance of heavy to light isotope. AIR (atmospheric N2)
and V-PDB are standards for N and C, respectively. The reproducibility for §°N was
less than 0.3 permil (%o) (standard used: IAEA-N-2, (NH4)2S04, §°N = 20.3%o). The
reproducibility for natural §**Cpom was less than 0.1 %o (standard used: IAEA-CH-3,
cellulose, 3C = —24.7 %o).
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Figure 2.1: MAT 253 isotope ratio mass spectrometer at the Physical Research
Laboratory, Ahmedabad used for sample analysis.

2.3 Sediment organic carbon and nitrogen: concentrations
and isotopic compositions

For source characterization of SOM of the Chilika lagoon, eight sediment cores were
collected using UWITEC corer operated from the boat, whereas three sediment cores
for Bhitarkanika mangroves were collected using a gravity corer.

All SOM samples were dried at 60 °C for 24 - 48 h and grounded to a fine
powder using a mortar and pestle. For %Corg and 3*Csom measurements in SOM,
samples were acidified with HCI and heated overnight at 70 °C. Next day, the tubes
containing decarbonated SOM were centrifuged and washed multiple times with
ultrapure (Milli-Q) water to remove HCI completely as described by Nieuwenhuize et

al. (1994). Analysis were performed on bulk samples for the measurement of %N and
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3Nsom. All isotopic analyses were performed using a MAT 253 isotope ratio mass

spectrometer attached to an elemental analyzer (Flash 2000, Thermo). The §**Csom and
BNsom were reported in %o deviations from the standards V-PDB and AIR,
respectively. Analytical precision for §*3Csom and *®Nsom were less than 0.1 and 0.3
%o, respectively. Organic C and N concentrations in SOM samples were calculated
using a calibration curve generated from a standard of known %C (IAEA-CH-3
cellulose standard: 44.40%) and %N (protein: 13.32 % and IAEA-N-2 ammonium
sulphate: 21.21 %) against area (masses: 44, 45, 46 for C and 28, 29 and 30 for N)

obtained using mass spectrometer.

Figure 2.2: Elemental analyzer (Flash 2000) attached to MAT 253 mass spectrometer.

2.4 DIC and 83Cpic analysis

Samples for DIC concentrations and 8*Cpic from different ecosystems mentioned
above were collected by gently overfilling teflon septa fitted glass vials followed by
preservation with saturated HgCl> solution to cease microbial activity. The samples
were kept at 4 °C during transportation to the laboratory. In the laboratory, DIC
concentrations were measured using Coulometer (Model: UIC. Inc. CM - 5130) with
< 5 % variability for duplicate measurements. For the measurements of 8:*Cpic, 12 ml
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septum vials containing 0.1 ml of 100 % orthophosphoric acid were flushed with He

gas in a gas bench connected to MAT 253 mass spectrometer. After flushing with He,
roughly 1 ml of samples were injected to these vials using a gas tight syringe to avoid
contamination with atmospheric air. The vials containing acidified samples were kept
at 28 °C for 18 hours to allow samples to react with the acid leading to release of CO..
The released CO, was then analyzed for isotopic composition using MAT 253 mass
spectrometer attached to a Gas Bench 11 unit. Sodium bicarbonate (NaHCO3) of known
isotopic composition (§2*Cpic = —11.4 %o) was used as lab standard and final values of
the samples were represented with respect to international standard (V-PDB). The
reproducibility for 5°Cpic was less than 0.1 %o. The CO2 SYS.XLS (version14),
developed by Pelletier et al. (2007), an updated version of the original (Lewis &
Wallace, 1998), was used for computing pCO2 and aqueous CO: using the dissociation
constants of Cai and Wang (1998). CO2 exchange fluxes across the water-atmosphere
boundary of the estuary (FCO2 in pumol m2hr?) were calculated as follows (Raymond
and Cole, 2001):

FCO, =k x K92 x [PCO; (water) — pCO; (atmosphere)]

Where, 'k’ is the gas transfer velocity, calculated using the equations given by Liss and
Merlivat (1986) and K©©? is the solubility of CO, calculated after Weiss (1974). The
PCO2 (atmospherey Was taken as global mean atmospheric CO2 mixing ratio during 2015

and 2016 (Data source: ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_annmean_gl.txt).

2.5 Dissolved inorganic nitrogen and carbon uptake rates
measurement

The uptake rates of DIN and C by phytoplankton in the studied aquatic systems were
measured using isotope tracer techniques. Lower natural abundances of heavier
isotopes (**N and *3C) compared to their lighter isotopes (**N and *>C) were used as a
tool for isotope labelling experiments (Dugdale and Wilkerson, 1986). The main

assumptions of this method were: (a) no discrimination between lighter and heavier
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isotopes by phytoplankton during uptake, (b) no formation of nutrients during

incubation period, and (c) no grazing by zooplankton.

The experiments to measure DIN uptake and C uptake rates in the Chilika were
performed during three seasons i.e., monsoon (June 2015; 16 stations), premonsoon
(April 2016; 15 stations) and postmonsoon (December 2016; 17 stations). Similar
experiments were performed in the Hooghly-Sundarbans system during postmonsoon
season (November 2016).

To perform these experiments, 0.5 L water samples were transferred in acid-
washed polycarbonate Nalgene bottles in duplicate for DIN and C uptake rate
measurements. These bottles were covered immediately with black cloth to avoid light
shock to phytoplankton. Samples were spiked with 99 atom% enriched *NH4CI,
Na®NOs, NaH®COs to trace NHs*, NOs~ and C uptake rates, respectively. Tracer
addition was around 10% of the ambient concentrations. Immediately after the tracer
addition, sample bottles were deployed for incubation for 4 h, approximately
symmetrical to the local noon. Post-incubated samples were filtered onto pre-
combusted (4 h at 450 °C) 47 mm Whatman GF/F filters (Figure 2.3), and stored for

the mass spectrometric analysis after drying at 50 °C overnight.

Figure 2.3: Filtration of samples after incubation.
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Mass spectrometric analyses of post-incubation samples were performed using
a continuous flow stable isotope ratio mass spectrometer (Delta V plus) connected to
an elemental analyzer (Flash EA 2000), where *N or *C atom% and PON or POC
content were measured. The uptake rates were calculated as follows (Dugdale &
Wilkerson, 1986; Kanda et al., 2003):

P x Al
Uptake rate (umol N (or C) L™t h™1) = o
[T X [(IOSa + IrSt)/ —1 ]]
SatSy °

where P is the amount of particulate N or C (umol L) in post-incubation sample; Al
is the increase in **N atom% (or 1*C atom% for C uptake ) in particulate N (or C) during
incubation; S, and S; are ambient and added concentrations (in umol L), respectively;
I and lo are N (or 3C) atom% of added tracer and natural *N ( or *C) atom%,
respectively; and T is the incubation time (hours). This equation assumes no formation
of nutrients during the incubation, and therefore, rates presented here are representative
of potential rates.

The relative uptakes of NO3z and NH4" were also calculated using the relative
preference index (McCarthy et al. 1977).

RPI, = [UX/ Uy + Uy]/
" X/x 4]

Where, X and Y are concentrations of NOs and NH4* in pmol L2, respectively; Ux and

Uy represents the corresponding uptake rates in pmol L2 h2,

2.6 Measurement of N2 fixation rates

Experiments to quantify N fixation rates were performed during monsoon season at
sixteen locations in the Chilika lagoon following N, bubble method using **N, (98 +
atom%) tracer gas purchased from the Cambridge Isotope Laboratory (CIL). Surface
water samples were collected using a clean bucket and later on transferred to 300 ml
borosilicate bottles (two light and one dark for each location). The dark bottles were

covered with aluminum foil to ensure no light penetration into the bottles. These bottles
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were filled to the brim and sealed tightly with septum caps to ensure no air bubble

inside the bottles. 0.5 ml of N, was injected in each bottle using chromatographic
syringe followed by gentle mixing. These bottles were incubated for three hours
symmetrical to the local noon. Post-incubation samples were filtered using pre-
combusted 47 mm GF/F filter papers and then dried in oven at 50 °C. Ambient N>
concentrations for rate measurements were estimated following gas solubility table of
Weiss (1970) using in situ temperature and salinity. The N2 fixation rates were
calculated using the formula given by Monotoya et al. (1996).

The main drawbacks of *°N bubble methods are (a) incomplete dissolution of
N, gas in the sample during incubation leading to underestimation of N fixation rates
(Mohr et al., 2010; GrolRkopf et al., 2012), (b) release of regenerated N during
incubation (Bronk et al., 1994; Capone et al., 1994; Mulholland et al., 2004), and (c)
presence of the impurities such as NOs", NH4", N0 etc. in the N> tracer gas supplied
by the distributors leading to underestimation of N> fixation rates (Dabundo et al.,
2014). However, the N2 gas used during this study (supplied by CIL) is known to have
very low NH4* and non-detectable NOs™ and N2O concentrations as reported by
Dabundo et al. (2014).

Details of the locations in the Chilika and Hooghly-Sundarbans system where the

above mentioned measurements and experiments were performed are discussed in the

respective chapters.

[23]



[24]



Chapter 3
Biogeochemistry of the Chilika lagoon

Coastal lagoons with shallow depths and large freshwater inflow are susceptible to
nutrient enrichment from surface runoff, groundwater discharge, and atmospheric
inputs (Del Amo et al., 1997; Aguilera et al., 2001; Paerl et al., 2002; Kennish and
Paerl, 2010). Hence, the temporal and spatial variability in their water quality depend
upon the relative strength of inputs from terrestrial and atmospheric sources along with
tidal flows (Ganguly et al., 2015; Patra et al., 2016; Barik et al., 2017). Lagoons are
also well documented as significant contributor of inorganic C to the atmosphere and
retain high pCO. due to rapid increase in heterotrophic respiration of organic C
(Frankignoulle et al., 1998; Cai et al., 1999; Hanson et al., 2003). Even though lagoons
are smaller in size compared to other coastal bodies, they are important sites for
terrigenous organic C mineralization (Jansson et al., 2000). Moreover, situated between
land and sea, coastal lagoons act as filter retaining inorganic and organic nutrients

(Newton et al., 2003; Kozlowsky-Suzuki and Bozelli, 2004). For the above reasons,
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coastal lagoons have generated considerable research interest after 1970; though

limited studies have been reported in peer reviewed literature (Panigrahi et al., 2009).
One of the direct aftermaths of anthropogenic activities in recent years impacting
estuarine and coastal ecosystems is the excess loading of nutrients along with terrestrial
organic matter (Bhavya et al. 2016). These nutrients enter into the estuarine and coastal
systems in the form of organic and inorganic N and P through rivers and atmosphere,
causing biogeochemical imbalance, specifically with respect to N:P stoichiometry of
the estuaries (Galloway et al., 2004). These increased nutrients promote primary
productivity in receiving waters causing algal blooms, which may further make the
system heterotrophic through the process of respiration by organic matter. In the
present day, most of the world’s estuarine zones are heterotrophic where pCO. exceeds
~ 2000 patm (Borges, 2005; Green et al., 2006; Chen and Borges, 2009; Laruelle et al.,
2010; Sarma et al., 2009, 2012a).

The understanding and quantification of different biogeochemical processes
within the estuaries and lagoons are important to fully comprehend the cycling of
climatologically and ecologically important elements like N and C within the system.
The rates of N and C uptake along with their dependence on N and P distribution in
tropical water bodies provide an insight into nutrient utilization within the system
(Glibert et al., 2016). Stable isotopic composition of C and N in POM and SOM are
important to understand the sources and transformation of organic matter within the
aquatic system. The 8®Npom in shallow water bodies reflect the influence of N
assimilation or organic matter mineralization in the water column as well as in
sediments. The 3'Npom can also provide an insight into the availability and utilization
of nutrients along with source identification of organic matter in benthic as well as
pelagic environments. Nitrogen from residential wastewater and agricultural land-use
is a major source of nutrient to the lagoons (Carpenter et al., 1998; Leavitt et al., 2006;
Ying-Xin et al., 2007) and often have distinct isotopic compositions. The N isotopic
composition of dissolved fraction in the water column is of particular importance as it
may help to trace anthropogenically derived N sources due to distinct isotopic signature

depending upon the origin and process involved (Mayer et al., 2002; Kendall et al.,
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2007; Peipoch et al., 2012). On the other hand, 6*3Cpom is important to distinguish

between autochthonous and allochthonous sources of POM and SOM with distinct C
isotopic signature. One of the major components of C cycle is DIC and identifying the
controlling mechanisms of DIC variability in estuarine environments is important for
understanding C biogeochemistry and to diagnose other important processes such as
biological productivity, organic C degradation, carbonate dissolution or precipitation
and CO; exchange.

The present study focusses on studying different aspects of N and C cycling in
the Chilika lagoon. Literature suggests that research in Chilika has gained momentum
with emphasis on environmental parameters monitoring, species identification and few
aspects of C cycle (Gupta et al., 2008; Panigrahi et al., 2009; Muduli et al., 2012, 2013;
Prasad et al., 2014; Srichandan et al., 2015a,b). Detailed studies with respect to
quantification of rates of different biogeochemical processes related to N and C cycles
are lacking in the lagoon. Hence, the specific goals of the present study were to (a)
understand the origin and transformation of POM in the lagoon, (b) decipher the role
of N2 fixation as new N source to the lagoon, (c) measure the rates of DIN and C uptake
in the lagoon, (d) generate a preliminary model for N budget of the Chilika, (e) identify
the role of different biogeochemical processes influencing DIC and pCO: in the
lagoon, and (f) trace the provenance and fate of SOM in the Chilika and nearby

Bhitarkanika mangrove.

3.1 Study area and sampling
3.1.1 Chilika lagoon

Ecologically, the Chilika lagoon is a mixture of marine, brackish and freshwater with
a mean depth of ~ 2 m (Gupta et al., 2008). For this study, based on topography, the
lagoon was classified into four different sectors, viz. (1) the southern sector (surface
area ~156 km?) connected with the sea through Palur canal, (2) the northern sector
(surface area ~ 295 km?) which receives the maximum discharge through rivers, (3) the
outer channel (surface area ~ 37 km?) that is connected with the sea, and (4) the central

sector (surface area ~ 372 km?), which acts as a mixing zone of the northern sector and
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the outer channel (Gupta et al., 2008; Muduli et al., 2012; Figure 3.1). The lagoon

undergoes wide seasonal and annual changes in salinity, light availability, and nutrient
inputs from 52 rivers and rivulets discharging into it (Barik et al., 2017). The lagoon is
separated from the Bay of Bengal (BOB) by a 60 km long sand bar. Direct rainfall on
the lagoon surface also makes a significant contribution towards freshwater input to
the Chilika (Mohanty et al., 1996). Because of these external inputs, water depth of the
lagoon increases by about 0.5 - 1 m during the southwest monsoon (Mohanty et al.,
1996). The lagoon area encounters wind speed ranging from 4.45 - 7.02 m s during
wet season and 0.97 - 3.89 m s during dry season (Gupta et al., 2008).

During winter (November - January), a large portion of this lagoon near
Nalabana island in the central sector remains submerged and act as a wetland, which
also serves as breeding and roosting grounds for thousands of migratory water fowl
(Panigrahi et al., 2009; Fig. 3.1). The Chilika lagoon suffered excessive submerged and
free floating (e.g. Azolla, Eichhornia, Nymphea, Pistia, Ipomea) weed growth in the
past where weeded area escalated from 20 km? in 1972 to 685 km? in 2000 at a rate of
15 km? per year (Gupta et al., 2008; Panigrahi et al., 2009). Phytoplankton of the
Chilika consists of a mixture of marine, brackish water and freshwater taxa, mainly
represented by four groups of algae: diatoms (Bacillariophyceae), dinoflagellates
(Pyrrophyceae and Dinophyceae), blue-green algae (cyanobacteria), and green algae
(Chlorophyceae) (Srichandan et al., 2015a). Except for the northern sector, all other
ecological sectors of the lagoon have been reported to be dominated by diatoms. The
northern sector due to its freshwater regime supports a large population of euglenoids
(Srichandan et al., 2015a).

Sampling and experiments

Experiments were performed to measure DIN uptake and C uptake rates along with
rates of N fixation in surface waters at sixteen locations during monsoon (all locations
in Figure 3.1 except Stn. 17). Apart from measurements of several physico-chemical
parameters, water samples were also collected for nutrients, TSM, PON, POC,

81Cpom, 8Npom, DIC concentration, and 8*Cpic measurements at these locations.
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Unfortunately, we lost eleven samples for §*Cpic and six samples of DIC for monsoon

during transportation. During postmonsoon, similar experiments (except N> fixation)
and sample collection (except PON and §*°*Npowm) along with measurements of physico-
chemical parameters were performed at seventeen locations throughout the lagoon
(Figure 3.1). During premonsoon, experiments for DIN and C uptake rates along with
samples collection for nutrients, PON, POC, §*3*Cpom, *°*Npom, DIC concentration, and
83Cpic were performed in surface water at fifteen locations (all locations in Figure 3.1
except Stn. 13 & 17). Water samples were also collected from the bottom of the lagoon
during premonsoon at eleven locations for DIN uptake rate measurements, PON, POC,
and their isotopic compositions (all locations in Figure 3.1 except Stn. 4, 5, 9, 13, 15,
17). The C uptake rates, DIC concentrations, and §*3Cpic were also measured in the
bottom waters during premonsoon at ten locations (all locations in figure 3.1 except
Stn. 4, 5, 8, 9, 13, 15, 17) along with nutrients (NOs~, NH4*, POs*, and SiOs*) at
thirteen locations (except Stn. 5, 13, 15, and 17 in Figure 3.1). Samples for TSM were
not collected during premonsoon. During postmonsoon, apart from measurements of
physico-chemical parameters, water samples for POC, §3Cpom, DIC concentration,
and 8*Cpic from surrounding rivers draining into the Chilika and a canal (Palur)
connected to nearby Rushikulya estuary were also collected (Figure 3.1). Two
groundwater samples for DIC and §**Cpic were also collected from two locations near
the lagoon during postmonsoon. A brief description of the field sampling and
experimental techniques has already been described in the methodology section
(Chapter 2).

Apart from above samples, eight sediment cores (C-1 to C-8) were collected
during Feb 2014 using UWITEC corer operated from the boat surface (Figure 3.2). The
eight sediment cores were representatives of the different sectors of the lagoon. C-1
and C-2 represented the northern sector, whereas C-3 and C-4 were from the central
sector. C-5 was collected from the mixing zone of the central and southern sector. C-6
and C-7 represented the southern sector and C-8 was from the outer channel area, where
the marine influence was maximum. The maximum length of cores at each location

was variable which were sampled at discrete depth intervals (C-1: surface, 10, 15 and
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20 cm; C-2: surface, 10, 15, 20, 25 and 30 cm; C-3: surface, 10, 15 and 20 cm; C-4:
surface, 10 and 15 cm; C-5: surface, 10 and 15 cm; C-6: surface, 10 and 15 cm: C-7:

surface, 10 and 15 cm; and C-8: surface, 10, and 15 cm). The variation in length of

sediment cores at each location was due to the difference in water column, difficulties
in accessibility of sediment layer due to macrophytes and sea grasses, and the nature
and depth of the sediment layer collected by the corer.

3.1.2 Bhitarkanika mangrove

Bhitarkanika is a mangrove wetland located in the northeastern corner of the
Kendrapara district in the state of Odisha in India. Geographical coordinates of the
Bhitarkanika is between 20°34' - 20°45' N latitudes and 86°49' - 87°03' E longitudes
(Figure 3.3). Bhitarkanika is the second largest mangrove ecosystem in India, which
has much significance in terms of ecological, geomorphological and biological
perspectives. It is comprised of a variety of biomes including mangrove forests, rivers,
creeks, estuaries, backwater, accreted land and mud flats. This mangrove flourishes in
the deltaic region, formed by the rich alluvial deposits of Brahmani, Baitarani & the
Dhamra rivers (Barik et al. 2016). It offers an example of a salt tolerant, complex and
dynamic ecosystem that occurs in tropical and subtropical inter-tidal regions (Barik et
al. 2016). Because of its rich biodiversity in flora and fauna, the mangrove has been
declared as a Ramsar site, i.e., wetland of international importance (Reddy et al., 2007).
Bhitarkanika is dominated by fine grain sized sediments, mostly sand, during pre-
monsoon. Silt-clay fraction increases two fold from premonsoon to postmonsoon
(Chauhan et al., 2014).

To study the sources of SOM in the Bhitarkanika and compare it with nearby
Chilika lagoon, three sediment cores (A, B and C) from the Bhitarkanika mangroves
were collected using a gravity corer during February 2015 (Figure 3.3). The sampling
locations were chosen on the basis of river confluence with a creek along with the
density of the mangrove vegetation. The sampling locations were restricted to three
owing to the restrictions imposed by the Department of Wildlife Conservation as

interior of the mangrove is habitat for crocodiles.
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Figure 3.1: Different sectors of the Chilika lagoon showing locations for DIN uptake,
C uptake, and N fixation rates along with samples collected for POM, DIC and §*3Cpic.
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Figure 3.2: Sampling locations for SOM (C1 to C8) in different sectors of the Chilika
lagoon.
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Figure 3.3: Core sampling locations for SOM in the Bhitarkanika mangroves.

3.2 Environmental parameters and nutrients

The variations in surface water temperature in the Chilika were 26 - 30.10 °C, 25.50 -
27.96 °C, and 23.32 - 25.31 °C for monsoon, premonsoon, and postmonsoon,
respectively (Tables 1, 2 & 3). The salinity of the lagoon varied from 0.10 to 18.23
during monsoon, 0.39 to 36.40 during premonsoon, and 1.59 to 10.82 during
postmonsoon. Seasonal comparison suggested higher average salinity for premonsoon
followed by monsoon and postmonsoon (Tables 1, 2 & 3). The higher average salinity
in monsoon compared to postmonsoon was due to relatively lower rainfall during
monsoon months. The northern sector locations showed lower salinity compared to
other sectors during all the three seasons owing to active freshwater flow from the
northeast rivers (Muduli et al., 2012) whereas, the southern sector showed stable
salinity as this sector is connected to Rushikulya estuary through Palur canal (Figure
3.1). The outer channel showed higher salinity as these stations were located in the
ocean influence zone. The central sector, which is the mixing zone, showed variable
salinity. Some stations during premonsoon showed salinity very close to ocean salinity

as residing water masses were of marine type. This is not surprising in the case of the
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Chilika lagoon as the residence time of water is reported to be very high (premonsoon:
127 days; monsoon:12.3 days; Gupta et al., 2008). The pH of the lagoon during entire
study period ranged from 7.08 to 8.69. TSM ranged from 45 - 261 mg L™ and 12.66 -
63.73 mg L™ for monsoon and postmonsoon, respectively (Figure 3.4b). The %DO in

the Chilika during premonsoon varied from 59.93 - 83.43 %, whereas it was between
76.25 - 106.16 % for monsoon. For postmonsoon, %DO ranged from 89.29 - 142.52
%. Average %DO during the three seasons were 87.16 % (monsoon), 69.97 %
(premonsoon), and 122.54 % (postmonsoon). Total alkalinity values in the lagoon
ranged from 0.90 - 1.38 mmol L?, 1.23 - 1.87 mmol L, and 1.28 - 1.79 mmol L
during monsoon, premonsoon and postmonsoon, respectively. On an average, the
northern sector of the lagoon showed lower TA compared to all other sectors.
Chlorophyll a ranged from 1.10 - 30.10 pug L™ during premonsoon, whereas for
monsoon it varied from 3.34 - 32.98 ug L. During postmonsoon, Chla ranged from
2.19 - 19.13 pg L. Average Chla values were 11.45, 7.25, and 7.40 pg L* for

monsoon, premonsoon and postmonsoon, respectively (Tables 1, 2 & 3).
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Figure 3.4: The variation in (a) POC/TSM and (b) TSM with salinity in the Chilika
during monsoon and postmonsoon.

The NO3~ concentrations in the lagoon varied from 2.41 - 11.18 pmol L* (average ~
5.77 +2.65 pmol L), 2.41 - 10.49 pmol L (average ~ 4.52 + 2.20 umol L) and 1.02
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- 5.62 pmol L (average ~ 3.01 * 1.27 umol L) during monsoon, premonsoon, and

postmonsoon, respectively. Similarly, NHs"concentrations in the lagoon ranged from
5.13 - 8.95 umol L (average ~ 6.31 + 0.91pmol L), 2.46 - 10.61 umol L™ (average
~5.49 + 2.36 umol L), and 1.16 - 6.79 pumol L (average ~ 4.65 + 1.49 umol L?)
during monsoon, premonsoon, and postmonsoon, respectively. The average POs*
concentration in the lagoon during three seasons were 0.90 + 0.21 umol L™ (monsoon),
0.48 +0.25 pmol L (premonsoon), and 0.19 + 0.10 pmol L* (postmonsoon). Similar
to POs%, average SiO4* concentrations were 50.07 + 16.31 umol L?, 54.48 + 14.17
umol L, and 50.59 + 12.88 umol L™ during monsoon, premonsoon, and postmonsoon,
respectively (Table. 1, 2 & 3). During premonsoon, variations in NOsz and
NHg*concentration of the bottom waters were 2.72 - 11.78 umol L and 3.31 - 9.79
umol L?, respectively. The range of PO4* and SiOs* concentrations in the bottom
waters of the Chilika during premonsoon were 0.11 - 1.04 umol L™ and 32.06 - 74.87
umol L, respectively (Table. 4).

3.3 Particulate organic matter in the Chilika

3.3.1 Isotopic compositions and contents of carbon and nitrogen

During premonsoon, §:3Cpowm in surface and bottom waters of the Chilika varied from
—27.0t0—20.3 %o and —26.6 to —20.6 %o, respectively. The §*3Cpom in the surface waters
during monsoon varied between —29.2 and —20.5 %o, whereas for postmonsoon the
same were between —29.5 to —22.9 %o. The average 5*Cpom in the surface water of the
lagoon during premonsoon (-23.9 £ 2.2 %o) and monsoon (—23.7 + 2.0 %o) was quite
similar. Relatively lower 8Cpom (8"3Cpom: —26.2 + 1.8 %o) was found during
postmonsoon. Particulate organic carbon concentrations showed large variation in the
Chilika during premonsoon, where it ranged between 23.5 - 678 pmol L™ and 34.6 -
720 pumol L for surface and bottom waters, respectively. During monsoon and
postmonsoon, POC ranged from 26.7 - 222.7 umol L and 36.1 - 96.9 umol L%,
respectively (Figure 3.5a). The §3Cpom in river samples varied from —31.4 to —26.1 %o
and in Palur canal, which is connected to Rushikulya estuary, it was —23.7 %o. The POC

[34]



Table. 1 Nutrients and physico-chemical parameters in the Chilika lagoon during monsoon (WT: water temperature).

Secchi

WT  Depth DO TA NOs NH4* SiO4* PO4* Chla
Station  (°C) (m) pH Salinity (%) (mmol L) (umol LY (umol LY  (umol L) (pmolL?) (ugL?)
Monsoon 1 29.50 0.27 8.36 5.62 106.16 0.90 6.05 7.59 90.00 1.41 25.00
2 28.53 0.22 7.87 15.08 88.26 0.94 5.96 5.82 39.51 0.99 32.98

3 29.00 0.28 8.05 0.1 83.54 1.24 6.17 6.38 37.51 1.15 3.96

4 30.00 0.27 8.31 8.62 83.81 1.02 7.01 6.48 43.38 0.94 24.40

5 28.90 0.52 8.16 0.26 76.25 1.34 7.96 5.5 37.95 0.86 8.21

6 28.50 0.86 7.91 12.13 81.11 1.30 7.18 6.13 53.2 0.9 7.02

7 28.00 0.85 8.4 4.52 88.31 1.19 2.99 8.95 60.69 0.79 3.34

8 29.00 0.48 7.88 7.88 80.08 1.27 6.58 6.27 53.47 0.83 4.47

9 28.31 1.07 8.5 16.16 78.99 1.17 241 5.89 45.92 0.83 4.87

10 28.50 0.95 8.2 18.23 88.44 1.22 2.45 5.37 54.68 0.91 6.91
11 30.10 1.08 8.3 7.57 88.79 1.38 4.67 6.31 66.03 1.15 5.94
12 30.00 15 8.69 12.6 101.92 1.37 4.19 5.84 69.24 0.72 3.34
13 28.20 1.02 8.3 12.03 90.84 1.38 3.37 6.56 66.89 0.66 19.25

14 27.98 1.29 8.3 12.93 89.29 1.30 3.61 5.13 67.63 0.52 4.19
15 26.00 0.32 8.12 14.34 80.68 1.33 10.55 6.38 32.6 0.79 24.24

16 28.00 0.3 8.04 14.91 87.16 1.31 11.18 6.36 30.37 1.00 5.05
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Table. 2 Nutrients and physico-chemical parameters in the surface waters of the Chilika lagoon during premonsoon.

Secchi

WT  Depth DO TA NOs NH4* SiO4* POs* Chla
Station (°C) (m) pH  Salinity (%) (mmol LY (umolL?) (umolL?) (umolL?Y) (umolL?) (ugL?)

Premonsoon 1 26.61 0.51 8.14 3.77 83.43 1.23 6.24 9.14 39.32 0.14 2.60
2 26.72 0.27 7.08 5.28 78.67 1.27 3.61 3.76 53.62 0.12 13.20

3 26.46 0.07 7.4 0.39 70.35 1.18 4.26 7.71 65.76 0.36 14.90

4 26.19 0.82 7.14 30.14 74.13 1.56 2.41 3.44 26.74 0.7 2.60

5 26.98 0.20 7.59 36.4 72.94 1.64 3.05 6.93 46.01 0.78 30.10

6 25.58 0.33 7.38 21.44 63.01 1.59 4.09 5.75 56.21 0.5 5.20

7 27.96 0.58 7.35 14.42 67.34 1.46 3.47 10.61 47.76 0.59 7.30

8 26.53 0.70 7.35 16.33 70.42 1.59 5.95 6.48 46.07 0.35 2.40

9 26.09 0.63 7.72 16.06 59.93 1.66 3.45 5.63 66.06 0.51 2.30

10 26.77 0.80 7.12 16 69.44 1.55 7.54 3.23 76.28 0.3 1.40

11 25.55 0.93 7.16 17.76 68.53 1.64 4.34 3.1 45 0.35 1.50

12 25.96 0.90 7.14 15.89 68.53 1.47 10.49 471 52.06 0.2 1.10

14 26.52 0.93 7.16 17.76 68.53 1.87 2.59 2.46 71.45 0.58 1.50
15 25.90 0.25 7.43 17.63 68.95 1.39 2.54 3.91 48.76 0.91 18.60

16 25.50 0.80 7.15 35.04 65.38 1.36 3.72 5.42 76.12 0.86 4.00
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Table. 3 Nutrients and physico-chemical parameters in the Chilika lagoon during postmonsoon.

Secchi
WT Depth DO TA NOs NH4* SiOs* PO Chla
Station (°C) (m) pH Salinity (%) (mmolLY)  (umolL?) (umolL?) (umolL?) (umolL?Y) (uglL?)

Postmonsoon 1 25.04 0.66 7.64 1.59 117.85 1.28 3.36 5.26 56.76 0.1 11.27
2 25.24 0.31 7.28 6.38 89.29 1.38 2.32 3.4 56.09 0.26 6.85

3 2441 0.56 7.55 1.77 122.62 1.37 4.02 5.42 86.99 0.12 8.24

4 2441 1.05 7.29 7.11 142.52 1.27 1.36 4.58 36.07 0.23 9.34

5 23.32 1.07 7.93 2.59 140.19 1.78 3.76 4.07 53 0.15 19.13

6 24.33 0.74 7.59 6.36 138.22 1.78 2.84 541 43.41 0.11 477

7 24.49 0.88 8.21 7.23 126.76 1.61 3.04 1.16 4475 0.12 16.39

8 24.3 0.58 7.99 6.48 124,95 1.72 2.34 3.9 49.63 0.12 8.26

9 25.31 0.89 8.15 7.72 125.69 1.54 2.45 5.94 52.58 0.17 5.51
10 24.57 0.62 7.65 7.18 117.06 1.31 3.35 5.25 54.33 0.14 2.19
11 24.36 0.86 7.62 9.83 118.28 1.62 5.32 6.45 44.69 0.18 4.55
12 24.27 1.39 7.68 9.29 127.70 1.64 1.14 4,75 375 0.55 1.96
13 25.26 1.98 7.65 10.82 128.60 1.57 2.63 6.62 33.91 0.2 3.12
14 25.06 1.04 7.62 9.6 112.29 1.79 5.62 6.79 35.64 0.13 4.38
15 23.49 0.81 7.11 2.21 126.14 1.19 3.25 3.56 63.77 0.21 0.69
16 23.35 0.71 7.78 7.35 107.66 1.47 3.42 2.89 57.63 0.16 15.97
17 23.6 0.94 7.79 9.2 117.33 139 1.02 3.55 53.27 0.21 3.19
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Table. 4 Nutrients concentration in the bottom waters of the Chilika during
premonsoon.

NOsz NH4* SiO4* POs*
Station  (umol LY)  (umol L) (umol LY (pmol L?)
Premonsoon 1 6.16 4.99 36.42 0.11
(Bottom) 2 5.31 3.57 50.24 0.14
3 2.72 7.85 54.01 0.62
4 3.36 6.68 32.06 0.84
6 2.73 6.03 71.42 0.62
7 3.49 9.79 43.07 0.64
8 5.91 2.56 40.24 0.36
9 2.76 5.17 35.46 0.47
10 7.44 3.31 66.32 0.27
11 4.35 5.39 45.39 0.32
12 11.78 4.44 45.39 0.37
14 6.93 3.76 73.22 0.47
16 3.15 6.58 74.87 1.04

concentration in the riverine samples varied from 70.5 to 126.8 pmol L, whereas for
Palur canal the same was 68.6 umol L™

The 8*°*Npowm in the Chilika during monsoon varied from 1.3 %o at Stn. 11 in the
southern sector to a maximum of 8.3 %o at Stn. 16 near the outer channel with an
average of ~4.0 £ 1.7 %o. The PON concentration in the lagoon during the same season
ranged from 4 pmol L (Stn. 12 - southern sector) to 32.3 pmol L (Stn. 2- northern
sector) with an average of ~ 11.4 + 7.3 umol L%, During premonsoon, surface §°Npom
ranged between 4.8 (Stn. 9 - central sector) and 13.1 %o (Stn. 3- northern sector),
whereas PON concentrations varied between 3.1 (Stn. 14 — southern sector) and 87.7
umol L (Stn. 3 - northern sector; Fig 3.5b). For bottom samples, §*°*Npom varied from
4 - 14.3 %o and PON concentration was between 4.6 and 94.8 umol L.
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Figure 3.5: Variation in (a) 8*3*Cpom with POC, and (b) *°*Npom with PON in the
Chilika lagoon during different seasons.

3.3.2 Provenance and distribution of organic carbon and nitrogen in
the Chilika lagoon

The Chilika is a large lagoon with inputs from more than 52 rivers and rivulets during
different seasons (Gupta et al., 2008). The average POC concentration in the Chilika
was the highest during premonsoon followed by monsoon and postmonsoon. Similar
to POC, average PON was also the highest during premonsoon. The northern sector of
the lagoon showed the highest POC and PON compared to other sectors during the
whole study period. Seasonally, the highest average POC in the northern sector was
during premonsoon (325.3 pumol L) followed by monsoon (128.5 umol L) and
postmonsoon (84.5 pumol LY. Sources of high POC and PON (i.e., POM) to the
northern sector could be of both allochthonous and autochthonous origin as this
particular sector receives maximum discharge from surrounding river catchment
(Figure 3.1 and 3.5). The highest POC during the study period was observed at the
surface (678 pmol L) and bottom (720 umol L) at Stn. 3 in the northern sector. Some
studies have associated high POC due to mixing of zooplankton to the POM; however,

this cannot be deciphered during the present study due to lack of suitable data in this
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regard. No correlation was found between POC and salinity in any of the seasons. In

the Chilika lagoon, POC makes larger contribution to the TSM pool during
postmonsoon compared to monsoon (Figure 3.4), which has also been observed for
another estuary in the southern India (Gautami Godavari; Bouillon et al., 2003).

The average 53Cpom Were in the same range during monsoon and premonsoon,
whereas it was relatively depleted in *C for postmonsoon. This appears to be due to
dominance of terrestrial and freshwater inputs to the lagoon and/or production of
freshwater phytoplankton during postmonsoon as both are expected to have lower
33Cpom (Guo et al., 2015). This is also corroborated by the low §*Cpom Observed in
riverine samples during the study period (Fig. 3.5a). Among the different sectors,
relatively lower 3*Cpom Were observed in the northern sector (Stn. 1, 2, 3) and the
southern sector of the lagoon (Stn. 11, 12, 13, 14; Fig 3.5a) during postmonsoon
compared to other stations and seasons. This was due to higher riverine discharge from
the northeast rivers in the northern sector and mixing of water from the nearby
Rushikulya estuary in the southern sector. Comparatively higher §*3Cpom in the outer
channel area during the entire study period was primarily due to higher marine
influence in that sector. Similar to §**Cpom, 5™°Npom during premonsoon (both surface
and bottom) were also higher than monsoon due to dominance of marine water.
Unfortunately, samples for §*Npom could not be collected during postmonsoon in the
lagoon. Irrespective of seasons, the northern sector of the lagoon showed terrestrial

influence, whereas outer channel showed marine influence during this study.
3.3.3 8*Cpom and POC/Chla: distinguishing organic matter sources

Although 3'3Cpowm is a powerful proxy to distinguish between organic matter sources,
it discriminates “fresh” against detrital organic C if there is any effect of early
diagenesis (Savoye et al., 2003). The POC/Chla can act as an alternative source
indicator for living phytoplankton. The POC/Chla ratio lower than 200 is characteristic
of newly produced phytoplankton in POM, whereas a value higher than 200 is
characteristic of detrital or degraded matter (Cifuentes et al., 1988). The cross plot of

POC/Chla with §**Cpom during the present study forms a triangular structure with each
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vortex pointing to a particular source (Figure 3.6). The uppermost point in the figure
has the highest POC/Chla ratio (~ 546) with §Cpom value of —24 %o indicating

influence of detrital organic matter. The data points belonging to low saline water

during the study period occupy the lower left corner of the triangle showing 8**Cpom
and POC/Chla ratio of —29.2 %o and 47.8, respectively, indicating contribution of
freshwater phytoplankton in the lagoon. Data points in the lower right corner of the
triangle with higher salinity belong to the living marine phytoplankton end member
with a typical §:*Cpom ~ —20.3 %o and POC/Chla ratio ~ 166.8. More than 50 % of the
data points showed POC/Chla ratio < 200 signifying the significance of autochthonous
phytoplankton in the lagoon.
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Figure 3.6: Cross plot of POC/Chla ratio with §*3Cpowm in the Chilika lagoon.
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3.4 N> fixation in the Chilika lagoon

Despite high DIN concentrations in the lagoon, considerable N fixation rates were
observed during monsoon season (0.02 - 1.99 nmoIN L™ h™*; Figure 3.7). The highest
rate was observed at Stn. 2 (northern sector) and the lowest at Stn. 6 (central sector).
Among the different sectors of the lagoon, average N fixation rates were the highest
in the northern sector (0.89 nmoIN L*h™?) followed by outer channel (0.56 nmolIN L™
h™1), central sector (0.34 nmoIN L™ h™?), and southern sector (0.31 nmoIN Lt h™;
Figure 3.7).
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Figure 3.7: Spatial variation in N2 fixation rates in the Chilika.

N> fixation rates have been observed to be low in high DIN environment (>1 pumol L
1y, which suppresses the nitrogenase activity (Subramaniam and Carpenter, 1994;
Capone et al., 1997; Mulholland and Capone, 2009). During the present study, despite

high DIN concentrations, measurable N> fixation rates were observed with no
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significant correlation with DIN concentrations or DIN uptake rates (r> =0.25; p > 0.05;

Fig not shown). The Stn. 2 in the northern sector showed particularly high N2 fixation
rate (~1.99 nmoIN L* h') possibly due to presence of active N2 fixing species at this
location. In a recent study, the availability of N> fixing bacteria in sediments of the
Chilika lagoon has been reported (Behera et al., 2017). This study also highlights the
dominance of N2 fixing bacteria in the rhizosphere sediment of the reed Phragmities
karke, which is found in large parts of the northern sector. Since northern sector is the
shallowest part of the lagoon, there could be possibility of such bacterial community
in the water column due to sediment churning (Barik et al., 2017), enabling higher N
fixation. Similar to observations during the present study, considerable N> fixation rates
have also been observed in the Cochin estuary (0.59—1.3 nmoIN Lt h™?) despite very
high DIN concentrations (Bhavya et al., 2016).

3.5 Dissolved inorganic nitrogen (DIN) uptake in the Chilika

3.5.1 Variations in NO3z™ and NH4" uptake rates in the surface waters

During monsoon, NOs™ uptake rates in the Chilika ranged from 0.004 to 1.42 pmolN
Lt h?, whereas NH4" uptake rates varied from 0.19 to 1.76 pmolIN L™ h%. The highest
NO3z™ and NH." uptake rates during monsoon were observed at Stn. 1 in the northern
sector, whereas the lowest rates were observed at Stn. 8 in the central sector (Figure
3.8 and 3.9). During postmonsoon, NOs™ uptake rates in the Chilika ranged from 0.003
(Stn. 7 - central sector) to 1.07 umolIN L h' (Stn. 14 - southern sector), whereas NH4*
uptake rates varied from 0.08 (Stn.7- central sector) to 1.42 umoIN L h* (Stn. 13 -
southern sector; Figure 3.8 and 3.9). During premonsoon, NOs  and NH4" uptake rates
ranged from 0.01 (Stn. 7- central sector) to 1.74 umoIN Lt h? (Stn. 12 - southern
sector) and 0.51 (Stn. 4 - central sector) to 1.92 umoIN L™ h? (Stn. 1 - northern sector),
respectively.

The average NO3™ uptake rates during three seasons were 0.51 + 0.51, 0.74
0.46, and 0.35 + 0.36 pmolIN L™ h during monsoon, premonsoon, and postmonsoon,
respectively. Similarly, average NH4" uptake rates during three seasons were 1.11 +
0.43, 1.12 + 0.43, and 0.75 + 0.45 pmoIN L* h* for monsoon, premonsoon and
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postmonsoon, respectively, suggesting similar NH4" uptake during monsoon and

premonsoon seasons compared to postmonsoon. On an average, NH4" uptake was
approximately twice compared to NOs™ uptake in the lagoon during the three seasons.
The NOs™ and NH4" uptake rates observed in the Chilika were higher than the other
large aquatic ecosystems of the world (Gu et al., 1997; Gardner et al., 2004; Kumar et
al., 2008) and a tropical estuary located in the southern coast of India (Cochin estuary;
(Bhavya et al., 2016).
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Figure 3.8: Seasonal variation in NOs™ uptake rates in the surface waters of the Chilika
lagoon.
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Figure 3.9: Seasonal variation in NH4" uptake rates in the surface waters of the Chilika
lagoon.

3.5.2 Factors controlling DIN uptake in the Chilika lagoon

To understand the factors controlling DIN uptake rates in the Chilika lagoon, the
relationships between DIN uptake rates and several factors such as pH, salinity, Chla,
and nutrients were investigated. No significant relationship was observed between DIN
uptake rates and pH (Figure 3.10a). Similarly, DIN uptake rates did not show any
significant relationship with salinity (Figure 3.10b). Individually, NOs™ and NH4"
uptake rates also did not show any significant relationship with these two parameters
suggesting limited control of salinity and pH on DIN uptake rates in the Chilika. To
investigate the influence of lagoon’s biomass on NO3z  and NH4" uptake rates, DIN
uptake rates were plotted against Chla. No significant correlation was observed
between DIN uptake and Chla (Figure 3.10c). When plotted individually, no
relationship was found between NH4" uptake rates and Chla for any season, whereas

NOs™ uptake rates showed a significant correlation during monsoon with Chla (r?> =
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0.51; p = 0.002; Figure not shown) indicating the potential control of Chla on NOs

uptake during that season. Despite having the highest Chla concentration and sufficient
nutrients at Stn. 5 (central sector) during postmonsoon, the observed low NO3z and
NH4* uptake rates at that location is intriguing. A significant relationship was observed
between surface NO3z” and NH4" uptake rates with respective concentrations (Figure
3.11; NOs: r?=0.93 and p < 0.05; NH4": r2=0.70 and p < 0.05) in the lagoon during
premonsoon suggesting significant control of substrate concentration on surface DIN
uptake rates during that season. However, no such trend was observed during monsoon
and postmonsoon. A significant correlation between DON and Chla during
premonsoon in the Chilika has also been reported suggesting DON uptake by
phytoplankton (Ganguly et al., 2015). Overall, it appears that DIN uptake rates in the
Chilika lagoon are not controlled by a single factor alone. Different factors appear to

control DIN uptake during different seasons.
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Figure 3.10: Variations in total DIN uptake rates with (a) pH, (b) salinity, and (c) chla
in the Chilika lagoon.
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Figure 3.11: Relationship of surface NOs" and NHs" uptake rates with respective
concentrations during premonsoon in the Chilika lagoon.

3.5.3 Relative preference and turnover time of nutrients in the Chilika

Relative preference index (RPI) for both NO3™ and NH4* were estimated to ascertain
the relative preference for these two nutrients by phytoplankton in the Chilika lagoon.
The RPI along with f-ratio (NO3z™ uptake divided by total DIN uptake) helps to
understand the temporal fluctuation in preference for different nutrients by
phytoplankton in aquatic systems. During the present study, RPI estimates indicate
overall preference for NH4* compared to NO3™ in the Chilika (Figure 3.12). The f-ratio
also showed preference for NH4™ in the lagoon as depicted by f -ratio < 0.5 at majority
of the locations (Figure 3.13).

Preference for NH4" with respect to NO3z™” owing to its lower energy requirement

by phytoplankton cell has been reported in culture studies as well as field based
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experiments (McCarthy etal., 1977; Glibert et al., 2016; Jauzein et al., 2017). Inhibition

of NO3™ uptake in the presence of NH4" could be one of the reasons for relatively lower
NOs~ uptake, a commonly observed feature in aquatic systems (e.g., Glibert et al.,
1982; Harrison et al., 1987; McCarthy et al., 1999). Although the extent of inhibition
iIs much more variable, the inhibition is potentially greater under nutrient replete
conditions and the least when phytoplankton are N-starved (Conway, 1977; Dortch,
1990). During the present study, ambient conditions were nutrient replete and this
might have contributed to relatively lower NOs™ uptake. A recent study pointed out that
preferential use of NH4" is expected when NH4" is available at a few pmol L level
(Glibert et al., 2016), as during the present study. However, highly elevated NH4* (tens
to hundreds of umol Lt level) can actually suppress rather than enhance the NH4* based
growth (Dagenais-Bellefeuille and Morse, 2013; Glibert et al., 2014).

Temporal variability in RPI and f-ratio suggested that the preference for NO3
during premonsoon was relatively higher compared to monsoon and postmonsoon. The
resumption of NOs™ uptake due to depletion of NH4* concentration has been reported
by many studies (Wilkerson et al., 2006; Parker et al., 2012). Such situation may
influence diatom growth positively, which prefers NOz™ (Glibert et al., 2016). However,
there is no evidence of NH.* depletion during the present study. Changes in species

composition might have driven the higher NO3s™ preference during premonsoon.
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Figure 3.12: Variations in RPI of NO3 and NH4* during (a) monsoon, (b) premonsoon,
and (c) postmonsoon in the Chilika lagoon.
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Figure 3.13: Variations in f-ratio during (a) monsoon, (b) premonsoon, and (c)
postmonsoon in the Chilika lagoon.

To trace the cycling of nutrients in the lagoon, turnover times of NO3 and NH4*
were calculated by dividing the nutrients concentration with respective uptake rates.
On an average, turnover time for NH4* was significantly shorter compared to NO3’
underscoring faster cycling of NH4" in the water column. During monsoon, Stn. 8 in
the central sector showed the highest turnover time for NO3™ (1700 hrs) and NH4™ (32
hrs) owing to high nutrient concentration and low uptake rates. This station is located
nearby Nalabana bird sanctuary (Figure 3.1 and 3.14) which is breeding and roosting
ground for thousands of migratory birds. On an average, the highest turnover time for
NO3z and NH4* were observed during monsoon, whereas the lowest was observed

during premonsoon.
3.5.4 Surface and bottom DIN uptake during premonsoon

As described earlier, experiments to measure NO3s  and NH4* uptake rates in both
surface and bottom waters were carried out in the Chilika during premonsoon to assess
the DIN uptake near bottom of the lagoon. Average NOs™ uptake in the surface and
bottom waters were 0.74 + 0.46 and 0.54 + 0.48 umoIN L™ h, whereas average NH4*
uptake rates were 1.12 + 0.43 and 1.03 + 0.54 umolIN L™ h, respectively (Figure 3.15).
Results indicated that the whole water column of the Chilika is almost equally

productive with DIN uptake rates being approximately similar at both surface and the

[49]



Biogeochemistry of the Chilika lagoon Chapter 3

35

1600

Il Monsoon
1400 1 [ Premonsoon
1200 —_ 30 1 [ Postmonsoon
= 1000 ]
N—rt
:” 800 @
= 600 £ 251
= 400 H =]
] —
§ 200 H- V_J-‘ [ ] I, g 20 H
S 2
c 157 S 15
2 =]
‘™ 101 to 10
®) I
Z 2
5 5
0 0
TNMIDO~NDOG AN TGN TANMIWO~DOG NN Q
Stations Stations

Figure 3.14: Turnover times of (a) NOz and (b) NH4" during three seasons in the
Chilika lagoon.

bottom of the lagoon. This is possibly due to light penetration to the bottom of the
lagoon owing to its shallow depth. The DIN concentrations measured in the bottom
waters were also approximately similar to surface suggesting possible efflux of
nutrients from the sediment to the water column due to mineralization of SOM. Another
evidence which supports the previous statement is benthic flux of DIC as measured by
Muduli et al. (2013) in both weedy (694 Mg d™!) and non-weedy (317 Mg d™?)
environments in the lagoon. Along with DIN, SiOs* and PO4* concentrations in the
bottom waters were also similar to the surface which may further support higher DIN
uptake in bottom waters (Table 2 and 4). From the present study it can be hypothesized
that any shallow ecosystem where nutrients are present in optimum concentration,
entire water column may be productive as observed in the Chilika. Observed bottom
uptake of DIN also opens an eye towards lake-wide N and C budgeting of shallow
aquatic systems as considering only surface productivity may underestimate the annual
lake-wide budget. Similar to surface DIN uptake, a significant positive correlation was
observed between NH4" uptake rates and NH4* concentrations (Figure 3.16a; r> = 0.86
and p < 0.05) for bottom waters. However, contrary to surface waters, NOs™ uptake

rates did not show significant relationship with NOs™ concentrations (Figure 3.16b).
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Figure 3.15: Spatial variations in surface and bottom uptake rates of (a) NOs™, and (b)
NH4* during premonsoon in the Chilika lagoon.
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Figure 3.16: Relationships between (a) NH4" uptake rates with NH4* concentrations,

and (b) NOs uptake rates with NO3s™ concentrations in the bottom waters of the Chilika
during premonsoon.

3.5.5 Seasonal DIN uptake in the Chilika lagoon

Based on the data of DIN uptake rates from three different seasons, an attempt was
made to construct an annual DIN fixation budget for the Chilika. As the lagoon is

equally productive on surface as well as bottom, uniform uptake rate as observed on
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the surface has been assumed for the entire volume of the photic zone. For the

calculation of photic zone, euphotic depths were multiplied by respective surface area
of each sectors. Euphotic depths were obtained from measured Secchi disk depth (d) at
each locations. Our data also showed variable Secchi disk depths during the three
different season due to the variations in water level along with mixing with bottom
waters. The extinction coefficient (k) at each station was 1.7/d (French et al., 1982),
which was used further to calculate euphotic depth as 4.61/k (Keller, 1988). For some
stations, the calculated euphotic depths were greater than the station depths. Therefore,
at those locations where calculated euphotic depth was greater than the station depth,
the station depth was considered as the euphotic depth. After calculating the euphotic
depths, sectorial DIN fixation in the Chilika lagoon was calculated by multiplying
average sector wise seasonal DIN uptake rates with average sectorial euphotic depth
(seasonal) and surface area of the respective sectors. The total annual DIN fixation
including all the sectors in the lagoon using this method was around 121.66 Gg, which
included 31.68 Gg y* of NOs~ uptake and 89.98 Gg y ! of NH4* uptake. The sector
wise annual DIN fixation was the highest in the central sector (47.75 Gg y!) followed
by the southern sector (40.96 Gg y1), northern sector (30.15 Gg y!) and outer channel
(2.80 Gg y'!; Figure 3.17). The highest DIN fixation in the central sector was primarily
due to relatively higher surface area compared to all other sectors.

3.5.6 Sources and sinks of nitrogen in the Chilika lagoon

Based on previous studies and the present measurements, quantification of sources and
sinks of DIN in the Chilika lagoon have been attempted. Unfortunately there are many
processes whose rates are still unknown in the lagoon, which are essential to construct
the comprehensive lake-wide budget. Taking all seasons into account, annual NO3™ and
NH4" uptake in the Chilika were estimated to be 31.68 and 89.98 Gg, respectively.
Though the lagoon showed high rates of NOs and NH4* uptake, considerable N
fixation rates throughout the lagoon have also been observed during the present study.
Considering the column integrated fixation, the annual new N introduced via N2

fixation was estimated to be 0.06 Gg. Taking the lagoon’s large surface area into
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account, another source of new N to the lagoon is dry deposition of DIN. Since there

is lack of dry DIN deposition data over the lagoon, the data reported for the coastal
BOB (~ 27 + 20 umoIN m2d; Srinivas et al., 2011) has been used to calculate the
DIN deposition due to their close proximity. Assuming uniform deposition rate over
the lagoon, DIN deposition of ~ 0.12 Gg Y! was estimated. As the lagoon is surrounded
by many rivers and rivulets, rivers draining into the lagoon also contribute to the DIN
pool of the lagoon. Considering the seasonal (premonsoon, monsoon and
postmonsoon) DIN input as reported by Patra et al. (2016), the annual DIN flux to the
lagoon via river drainage was 0.02 Gg. Figure 3.18 shows estimates of various sources
and sinks of DIN to the Chilika as calculated during the present study. This also depicts
processes whose values are still unknown. Overall, new N supplied to the lake via
atmospheric deposition is significantly higher than the ones supplied through riverine
input and N> fixation, which may be due to higher DIN deposition rate used during the
calculation. Dry deposition data over the lagoon surface along with rates of other

processes are required to build the comprehensive N budget of the lagoon.
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Figure 3.17: Sector wise seasonal (a) NOs™ and (b) NH4" fixation (uptake) in the
Chilika lagoon. NS: northern sector, CS: central sector, SS: southern sector, OC:
outer channel.
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Figure 3.18: Major sources and sinks of DIN in the Chilika lagoon. Question marks
signifies unknown rates for those processes.

3.6 Carbon uptake rates in the Chilika lagoon

The movement of C in coastal ecosystems forms a major component of global C
cycling (Bauer et al., 2013). The distinct and tightly coupled ecosystems connected to
coastal ocean are rivers, lagoons, estuaries, wetlands and continental shelf (Cole et al.,
2007; Regnier et al., 2013). The transformation of C occurs laterally through the aquatic
continuum across the ecosystems as well as vertically by exchange with atmosphere
through the formation of greenhouse gases. The anthropogenic perturbation which has
increased flux of C to the inland waters since pre-industrial era has been estimated to
be ~ 1.0 Pg C yrtowing to export of C from soils (Regnier et al., 2013). Chilika is one
of such ecosystem which bears the characteristics of coastal zones. As mentioned
earlier, the lagoon suffers huge riverine flux during monsoon from many surrounding
rivers and rivulets (Muduli et al., 2012). The previous as well as the present study show
the lagoon to be rich in inorganic N containing nutrients (Patra et al., 2016; Barik et

al., 2017). River borne nutrients are well known to enhance the phytoplankton growth
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along with benthic invertebrates (Pennock and Sharp, 1986; Wilber, 1992; Dai et al.,

2008). Measurement of primary productivity (C uptake rates) provides an idea about
regional or global C fixation and the removal of N and P containing nutrients from the
system. In this regard, C uptake rates were measured during three seasons in the Chilika

lagoon using H*COs™ tracer technique.
3.6.1 Seasonal variation in carbon uptake rates in the Chilika lagoon

During monsoon, C uptake rates in the Chilika lagoon ranged from 1.21 (Stn. 16 - outer
channel) to 11.23 umolC Lt h (Stn. 2 - northern sector) with an average of 3.63 + 3.06
umolC Lt h? (Figure 3.19). The C uptake rates during postmonsoon varied from 0.33
(Stn. 11 - southern sector) to 1.69 umolC Lt h* (Stn. 3 - northern sector) with an
average of ~ 0.86 + 0.42 pmolC L h'. In the surface waters during premonsoon, C
uptake rates ranged from 0.32 (Stn. 4 - central sector) to 10.14 umolC L h (Stn. 5 -
central sector). The average surface C uptake rate during premonsoon was ~ 2.38 +
2.67 umolC Lt h, The average C uptake rate in the surface waters was the highest
during the monsoon followed by premonsoon and postmonsoon. During monsoon, the
northern sector showed the highest C uptake followed by the outer channel, central
sector and southern sector; whereas premonsoon showed a different trend with the
highest C uptake in the outer channel followed by the northern, central and southern
sector of the lagoon. Similar to DIN uptake, postmonsoon witnessed the lowest C
uptake compared to other two seasons with the highest C uptake in the northern sector
followed by central, outer and southern sectors (Figure 3.19).

The C uptake rates for bottom waters during premonsoon ranged from 0.02
(Stn. 10 - southern sector) to 5 umolC L™ h (Stn. 2 - northern sector). The average C
uptake rates for surface and bottom waters were 2.38 + 2.67 and 1.82 £ 1.73 umolC L
L h 1 during premonsoon (Figure 3.20). Similar to DIN uptake, both surface and bottom
waters showed comparable C uptake rates except for one location (Stn. 15 - outer
channel), where bottom C uptake was significantly lower compared to surface uptake.
The comparable N and C uptake rates in the surface and bottom waters of the Chilika

lagoon confirms optimum availability of light and nutrients in the bottom waters of the
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lagoon, emphasizing the role of benthic zone in the overall biogeochemistry of shallow

aquatic systems.
3.6.2 Carbon uptake rates and environmental parameters

The C uptake rates (primary productivity) depend on various parameters such as
nutrients, light intensity, temperature, salinity, pH, and Chla (Mulholland and
Bernhardt, 2005; Thomas et al., 2012). Unavailability of N and P in optimum
proportion is also known to affect the C uptake rates (Hodgkiss and Ho, 1997; Bhavya
et al., 2017). Role of environmental parameters such as salinity, pH, %DO, and Chla
on C uptake rates has been investigated in the Chilika lagoon. The Chla, an indicator
for biomass, showed significant positive correlation with C uptake rates suggesting its
role in biomass formation (Figure 3.21). The relationship between Chla and C uptake
rates was highly significant for monsoon (r? = 0.83; p = 0.0003) and premonsoon (r? =
0.87; p = 0.0001). It was relatively weak for postmonsoon due to relatively low C
uptake rates despite high Chla concentrations (Figure 3.21) at three stations. The
removal of these three stations results into strong relationship (r?> = 0.71; p = 0.0001)
between Chla and C uptake rates as observed for other seasons. These strong
relationships clearly indicate the significant role of C uptake towards biomass
formation in the Chilika during all seasons. The %DO, which is an indirect proxy for
primary productivity, did not show any correlation with C uptake rates suggesting that
the DO level in the Chilika lagoon may be primarily controlled by atmospheric
dissolution of DO and not by primary productivity, acommonly observed phenomenon
in most aquatic ecosystems (Odum, 1956; Morgan and Stumm, 1970). Similar to DIN

uptake, salinity and pH did not show any significant relationship with C uptake rates.
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Figure 3.19: Seasonal variations in carbon uptake rates in the surface waters of the
Chilika lagoon.
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Figure 3.20: Carbon uptake rates in surface and bottom waters during premonsoon in
the Chilika.
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Apart from the above mentioned environmental parameters, nutrient

stoichiometry is an important parameter known to affect primary productivity. Nutrient
stoichiometry has changed in the inland and coastal aquatic bodies as they receive
anthropogenically derived nutrients from many sources. Chilika lagoon is also one of
such examples which is suffering from the problem of nutrient enrichment as it receives
nutrients by many sources such as riverine discharge, agricultural waste, nearby human
settlements as well as from atmospheric deposition. The effect of nutrient
stoichiometry on C uptake rates was investigated during the present study. A plot of C
uptake rates with DIN: DIP ratio did not show any significant correlation for any of the
studied seasons. This possibly indicated limited role of DIN: DIP stoichiometry on the
C uptake rates in the Chilika under present scenario. Apart from DIN, DON has also
been reported to be a dynamic component of reactive N and seasonally accumulates in
coastal waters (Seitzinger et al., 2002; Berman and Bronk, 2003; Miyazaki et al., 2010;
Violaki et al., 2010). A previous study has reported very high average DON
concentration in the Chilika lagoon during May (42.75 + 7.65 umol L), August (35.51
+5.32 umol L1), and December (39.93 +5.01 umol L) of 2011 (Ganguly et al., 2015).
During the same study, a significant correlation between DON and Chla (r2 = 0.58; p
= 0.003) was observed during the month of May when freshwater flow was minimum.
This suggest the preference of primary producers towards regenerated DON during
non-monsoon months. Since DON uptake rates were not measured during the present
study, a comprehensive study including DIN uptake, DON uptake, and C uptake rates
along with nutrients concentration is warranted to understand the relative role of
different species of reactive N on organic matter formation as well as the role of

nutrient stoichiometry.
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Figure 3.21: Relationship between Chla and carbon uptake rates in the Chilika.

3.6.3 Coupling of carbon and nitrogen uptake

Detailed analysis vis-a-vis coupling of C uptake and N uptake rates in the Chilika
suggested that the uptake of these two elements by phytoplankton did not follow
Redfield ratio (C:N ~106: 16) with the exception of two locations in the entire study
period where it was close to Redfield ratio. The C uptake : DIN uptake ratio remained
less than 6.6 at majority of stations during the present study. This indicates the
possibility of C source other than HCOs™ during primary productivity, possibly the
aqueous CO». The C uptake experiments during the present study used only HCO3™ as
tracer and effectively measured only HCOs™ uptake rates. Although their uptake
mechanism is different, both HCOs and aqueous CO: are suitable substrates for
phytoplankton and the response of phytoplankton with changing CO2 concentration
largely depends upon the C uptake mechanism (Colman and Rotatore, 1995; Korb et
al., 1997; Elzenga et al., 2000; Tortell et al., 2002). There are different C concentration
mechanism involved for CO2 and HCOs" fixations. CO2 being a neutral molecule enters

into the cell membrane either by passive diffusion or by active transport; however,
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similar mechanism is prohibited for HCO3™ in algae owing to less solubility in lipid

membrane and generation of negative electric potential difference across the
plasmalemma (Miller et al., 1991; Rotatore and Colman, 1991; Rotatore and Colman,
1992; Rotatore et al., 1995; Raven, 1997; Li and Canvin, 1998; Neven et al., 2011).
Thus, HCOs™ incorporation occurs through direct active uptake as well as by conversion
of HCOz3™ to CO2 using carbonic anhydrase (Badger et al., 1998; Kaplan et al., 1998).
There is some understanding regarding the ratio at which HCO3™ and CO are taken up
by marine phytoplankton but it remains largely unknown for coastal species. A study
by Burkhardt et al. (2001) showed that CO: HCO3 uptake ratio for two marine diatoms
(P. tricornutum and T. weissflogii) decreased with decreasing CO> concentrations
although there was uptake increment of substrate affinities for both CO2 and HCO3
(Burkhardt et al., 2001). During the same study, half saturation concentrations of CO>
and HCOs™ were <5 and <700 uM for CO, and HCOz3" uptake, respectively (Burkhardt
etal., 2001).

During the present study, the deviation of C uptake: DIN uptake rates from the
Redfield ratio could be due to uptake of aqueous CO; along with HCOs". This is likely
as the Chilika remains supersaturated with respect to CO: in all seasons (Gupta et.,
2008). Except few locations, pCO- in surface waters of the Chilika was higher than
atmospheric value during the present study as well (described in the following section).
Aqueous CO2 concentrations were also in the required range which varied from 3.94 to
206.33 umol Lt during the present study. The deviation of C uptake : DIN uptake rates
from the Redfield ratio has been observed in the Cochin estuary as well, which is also
supersaturated with respect to CO, (Bhavya et al., 2017). A negative correlation
between DIC concentrations and C uptake rates was observed during monsoon (r? =
0.70; p = 0.002) and postmonsoon (r? = 0.53; p = 0.0009) which turned poor during
premonsoon (figure not shown). Taken together, in order to understand the relative role
of aqueous CO2 and HCOz™ during primary productivity in CO> supersaturated aquatic
systems, simultaneous uptake rates measurement of both these species is warranted.
This may also provide a clue whether using only HCOs" tracer as a measure of primary

productivity in such systems underestimates the primary productivity.
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3.7 Dissolved inorganic carbon dynamics in the Chilika

Identifying the processes responsible for spatial and temporal variability of DIC in

estuarine and lagoon systems is important to thoroughly understand its C
biogeochemistry. The 53Cpic is an important tool for distinguishing and tracing
sources, sinks, and transformations of C in the water column (Quay and Stutsman,
2003). The measured DIC concentrations and §*Cpic values in the transitional zones
such as lagoons and estuaries depend upon various processes within such systems. The
physical processes involved are sea-river water mixing, chemical weathering, supply
of soil CO2, CO- exchange with the atmosphere; whereas the biogeochemical processes
involved are biological production, precipitation or dissolution of minerals such as
carbonate, and respiration and degradation of organic matter (Alling et al., 2012;
Samanta et al., 2015).

The factors controlling DIC concentration and 3'*Cpic in the open ocean are
well known, whereas spatial and temporal variation in §**Cpic of estuaries and lagoons
(coastal areas) are much more pronounced and influence of freshwater further
complicates the signal (Gruber et al., 1999; Racapé et al., 2013). However, given the
importance of estuaries and lagoons in overall C cycling, in particular CO; efflux to

the atmosphere, it is important to study the DIC dynamics in these systems worldwide.
3.7.1 Variation in DIC concentration, 8*Cpic and pCO; in the Chilika

For monsoon, DIC concentrations ranged from 1193 - 2071 pumol L and during
postmonsoon it varied from 1390 - 1907 umol L (Table 5). Surface DIC
concentrations during premonsoon ranged from 822 - 2250 umol L?, whereas for
bottom waters the same varied from 820 - 2227 umol L (Table 5). For monsoon and
postmonsoon, 5*Cpic ranged from — 4.5 to — 0.1 %o and — 7.1 to — 3.6 %o, respectively
(Table 5). Surface §'Cpic in the lagoon during premonsoon ranged from — 8.2 to — 1.0
%0 and for bottom waters the same varied from — 8.3 to — 2.7 %o (Table 5). In general,
the northern sector showed lower DIC concentrations compared to other sectors with

Stn. 1 having the lowest concentration during the study period. No spatial pattern in
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83Cpic was observed from the fresh to marine zone in the lagoon. Average 53Cpic for

the monsoon was relatively higher compared to other two seasons.

Variable pCO2 was observed during three seasons. During monsoon, pCO> varied from
140 patm to 1234 patm with an average of 626 patm, whereas during premonsoon the
same ranged between 294 and 5862 patm with the average of ~ 3411 patm. The pCO>
during postmonsoon ranged from 480 to 5902 patm with an average of 1969 patm
(Figure 3.22).

3.7.2 Mixing curve approximation

The 8'3Cpic in estuarine/lagoon water represents a bulk property whose values are
influenced by different sources of C and processes that cause *C versus *°C
partitioning that affect the DIC pool (Atekwana et al., 2016). To understand the major
processes affecting 6'3Cpic and DIC concentrations in the lagoon, the concept of
mixing curve approximation was employed through our data. Under conservative
mixing, the value of DIC and &**Cpic at a particular location in the lagoon would be
dependent upon the fraction of each end members (sources) at that place. In an
estuary/lagoon, likely dominant sources controlling DIC dynamics are the waters of
two different salinities; i.e., freshwater and marine water. The DIC concentration and
313Cpic due to such conservative mixing would be as follow:

DIC,;x = DIC¢F¢ + DIC,, (1 — Fy)
Where, subscript f and m refer to freshwater and marine water end member,

respectively. Fs is the fraction of freshwater that was calculated from salinity as:

Fe=1- [Sal]s/[Sal]

Where ‘sal’ denotes salinity and s refers to sample. Similar to DICmix, 8:3Cpic(mix) Was
calculated using equation adapted from Mook &Tan (1991) :

s13C o Saly(DIC;8'3C; — DIC,,,8'3C,,,) + Sal;DIC,,813C,,, — Sal,, DIC8*3C;
DIC(mix) Sal,(DIC¢ — DIC,,) + Sal¢DIC,, — Sal,,DIC¢

Average DIC (1921 pmol L), §8*3Cpic (~10.2 %o) and salinity (0.35) values obtained

for major rivers (Makara, Luna and, Bhargavi) draining into the Chilika were
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considered as values for freshwater end member for these parameters during all

seasons. During monsoon and postmonsoon, values for the marine end members (DIC:
1500 pmol L; 8Cpic : — 1.2 %o) have been taken from the reported data for the
northern BOB (Dutta et al., 2010; Akhand et al., 2012). Marine end member values for
DIC and 8*3Cpic were taken as 1830 umol L and — 0.4 %o for the calculation of DICmix
during premonsoon (Sabine et al., 2002; Dutta et al., 2010). The salinity values
mentioned in the above references were taken as marine end member value for salinity.
Using the above-mentioned method, the calculated conservative mixing values for DIC
and 8'®Cpic along with observed values in the Chilika are shown in Figure 3.23.
Majority of observed DIC and §*Cpic values did not follow the conservative mixing
line, which implies the presence of additional processes modifying DIC and §*Cpic in
the lagoon. Similar behavior of DIC and *Cpic has also been observed in other Indian
estuaries (Bouillon et al., 2003; Samanta et al., 2015).

To decipher different processes responsible for controlling DIC dynamics in
the Chilika, deviations of DIC and 3**Cpic from the conservative mixing values were
calculated as follows (Alling et al., 2012):

A8 Cpyc = 813Csample — 8" Cpnix
[DIC]sampie — [DIC]mix

[DIC] mix

Where, ADIC is deviation in DIC concentration relative to calculated conservative

A[DIC] =

mixing concentration (DICmix). A8*Cpic is deviation from the conservative mixing
calculated 5'3Cpic and is simple difference in isotopic composition of sample to that of
d3Cpoicmix. Following Alling et al. (2012), a four-quadrant plot was obtained by
plotting ADIC vs. AS**Cpic. The sampling points around the centre of the plot represent
locations where DIC and §*3Cpic values are solely influenced by conservative mixing
(Figure 3.24). During the present study, however, only a few samples clustered around
the centre and majority of samples were spread in different quadrants indicating
influence of different biogeochemical and physical processes on DIC dynamics. The
data in the Figure 3.24 can be explained by the combination of four processes: (i)

decomposition or degradation of organic C (DC), (ii) carbonate dissolution (CD), (iii)
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carbonate precipitation (CP), and (iv) outgassing of CO, (OG) or biological production
(BP). The first two processes, i.e., DC and CD adds DIC to the system, whereas CP

and OG/BP removes DIC from the system. Similarly, DC and CP depletes the DIC
pool in 13C, whereas CD and OG/BP enriches the DIC pool in *3C.
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Figure 3.22: Variation of pCO2 with AOU in the Chilika lagoon.
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Table 5. DIC concentrations and 83Coic values for the Chilika waters (SL: represents samples lost during transportation;
NA: Sampling not performed at that location).

Monsoon Premonsoon (surface) Premonsoon (bottom) Postmonsoon
DIC 8Cpic DIC 3Cpic DIC 8%Coic DIC 8Cpic

Station (umol L) (%0) (umol L) (%o) (umol L) (%) (umol L) (%o0)
1 1301 SL 822 —-43 820 —-4.7 1390 -5.0
2 1193 SL 1102 -4.0 1057 —-4.1 1741 -6.0
3 SL SL 1215 -7.7 1275 -8.3 1508 —-4.7
4 SL SL 1853 -3.8 2010 -7.7 1746 -5.7
5 2071 —-44 1894 -1.0 NA NA 1688 -7.0
6 1896 -3.6 2021 —4.2 2227 -17.3 1733 -5.5
7 1924 SL 2044 -8.2 NA NA 1798 -53
8 2028 —-4.5 1745 -3.1 1692 -3.0 1751 -5.6
9 SL SL 1677 -6.1 NA NA 1820 -5.1
10 SL SL 2051 -4.0 1909 -3.6 1853 -5.0
11 1878 SL 1867 —-4.7 1867 —-4.7 1898 -4.38
12 1823 SL 1857 —-4.1 1857 —-4.1 1819 —-4.7
13 SL SL NA NA NA NA 1764 -6.6
14 SL SL 1967 -2.7 1967 -2.7 1834 —-4.6
15 1853 -2.8 1627 -14 NA NA 1675 -7.1
16 1909 -0.1 1642 -1.1 NA NA 1737 - 6.4
17 NA NA NA NA NA NA 1907 -3.6
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Figure 3.23: Observed and conservative mixing values of DIC and §Cpic in the
Chilika for different seasons.
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Figure 3.24: Various processes controlling DIC and §*3Cpic dynamics in the Chilika

lagoon (BP: biological production; OG: outgassing of CO.; CP: carbonate
precipitation; CD: dissolution of carbonate; DC: degradation of organic carbon).

3.7.3 Biogeochemical processes modulating DIC in the Chilika

Degradation of organic carbon

Degradation of organic C or aerobic respiration can be an important process
contributing to the DIC pool. Both dissolved organic C and POC degradation adds DIC
to the system without substantial isotopic fractionation (Norrman et al., 1995; Hullar
et al., 1996). In the Chilika, only five samples belonging to the central sector of the
lagoon during premonsoon exhibited clear signature of degradation of organic matter
on DIC (Figure 3.24). This may be due to macrophytic respiration in some part of the
central sector. The net community respiration by the macrophytes in the Chilika is
estimated to be around 3.67 gC m3d (by the in situ Oz incubation experiment in dark)
which can produce 153 umol kg* of DIC (Gupta et al., 2008). Furthermore, significant
correlation between pCOz and AOU (r? = 0.61; p < 0.05) during monsoon also

suggested influence of organic matter oxidation on the pCO2 and hence on DIC (Figure

[67]



Biogeochemistry of the Chilika lagoon Chapter 3

3.22). Oxidation of organic matter leading to high pCO> has also been observed in the

Pearl River estuary in China (Zhai et al., 2005). Previous studies have found Chilika to
be heterotrophic (specially the northern sector) with high partial pressure of CO;
(Gupta et al., 2008). Carbon flux through net community respiration in the northern
sector was 203 + 70 mgC m2 h! (Gupta et al., 2008). Bacterial respiration is also
dominant in the northern sector of the lagoon contributing as high as 83% of the total
CO> flux from the lagoon (Muduli et al., 2012). However, during the present study

limited clear signature of organic matter degradation on DIC was observed.

Biological production and outgassing of CO2

Most of the samples belonging to postmonsoon and a few samples from premonsoon
fell in the upper left quadrant indicating active biological production and/or outgassing
of CO2 during these periods (Figure 3.24). During postmonsoon, the lagoon was
saturated with O suggesting possibility of increased primary production as O is a
major by-product; however, as mentioned earlier, no relationship between %DO and C
uptake rates was found during the present study. Our results also showed negative AOU
during postmonsoon indicating active primary productivity (Figure 3.22). Although,
lagoon was supersaturated with O2 during postmonsoon, high pCO2 was also observed
during the same season. Except four locations, pCO: in the Chilika was higher than the
atmospheric value suggesting the potential for CO2 outgassing, which in turn modifies
the DIC chemistry. Out of 42 sampling locations, only 4 showed negative FCO>
indicating outgassing of CO. from the lagoon, making it largely a source of CO- to the
regional atmosphere. Overall, it appears that there is significant spatial variability in

processes modulating DIC dynamics in the lagoon during same season.

[68]



Biogeochemistry of the Chilika lagoon Chapter 3

Carbonate dissolution

Carbonate dissolution adds DIC to the system and increases both DIC concentration
and 8*Cpic in the water column. During the present study, 14 out of 42 samples
belonging to all seasons showed the effect of carbonate dissolution (Figure 3.24). This
signifies the importance of this process in controlling DIC and §'*Cpic in the Chilika
on annual scale. To assess carbonate dissolution process, calcium carbonate saturation
index () was calculated following Millero (2013).

G L n

sp
Where [Ca?*] [COs?] is the ion product of the concentrations of Ca?* and CO3s? and
K*s is the solubility product at in situ salinity and temperature. Ca®* and CO3*
concentrations have been calculated based on thermodynamic formulas of Millero
(2013) using in situ salinity, temperature and TA. Except one sample, Q < 1 was
observed throughout indicating carbonate dissolution as an active process in the Chilika
lagoon.

If dissolution of carbonate plays active role in the lagoon then it would supply
excess calcium and hence will result in its non-conservative behavior in the lagoon. To
calculate the deviation of dissolved Ca from the conservative mixing, mixing values
were calculated using 12.12 mmol L as ocean end member (Sen Gupta et al., 1978)
and 0.10 mmol L for freshwater end member (calculated following thermodynamic
formula of Millero (2013) using average salinity of Makara, Luna, and Bhargavi
Rivers). Mixing calculations of Ca showed excess Ca in the lagoon throughout. A plot
of ACa with ADIC showed significant correlation during premonsoon (Figure 3.25; r?
=0.67 and p <0.0001) and postmonsoon (Figure 3.25; r?=0.87 and p = 0.001) securing
additional evidence for the occurrence of carbonate dissolution in the lagoon. Although
all monsoon samples fell within carbonate dissolution quadrant (Figure 3.24), no
correlation was observed between ACa and ADIC for monsoon, which suggested

simultaneous role of other process during that season.
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Carbonate precipitation

Carbonate precipitation removes *C from the system as during precipitation heavier
isotope precipitates preferentially causing decrease in DIC as well as 8*Cpic. During
the present study, all samples showed Q < 1 except one sample during monsoon. This
shows that carbonate precipitation does not play a significant role in controlling DIC
dynamics in the lagoon. If the ionic product of Ca?* and CO3?> exceeds the solubility
product of these two components then carbonate would precipitate. In this study,
although we have observed higher Ca?* concentration, CO3s> concentration was lower
and the product of these two never exceeded the solubility product. The station where
we have observed Q > 1 (Stn. 12- southern sector) has the highest CO3?* concentration

as well as relatively higher Ca?* concentration.
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Figure 3.25: Relation between ADIC with ACa in the Chilika lagoon.

Overall, it appeared that DIC dynamics in the Chilika was shaped by the interplay of
different processes during different seasons and locations. CO. outgassing and

carbonate dissolution appeared to be modulating DIC across season and locations;
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primary productivity appeared to be a dominant process in modifying DIC during

postmonsoon. At few locations during premonsoon, degradation of organic matter

appeared to play a dominant role.

Groundwater discharge

Although the processes mentioned above control the DIC dynamics in the Chilika
lagoon, possibility of contribution from ground water needs to be explored.
Groundwater is known to have high DIC and our two groundwater samples also
showed very high DIC concentrations (Pantha Niwas: 9484 pmol L™ and Barkul:
10064 umol LY. The TA/DIC ratio is considered to be a proxy for identification of
ground water contribution to the aquatic system. During dry season, TA/DIC > 1
indicates ground water mediated DIC input to the estuarine system (Guo et al. 2008).
During the present study, except for a few samples, TA/DIC ratio was < 1 implying
that the Chilika is not significantly influenced by groundwater discharge and hence it

may not have important role in controlling DIC chemistry.

3.8 Biogeochemistry of sediments in the Chilika lagoon and
Bhitarkanika mangrove

The organic matter in the bottom sediments of transitional aquatic ecosystems (defined
as SOM) is a complex mixture of components originating from marine as well as
terrestrial sources (Tesi et al., 2007). The particulate detritus of plants in the water and
on the land surrounding an aquatic system comprises the primary source of organic
matter to the sediments (Meyers and Ishiwatari, 1993). The SOM participates in
biogeochemical processes such as mineralization and supply nutrients to benthic
animals and microbes (Meyers and Ishiwatari, 1993). Also, SOM are widely used as
proxies for the reconstruction of paleo-climate and paleo-environment (Shen, 2013)
along with acting as a global sink for CO by locking it over a geological time scale
(MacKenzie, 1981).

Similar to lagoons, intertidal mangrove ecosystems are also an important

interface for the C and N cycle in tropical coastal environments. Mangrove sediments
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are also known for long-term sequestration of organic C because of its high

productivity and low sediment respiration to net primary production ratio and hence
plays an important role in the global C cycle (Jennerjahn and Ittekkot, 2002; Alongi,
2014). The most extensive areas of mangrove forest occur on sedimentary shorelines,
where large rivers discharge in low gradient coastlines (Bouillon et al., 2003).

The 813C and 8N are extensively used to trace the provenance of organic
matter along with their transformations through processes such as mineralization or
diagenetic alterations in marine and terrestrial environments (Davies et al., 2016;
Koziorowska et al., 2016; Parker et al., 2016; Sun et al., 2016; Garzon-Garcia et al.,
2017; Nitzsche et al., 2017). The 8'3C is particularly useful to distinguish between land
and marine sources of organic matter (Sarma et al. 2012b; Krishna et al. 2013; Shynu
et al. 2015; Lujaniené et al. 2016; Garzon-Garcia et al. 2017). In general, terrestrial
organic matter has lower 8*3C and §°N compared to marine organic matter (Vizzini et
al., 2005).

Along with 8!3C and 8N, Corg/N ratio also plays an important role in source
identification of organic matter. Generally, marine algae have Corg/N ratios between 4
- 10, whereas vascular land plants have Corg/N ratios of > 20 (Meyers, 1994). The
mixing of organic matter from different sources cause a shift in §3C, 5°N and Corg/N
from their typical end member values, especially in the case of coastal settings (Lamb
etal., 2006). To distinguish different sources of organic matter in mangrove and lagoon
sediments and to estimate changes in source along with Corg burial over time, it is
important to understand source indicators which clearly differentiate between different
types of organic matter inputs (Lamb et al., 2006). Studies using Corg/N ratios as tracers
of different organic matter end member showed that the ratio can be altered by many
processes, including ammonification, nitrification and denitrification (Matson and
Brinson, 1990; Thornton and McManus, 1994; Cifuentes et al., 1996; Andrews et al.,
1998; Yamamuro, 2000; Graham et al., 2001). Decrease in Corg/N ratios with depth
have also been observed due to absorption of organic or inorganic N onto silicate clay
surfaces (Macko et al., 1993) or the incorporation of N by bacteria in decaying organic

matter (Cifuentes et al., 1996). The magnitude of §'°N changes will, however, depend
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on a range of factors such as availability of inorganic N substrate, N fixation, §°N

signature of the newly added N, and fractionation effect (Altabet et al., 1995; Meyers
and Arnaboldi, 2008).

Limited Studies related to sources of organic matter and its burial in coastal and
mangrove systems exists in tropical climate with a few reports from Indian estuaries
(Prasad and Ramanathan, 2009; Ranjan et al. 2011; Sarma et al. 2012b; Krishna et al.
2013; Shynu et al. 2015; Sarkar et al. 2016). In particular, studies utilizing N isotopic
composition of SOM are even more scarce compared to C owing to its complexity and
narrow variability during an annual productivity cycle. Although 5°N are increasingly
used as tracers for the food chain and trophic interactions in lakes, more studies related
to annual variations in 8N of sedimenting particles are needed for a better
understanding of the factors controlling the cycling of N in aquatic systems
(Bernasconi et al., 1997). Additionally, the coupling between suspended POM in the
water column and SOM needs to be clearly understood. During the present study, an
attempt was made to understand the dynamics and cycling of C and N at two Ramsar
sites (Chilika lagoon and Bhitarkanika mangrove) in the east coast of India using stable
isotopes measurements in sediments. The specific aims of this part of the thesis were:
(1) characterization of different sources of organic matter at two contrasting
ecosystems, (2) quantification of contributions from different sources to the organic
matter pool using mixing model, (3) to investigate potential relationships between
POM and SOM, and (4) to study transformation of organic matter during burial. The
locations of the sediment cores in the Chilika lagoon and Bhitarkanika mangrove has
been shown in Figures 3.2 and 3.3 and details of sampling depth and methodologies

followed is described earlier.

3.8.1 Concentrations and isotopic compositions of carbon and
nitrogen in sediment organic matter

The %Corg, %N and Corg/N ratio in cores C-1 to C-8 in the Chilika lagoon and Core A

to Core C in the Bhitarkanika mangrove varied substantially. The depth profiles of
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313Csom, 8*°*Nsom, %Corg, %N and Corg/N ratio in the lagoon and mangrove sediments

are shown in Figure 3.26 and 3.27.

Chilika lagoon

Organic C and N in the surface sediments of the Chilika lagoon varied from 0.20 to
1.86 % and 0.03 to 0.20 %, respectively. Average %Corg and %N were observed to be
the highest at C-3 in the central sector of the lagoon compared to other sectors (Figure
3.26). At the majority of locations, Corg/N ratio showed a slight decrease with depth.
Depth-wise changes in %Corg Were more than %N. Increase in %Corg at 10 cm depth
was observed for C-1, 2, 4, 6, and 7 whereas, decrease in %Corg Was observed for C-3,
5, and 8 at the same depth (Figure 3.26). 8*Csom in the Chilika lagoon's surface
sediment varied from —21.9 %o (C-3) to —19.9 %o (C-8) and 6°Nsowm ranged from 3.3
%o (C-5) to 4.6 %o (C-8). Except for C-1, no significant enrichment in §3Csom and
3®Nsom was observed with depth. C-1 showed significant enrichment in both 5*Csom
and 8°Nsom with depth where it increased from —21.6 to —18.9 %o and 3.7 to 6.2 %o,
respectively. Overall for all depths, mean §**Csom, 51°Nsom, %Corg and %N were —21.1

% 0.8 %o, 4.2 £ 0.6 %o, 0.84 = 0.47 % and 0.11 = 0.05 %, respectively (Figure 3.26).

Bhitarkanika mangrove

In the Bhitarkanika mangrove, the surface %Corg ranged between 1.10 % (Core C) to
1.34 % (Core B), whereas %N did not show any variability (0.07 - 0.08 %). Average
%Corg Was observed to be the highest at Core A compared to other two cores (Figure
3.27). %N showed a consistent decrease with depth in all three cores. %Corg Showed a
wider variation with depth in all cores with no particular trend (Figure 3.27). Large
variation with no consistent depth-wise trend was observed for Corg/N ratio as well. At
cores A, B and C, the Corg/N ratios varied from 13.20 to 18.83, 6.78 to 18.46 and 8.12
to 14.03, respectively. Surface 5*Csom and §*°*Nsom varied from —25.3 %o (Core A) to
—24.3 %o (Core B) and 3.9 %o (Core C) to 4.7 %o (Core B), respectively. The three
sediment cores showed different §**Csom and 6°Nsowm profiles with depth. The overall
increasing trend in 8*Csom and 8'°Nsom with depth was found for Core A. No such

clear trend was observed at Core B. Core C showed slight depletion in 3*°Nsom and an
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overall increase in 8**Csom. Overall, for all depths, mean §**Csom, $*°*Nsom, %Corg and
%N were —24.6 £ 0.8 %o, 4.3 = 0.5 %o, 1.04 £ 0.26 %, 0.07 £ 0.01 %, respectively
(Figure 3.27).

3.8.2 Sources of organic matter in the Chilika-Bhitarkanika sediments
The 5'°Nsowm in the Chilika and Bhitarkanika showed overlapping signatures (Chilika:
3.3 - 6.2 %o; Bhitarkanika: 3.5 - 5.2 %o), whereas 8**Csom (Chilika: —22.3 to —18.9 %o;
Bhitarkanika: —25.8 to —22.6 %o) and Corg/N ratio (Chilika: 1.43 to 12.36; Bhitarkanika:
6.78 to 18.83) were quite distinct (Figure 3.28). Based on 8*3Csom and Corg/N ratio, the
source of organic matter in the Bhitarkanika mangrove sediments appears to be a
mixture of terrigenous and marine origin. Carbon isotopic composition of POM in the
water column of Chilika, a source of organic matter to the sediments, also indicated
mixed, terrestrial and marine, signatures in different sectors of the lagoon (Figure 3.29).
The 8*Csom of the Chilika was on an average 2.6 %o higher compared to §**Cpowm.
Three hypotheses can be provided for this significant increase (p = 0.001) in §*C from
POM to SOM in the lagoon. First, diagenetic alteration or decomposition of organic
matter in the water column as well as in the sediment column evidenced by the benthic
flux of DIC in both weedy (694 Mg d™!) and non-weedy (317 Mg d™?) environments
of the lagoon (Muduli et al., 2013). This high flux of DIC suggests higher
remineralization or decomposition rates in the lagoon. During decomposition of
organic matter, the lighter isotopes (*2C and **N) gets preferentially mineralized
leaving remaining organic pool enriched in the heavier (**C and '°N) isotopes.
Secondly, domination of submersed aquatic vegetation in the lagoon (especially in the
northern sector) can have important role in increasing the 5*3Csom as reported in Lake
Panasoffkee (Brenner et al., 2006), where few aquatic submersed vegetation have high
313C values (e.g. Najas: —16 %o; Vallisneria: : —16 %o; Potamogeton: —13 %o; Hydrilla:
—13 %o). This vegetation with high §*3C may settle to the sediment after completing
their life cycle leading to increase in 8*3Csom relative to 5*Cpom. Third, the high

residence time of water in the lagoon (premonsoon: 127 days; monsoon:12.3 days;
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(Gupta et al., 2008) may favour organic matter remineralization in the water column

leading to increase in §:°C.

Average 5°Csom for mangrove sediments was ~ 3.5 %o lower compared to that
of lagoon sediments indicating relatively higher terrestrial influence in the
Bhitarkanika mangrove. Our data for §**Csom and §°Nsowm in the mangrove sediments
fall in the range observed for Pichamvaram mangrove forest sediments (8**Csom = —
24.3 £ 1.8 %o and 5'°Nsom = 4.2 = 0.86 %o; Ranjan et al., 2011) and 53Csom values of
other mangrove/estuarine ecosystems in the world such as Vietnam (8**Csom: —23.0 =
0.4 %o; Kennedy et al. 2004), Philippines (§*Csom: —25.6 to —25.9 %o; Kennedy et al.
2004), Tanzania (82Csom: —25.5 %o; Muzuka and Shunula, 2006), and Florida
(8¥3Csom: —28.9 to —19.0%o; Hernandez et al., 2001). This indicates the uniformity in

processes active in regulating the C dynamics in mangrove systems across the globe.

3.8.3 Depth-wise transformation of sediment organic matter
Based on a previous study, an attempt was made to determine the age of the collected
cores in the Chilika lagoon. Sedimentation rates in different sectors of the lagoon are
0.76 cm/year, 0.80 cm/year and 0.28 cm/year for the northern, central and southern
sectors, respectively (Unnikrishnan et al., 2009). Applying these sedimentation rates
for the respective sectors, the approximate age of the sediment cores (from C-1 to C-8)
were estimated to be 26, 39, 25, 18, 18, 53, 53, 18 years, respectively.

In the Chilika lagoon, the two sediment cores from the southern sector, which
is connected to an estuary through Palur canal (Figure 3.2 and 3.26; C - 6 and C - 7)
showed no significant depth-wise variability in §**Csom and §*°Nsom. The %Corg and
Corg/N ratio in these cores, however, showed an increase at 10 cm depth indicating a
possible change in organic matter source or preferential mobilization of N in the past.
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Figure 3.26: Depth profiles of §:3Csom, 6°Nsom, %Corg, %N and Corg/N ratio in SOM
of the Chilika lagoon.
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Figure 3.27: Depth profiles of §*Csom, 5°Nsom, %Corg, %N and Corg/N ratio in SOM
of the Bhitarkanika mangrove.

33Csom and 8®°Nsom of sediment cores in the central sector of the lagoon
(Figure. 3.26; C-3, C-4 and C-5) did not demonstrate much change up to 10 cm,
although there is an increment in §°*Nsowm value in case of C-3 at 15 cm depth. Corg/N

signal showed predominantly marine signature (Corg/N < 10) with small decrease with
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depth. C-2 is located in the mixing zone of the northern and central sector which

showed an increase in §*3*Csomand §*°Nsowm along with Corg/N at 15 cm depth indicating
active remineralization process with preferential N mobilization. C-1 in the northern
sector of the lagoon showed a steady increase in 8:3Csom and 8°Nsom with depth,
potentially suggesting increased marine influence or increased in situ phytoplankton
production in the lagoon itself, which is counter intuitive as this sector suffers more
fluvial input compared to other sectors. This increase can also be attributed to
remineralization during burial process. The anomalous decrease in Corg/N with
predominantly marine signature has been observed at 10 cm depth in C-1 probably
indicating the formation of organic matter in N surplus environment (Fig 3.26). Core
C-8, located in the outer channel clearly indicated the marine dominance with virtually
no depth-wise variation.

Cross-plots of §*Csom and 8*°Nsom Vs. Corg/N (Figure 3.28) can be used to
understand the dominance of different sources of organic matter in the study area.
Although the 3*3*Csom is a good indicator of organic matter source in mangrove and
estuarine ecosystems, §*°Nsom and Corg/N ratios, sometimes, can be unreliable as they
are influenced by diagenetic alterations (Prahl et al., 1997). The 5*Csom Vs. Corg/N and
3®Nsom Vs. Corg/N (Figure 3.28) indicate that both lagoon and mangrove systems in
the present study differ significantly in terms of organic matter characteristics. The
3'Nsom and 8Csom values of Chilika lagoon as well as Bhitarkanika mangrove are
within the range reported in various aquatic systems within India (Table. 6).

The 5'3Csom of the Bhitarkanika mangrove lie between —25.8 to —22.6 %o which
point towards mixed marine and mangrove/terrestrial origin. Barring surface, Core A
within the mangrove showed a general depth-wise increase in §*3Csom and §**Nsom
(Figure 3.27; core A). Cog/N ratio, though fluctuating, showed predominantly
terrestrial signature (Corg/N > 12). In core B, both 5'*Csom and 5'°Nsom did not show
significant variability with depth. Corg/N ratio, however, at this place showed the
highest variability (6-18) with an anomalous decrease at 20 cm depth. The slight
increase in 8*Csom at same depth may be due to susceptibility for degradation of

marine organic matter than terrestrial derived organic matter (Hedges et al., 1997).
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Variable §*Csom observed with depth may be because of diagenetic alteration in the

past. All the three cores showed a consistent decrease in %N with depth but showed a
significant variation in %Corg and hence the large variation in Corg/N ratios. The Corg/N
ratios in all the cores fell within the range of terrestrial values possibly suggesting a

mixture of vascular and non-vascular plants.
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3.8.4 Proportion of terrestrial and marine sources to sediment organic

matter

Based on organic matter inputs from terrestrial and marine sources, two end-member
mixing model was applied for the Bhitarkanika mangrove. The mixing ratio was
calculated based on the formula given below (Calder and Parker, 1968; Koziorowska
etal., 2016)
8B Cpar — 613C
Feerr (%) = e d x 100

613 Cmar - 613Cterr

Where Fier is the contribution from terrestrial and/mangrove fraction, 8**Ceerr is C
isotopic composition of terrestrial end-member, §**Cmar is C isotopic composition of
marine end-member, and 8*3Cx is measured §'3C values of SOM. For the purpose of
calculation, '*C of POM in the Chilika lagoon at the northernmost location during
monsoon (— 29.2 %o; Stn. 1) was considered as §3Cierr. The §3C of POM observed at
station 16 in the outer channel area (— 21.3 %o; monsoon) was considered as 8**Cuar.
Based on this, sediments from cores B and C showed that almost ~ 60 - 70 % of organic
matter in these cores is composed of terrestrial/mangrove vegetation and rest is of
marine origin (Figure 3.30). Core A indicated ~ 50 % terrestrial and ~ 50 % marine
contribution as this particular station is located in the marine influence zone (Figure
3.30). An attempt was made to estimate the fraction of terrestrial contributions to the
SOM of Chilika using the same end member values; the calculation showed
overwhelmingly marine contribution as all data points of §3C for SOM fell within the
marine range. However, this calculation did not take into account the increase in C
isotopic composition of SOM in the Chilika due to biogeochemical transformations as
evidenced by increase in **C from POM to SOM.

The findings of the present study along with other similar studies (e.g., Meyers
1994; Gonneea et al. 2004) emphasize that the amount and type of organic matter in
the sediments of aquatic and mangrove ecosystems vary over time and eventually

contribute to their paleo-environmental and paleo-climatological records. Also, only a
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small fraction of the suspended organic matter produced or brought in to the photic

zone survives alterations during sinking and sedimentation in such systems. Despite
being modified due to selective degradation, the small surviving fraction of organic
matter gets incorporated in the bottom sediments preserving the source and
environmental records in the elemental (Corg/N) and isotopic composition of organic

matter (5**Csom and 5°Nsowm).
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Figure 3.30: Fraction of marine and terrestrial contributions to the organic matter
pool of the Bhitarkanika mangrove sediments.
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Table 6. 8'3Csom , 8 Nsom, %Corg, %0N and Corg/N ratio of the SOM in the Indian estuaries, mangrove ecosystems
and coastal ocean from the published and present studies (NA: data not available)

Location 8*3Csom (%o) 5Nsom (%o) Corg (%) N (%) Corg: N References
Coringa estuary (mangrove creek) -21.3+10 44+0.8 NA NA NA (Bouillon et al., 2002)
Coringa estuary (mangrove outlet) -202+11 44+0.8 NA NA NA (Bouillon et al., 2002)
Chunnambar (riverine/mangrove) -24.5t0-23.3 NA 04- 06 NA 7.5-10.8 (Bouillon et al., 2004)
Off Goa (Eastern Arabian sea) -21.4t0-20.5 6-7.8 2.32-34 0.24-0.40 85-10.5 (Agnihotri et al., 2008)
Pichavaram mangrove -243+18 4.2 +0.86 1.2+0.52 0.08 £0.03 166+4.1 (Ranjan et al., 2011)
Pichavaram estuary -232+16 51+13 0.37+£0.19 0.03+£0.01 123+29 (Ranjan et al., 2011)
Godavari estuary -23.1t0-26.2 11.2-7.3 0.1-09 0.01-0.18 35-185 (Sarma et al., 2012b)
Bay of Bengal (shelf region) -23.3t0 -16.7 3.7-13.5 0.63-1.64 0.02-0.13 9.2-46.6 (Krishna et al., 2013)
Bay of Bengal (slope region) -21.4t0-17.6 49-8.3 0.85-1.99 0.05-0.18 9.9-18.6 (Krishna et al., 2013)
Mandovi estuary (wet season) -27.2t0-21.6 4.0-10.0
Mandovi estuary (dry season) B4 to 241 6656 0.27 - 1.34 0.0 1- 0.07 11.9-24.3 (Shynu et al., 2015)
Zuary estuary (wet season) -26.5t0 -25.2 0.01-6
Juary estuary (dry season) 63te 245 a0+ 53 0.24 - 0.52 0.02 - 0.06 8.57-125 (Shynu et al., 2015)
Vembanad lake (northern part) -20.13t0 -26.29 0.97 - 9.85 0.25-3.55 0.02-0.39 10.77 - 15.70 (Sarkar et al. 2016)
Vembanad lake (southern part) —-24.96 to -27.19 1.07-7.24 0.37-4.49 0.03-0.34 12.44 -17.12 (Sarkar et al. 2016)
Chilika lagoon (estuary) -21.10£0.79 4.15+0.63 0.84 £0.47 0.11+£0.05 14.47 £ 3.27 (present study)
Bhitarkanika mangrove -24.56 £ 0.80 4.28 £ 0.50 1.04 £0.26 0.07+£0.01 7.30+ 2.53 (present study)
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Chapter 4

Biogeochemistry of the Hooghly-Sundarbans
estuarine system

Estuaries connecting terrestrial and marine ecosystems record biogeochemical and
hydrological processes operating between these two environments. Estuaries play an
important role in modulating global C cycle and anthropogenic CO2 budget (Bauer et
al., 2013; Regnier et al., 2013; LeQuéré et al., 2016). Atmospheric CO: is sequestered
into terrestrial systems through photosynthesis and weathering reactions and is
transported to the ocean via rivers and estuaries. About 1x10%* g of C is discharged
annually from the land to the ocean through rivers and estuaries (Degens et al., 1991).
Approximately 40 % of this C is discharged as DIC and the rest as DOC and POC
(Richey et al., 2002). Although estuaries forms only ~ 4% of the continental shelf
regions, CO. efflux from the estuarine surface waters is comparable to CO; uptake in
continental shelf regions of the world (Borges et al., 2005; Cai et al., 2006; Chen and
Borges, 2009; Cai, 2011), suggesting estuaries to be not only active pathway for the
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transport of C (lttekkot and Laane, 1991) but also a hotspot for biogeochemical

modification of organic matter (Frankignoulle et al., 1998).

Mangroves covering 137,760 km? along tropical and sub-tropical estuaries and
coastlines (Giri et al. 2011) are among the most productive natural ecosystems in the
world with net primary productivity of 218 + 72 Tg C yr? (Bouillon et al. 2008). The
biogeochemical characteristics of a mangrove-dominated estuary is largely different
from anthropogenically polluted estuary, where much of the organic matter is derived
from domestic, agricultural and industrial wastes. In anthropogenically affected
estuarine systems, heterotrophy generally dominates over autotrophy (Heip et al., 1995;
Gattuso et al., 1998) and a substantial fraction of biologically reactive organic matter
gets mineralized within the system (Servais et al., 1987; Ittekkot, 1988; Hopkinson et
al., 1997; Moran et al., 1999). Our understanding about transformation of mangrove
derived C and its subsequent export to the adjacent aquatic system appears to be
limited, particularly when mangroves are disappearing at alarming rates worldwide
(Dittmar and Lara, 2001a; 2001b). A significant fraction of mangrove sequestered C is
supplied to intertidal mangrove sediment via litter fall, which undergoes
biogeochemical transformations leading to emission of trace gases like CO2 and CH4
from the sediments. The rest is exported to adjacent coastal waters or gets buried in
sediment layers as long-term sequestration (Jennerjhan and Ittekkot 2002; Barnes et
al., 2006; Kristensen and Alongi, 2006; Donato et al., 2011; Linto et al., 2014). Lack
of ample quantitative estimation of above-mentioned biogeochemical processes in
many regions of the world restrains mangrove biogeochemists from an in-depth
understanding of these processes, which again leads to uncertainty in the estimation of
coastal C budget on global scale.

In India, research related to C biogeochemistry of estuarine ecosystems have
been in focus since last two decades with emphasis on estuaries located in the southern
India with a few reports on N biogeochemistry (e.g., Bouillon et al., 2003; Sarma et
al., 2012a; Sarma et al., 2014; Bhavya et al., 2017; Bhavya et al. 2018). During the
present study, the focus was on C and N biogeochemical differences of two adjacent

estuarine systems, i.e., the Sundarbans and Hooghly estuary, which are part of Ganga-
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Brahmaputra river system located in the northeastern India. Characteristically, these

two estuaries are very different from each other with estuaries of Sundarbans being
mangrove-dominated and Hooghly as anthropogenically influenced. Biogeochemical
studies in these estuaries are limited to primary measurements with focus on trace gases
(Mukhopadhyay et al., 2002; Biswas et al., 2004, 2007; Ganguly et al., 2008, 2009;
Dutta et al., 2013, 2015a, 2015b, 2017), with exception of one comprehensive nutrient
budget study at the Hooghly estuary (Mukhopadhyay et al., 2006). One of the major
weaknesses of these studies are limited number of sampling locations, particularly in
the Sundarbans. Given the vast expanse of these estuaries, extrapolation of data from
these studies for the entire ecosystem may lead to overestimation/underestimation.
Here, different aspects of N and C biogeochemistry in these two estuarine systems
during postmonsoon with relatively better spatial coverage have been studied. The
postmonsoon sampling was chosen as it identifies as season for peak mangrove leaf
litter fall (Ray et al., 2011) that may have positive or negative feedback on estuarine C
biogeochemistry as well as relatively stable estuarine condition for spatial sampling.
Specifically, the objectives were to (i) trace the sources of POM in the Hooghly -
Sundarbans system, (ii) quantify the rates of DIN and C uptake in these two contrasting
ecosystems, and (iii) investigate factors controlling DIC dynamics in this region.

4.1 Study area and sampling
4.1.1 The Hooghly estuary

The Hooghly estuary lies approximately between 21° 31’ - 23° 20’ N and 87° 45’ - 88°
45" E. It is the first deltaic offshoot of the river Ganges (AHEC, 2011). The depth of
the estuary varies from ~ 21 m at the Diamond Harbour to ~ 8 m at the mouth of the
estuary (CIFRI, 2012). The width of the river at the mouth of the estuary is ~ 25 km
(Mukhopadhyay et al., 2006). Annual rainfall in the estuary varies from ~ 1310 mm to
~ 2300 mm (IMD, 2013) and it receives maximum rainfall during south-west monsoon
(June - September). The freshwater discharge to the Hooghly River varies from 900
m®/s in the dry season to 4000 m®/s in the monsoon season (Mukhopadhyay et al.,
2006).
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The Hooghly estuary serves as the major navigable waterway for Kolkata and

Haldia ports along with Sundarbans islands. As Hooghly river flows through the

densely populated city of Kolkata, the estuary receives high amount of industrial

effluents and urban waste waters (Sadhuram et al., 2005). The estuary remains well-

mixed and vertically homogeneous throughout the year except for monsoon season

(Gole and Vaidyaraman, 1967). Hooghly estuary ultimately mixes with the northern

Bay of Bengal (BOB) near Sagar Island (Figure 4.1). Before mixing with the Bay the

lower estuarine part divides into two channels near Kachuberia, one being main

estuarine stream that directly mixes with the BOB and another smaller channel known

as the Muriganga. The sampling locations in the Hooghly estuary during the present

study is shown in Figure 4.1.
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Figure 4.1: Sampling locations in the Hooghly estuary.
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4.1.2 The Sundarbans

The main artery of the Sundarbans mangrove ecosystem is the tributaries of Hooghly
River (Akhand et al., 2012). The Sundarbans (21° 32" - 22°40' N; 88°05' - 89°00° E) is

the largest mangrove forest in the world situated at the land-ocean boundary of the

Ganges - Brahmaputra delta and the BOB. Since 1997, this natural mangrove forest is
inscribed as a UNESCO world heritage site. The area of Sundarbans is ~ 9360 km? as
reserved forest of which 4200 km? is mangrove forest (Ray et al., 2011). This largest
natural mangrove forest is crisscrossed with many distributaries of the Ganges, such as
Hooghly, Mooriganga, Saptamukhi, Thakuran, Matla, Bidya, Gosaba, Haribhanga,
which form archipelago of 102 islands. Out of these 102 islands, 54 are recouped for
human settlement while the rest are in natural state (Ray et al., 2015). The dominant
mangrove species in this intertidal ecosystem are Avicennia alba, Avicennia marina
and Avicennia officinalis while Excoecaria agallocha and Ceriops decandra are found
scattered (Ray et al., 2015). The present study was carried out at different locations
spread around three major estuaries of the Indian Sundarbans (Saptamukhi (S1-S3),
Thakuran (T1-T3) and Matla (M1-M4)). The sampling locations are shown in Figure
4.2. For the purpose of discussion, henceforth, both the estuarine systems will be
discussed as ‘Hooghly-Sundarbans system’ and the estuaries of Sundarbans will be

called ‘Sundarbans’ unless discussed individually.
4.1.3 Sampling and Experiments

Surface water samples were collected for experiments to measure DIN (NO3™+ NH4")
uptake, and C uptake rates measurement, POM characterization, DIC concentrations,
and 8*3Cpic at thirteen locations in the Hooghly estuary (Figure 4.1) and ten locations
from three different estuaries of the Sundarbans (Figure 4.2) during postmonsoon. The
physico-chemical parameters as mentioned earlier (Chapter 2) were also measured.
Niskin bottle (Oceantest equipment; capacity: 5L) was used for sample collection.
Apart from these samples, twelve groundwater samples (nine around Hooghly and
three around Sundarbans) and a pore-water sample from Lothian Island (one of the

virgin island of Sundarbans) were also collected for DIC and §**Cpic measurements. A
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brief description of the field sampling and experimental techniques used during the

present study has been described in the methodology section (Chapter 2).
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Figure 4.2: Sampling locations at the estuaries of Sundarbans (S1-S3: Saptamukhi;
T1-T3: Thakuran; M1-M4: Matla).

4.2 Environmental parameters

During the study period, surface water temperature varied from 28 to 29 °C and 30.5
to 33 °C for the Sundarbans and Hooghly, respectively with no distinct spatial pattern
(Table 7 and 8). Salinity of the estuaries of Sundarbans varied over a narrow range
(12.74 - 16.69) with relatively lower values at the upper estuarine locations. Compared
to Sundarbans, a slight salinity gradient was noticed at the Hooghly estuary (0.04 -
10.37). Based on the salinity observations during this study, Hooghly estuary can be
classified as: [a] freshwater zone (H1-H6) and [b] mixing zone (H7 — H13). The %DO
indicates the estuaries of Sundarbans (~ 91 — 104 %) to be relatively well oxygenated
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compared to the Hooghly (70 — 104 %). Both pH and TA in the Hooghly estuary (pH:

7.31t08.29, TA: 1.80 to 2.86 meq L) showed relatively wider variation compared to
the estuaries of Sundarbans (pH: 8.01 to 8.13, TA: 2.01 to 2.29 meq L*; Table 7 and
8). No significant correlation was found between pH and salinity indicating that in
Hooghly-Sundarbans system, variability of pH was not regulated by conservative

mixing between marine and freshwaters.
4.3 Nutrients in the Hooghly-Sundarbans

In the Hooghly estuary, NO3™ concentration varied from 26.17- 43.16 umol L with an
average of 35.64 + 5.86 umol L. Similarly, NH4* concentration ranged from 2.35 -
9.92 umol L* with an average of 3.51 + 1.96 pmol L. The POs* and SiOs*
concentrations in the same ecosystem ranged from 0.46 - 2.48 and 81 - 183 umol L
with average values of 1.52 + 0.55 and 133 + 37 pumol L%, respectively. The highest
values for NHs*, PO/ and SiOs* were observed at Stn. H1, whereas NO3z
concentration was the highest at Stn. H4.

The concentrations of NOs" in the Sundarbans varied from 17.45 to 27.71 pmol
L1, whereas NH4" concentrations in the same ecosystem ranged between 1.58 and 3.74
umol L. The average values of NOs and NH4" were 20.23 + 2.90 and 2.10 + 0.60
umol L, respectively. The PO4* and SiOs* concentrations in the same ecosystem
ranged from 0.85 - 1.33 and 55 - 77 pumol L. The highest values for NO3", PO,*, and
SiO4* were observed at Stn. S1; whereas the highest NH4* concentration was at Stn.
M3. There were no specific spatial patterns for nutrients distribution in the Sundarbans.

In both the ecosystems, NOs™ was several folds higher than NH4* with higher
average values in the Hooghly estuary compared to the Sundarbans. The higher
concentration of NOs™ in the Hooghly estuary is possibly due to urban and industrial
waste along with agricultural effluents. There are many industries on both sides of the
Hooghly River dumping their waste in the estuary. The source of NOz in the
Sundarbans is mainly riverine discharge with little influence from the agricultural
effluents. Another possible reason for high NOgz™ in the Sundarbans could be connection
of the Matla estuary to the Kolkata sewage system through the Ichhamoti River via
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Raymangal and Bidyadhari River systems. In the Kolkata sewage system, NOs and

NH4* concentrations have been observed to the order of 100 pumol L (our own
unpublished data) and may have influence on nutrient dynamics at these estuaries.
Apart from these factors, nitrification could be another possible contributor to higher
NOs™ concentration in these two water bodies. Although NO3z™ was high in both the
ecosystems, NHs"concentration was comparatively very low. The exchange of NH3
with the atmosphere could be one of the reasons for lower NH4" concentrations in the
estuaries of Sundarbans (Biswas et al., 2005). Another reason which may have
influence in lowering the NH4" in both the ecosystems is uptake by phytoplankton
(Glibert et al., 2016).

4.4 Sources and transformation of particulate organic
matter in the Hooghly-Sundarbans system

In the Sundarbans, POC concentration varied between 79.6 and 435.7 pmol L (mean:
181.4 + 113.2 pmol L) with no spatial pattern. Compared to that, marginally lower
average POC value (167.1 + 71.7 umol L) was estimated at the Hooghly (94.6 - 313.4
umol L't) with relatively higher values in the freshwater zone (Figure 4.3). The §**Cpom
values varied between —23.8 t0 —22.9 %o (mean: —23.3 + 0.3 %o) and —26.3 to — 23.5 %o
(mean: —24.9 + 0.9 %o) for the Sundarbans and Hooghly estuary, respectively (Figure
4.3). Spatially, in the Hooghly, relatively lower §*Cpom values were observed in
freshwater region compared to mixing zone while no such distinct trend was noticed at
the Sundarbans. The observed 5'*Cpom of the Sundarbans were within the range of that
reported for mangrove dominated Godavari estuary, South India (53Cpom: ~ —19 to —
29 %o, Bouillon et al., 2003) and Khura and Trang rivers, Thailand (§**Cpom ~ —21 to —
33 %o; Miyajima et al., 2009). For the Hooghly, the observed §**Cpom Were comparable
with that previously reported by Samanta et al. (2015).

No significant correlation was found between TSM concentrations and salinity
for both the estuaries (Sundarbans: p = 0.69, Hooghly: p = 0.40; Figure not shown).
However, POC was negatively correlated with salinity in the Hooghly (r> = 0.38, p =

0.02; Figure not shown) but not at the Sundarbans, indicating freshwater run-off
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mediated addition of POC in the Hooghly estuary. Additionally, compared to other

sampling locations relatively higher POC at ‘HI’, ‘H3’ and ‘H4’ at the Hooghly
indicate contribution from nearby jute industry located on both sides of river bank at
these locations. The POC formed relatively larger part of TSM in the Hooghly (0.96 -
4.22 %) compared to the Sundarbans (0.66 - 1.23 %). The lower contribution of POC
to the TSM pool in the mangrove dominated Sundarbans may be due to low primary
production owing to high TSM load (Ittekkot and Laane, 1991) as observed at
mangrove region of the Godavari estuary as well (Bouillon et al., 2003).

Wide range for 813Cpom (rivers ~ —25 to —28 %o; marine plankton ~ —18 to —22
%0; C3 plant ~ —23 to —34 %o; C4 plants ~ -9 to —17 %) have been reported by several
researchers in different environments (Smith and Epstein, 1971; Hedges et al., 1997;
Zhang et al., 1997; Dehairs et al., 2000; Bouillon et al., 2002). On an average, 5-*Cpom
at the Hooghly was relatively lower compared to that of Sundarbans suggesting
relatively higher influence of terrestrial inputs in the Hooghly. In the mixing zone of
the Hooghly, significantly lower 8*Cpom at ‘H11> and ‘H12’ compared to other
locations may be attributed to localized *C depleted organic C influx to the estuary
from adjacent mangroves and anthropogenic discharge, respectively. No significant
correlation between 8*Cpom and salinity was observed during the study period.

Despite being mangrove dominated region, relatively higher §3Cpom in the
Sundarbans compared to mangroves (53C ~ —27 %o; Miyajima et al., 2009) suggest
marine influence or biogeochemical modification of POC within the estuarine system.
Being well-oxygenated system, in situ aerobic biogeochemical transformation of POC
is very likely to occur within the estuary; however, evidence for in situ aerobic POC
mineralization was not obvious. Similar to open ocean environment, the possibility of
organic carbon metabolism within isolated anoxic microhabitats of sinking POM exists
in the mangrove dominated estuaries of the Indian Sundarbans (Reeburgh et al., 2007),

which may favour production of trace gases, such as CHa.
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Figure 4.3: Variability of §**Cpom and POC in the Hooghly-Sundarbans system.

4.5 Dissolved inorganic nitrogen uptake in the Hooghly-
Sundarbans

4.5.1 Variation in uptake rates

In the Hooghly estuary, NOs™ uptake rates varied from 0.01 - 0.45 pmolIN L* h7,
whereas for the Sundarbans it ranged between 0.01 - 0.09 pmolIN L h*t. The average
NO3" uptake rates in the Hooghly estuary and the estuaries of Sundarbans were 0.16 +
0.15 and 0.04 + 0.03 umolN L h%, respectively. Similarly, NH4" uptake rates in the
Hooghly and Sundarbans varied from 0.07 - 1.10 and 0.22 - 0.67 pmoIN L* h7,
respectively (Figures 4.4 and 4.5). The average value of NH4" uptake in the Hooghly
estuary was 0.46 + 0.26 umolIN L™ h'* and the same for the estuaries of Sundarbans
was 0.37 +0.12 umolIN Lt h. The highest NOs™ and NH4" uptake rates in the Hooghly
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Table 7. The environmental parameters in the surface waters of the Hooghly estuary (WT: water temperature)

WT DO TA TSM NOs NH4* POs* SiOs*
Station | (°C) Salinity (%) pH (meqL?) (mgL?) (umolL?) (umolL?) (umolL?) (umol L)

H1l 32.0 0.04 86.06 7.92 2.68 228.00 30.19 9.92 2.48 182.79
H2 33.0 0.07 85.02 7.71 1.92 72.67 33.67 2.35 1.46 161.00
H3 31.0 0.08 86.79 7.83 2.86 289.20 42.10 2.46 2.27 172.91
H4 31.0 0.13 70.53 7.73 2.57 175.33 43.16 2.77 2.10 172.05
H5 31.0 0.19 7244  1.77 2.31 66.83 41.99 3.63 1.69 164.42
H6 30.5 0.32 75.61 7.31 1.88 106.50 42.14 2.80 1.67 160.15
H7 31.5 5.83 9395 7.68 1.80 180.67 38.10 2.96 1.63 120.68
H8 31.0 5.19 98.79 7.31 1.95 112.79 36.83 3.10 1.35 121.60
H9 31.5 9.08 94.29 7.90 1.84 167.33 35.64 3.41 1.15 98.71
H10 31.5 9.72 88.19 8.08 2.02 107.00 31.85 3.16 1.25 91.46
H11 31.0 8.43 89.68 8.07 2.06 63.90 26.35 3.05 1.10 91.56
H12 31.5 5.83 103.62 8.29 1.95 37.80 35.12 3.30 1.10 110.47
H13 31.0 10.37 99.63 8.24 1.86 138.00 26.17 2.77 0.46 80.77

[95]




Table 8. The environmental parameters in the surface waters of the estuaries of Sundarbans.

wrT DO TA SM NOz NH#  PO&  SiOs*
Station (°C) Salinity (%) pH (meqL?) (mgL?) (umolL?t) (umolL?) (umolL?) (umolL?)

S1 28.5 12.74 91.86 8.02 2.11 280.00 27.71 1.86 1.33 77.32
S2 28.0 16.02 92.80 8.02 2.29 129.56 18.69 1.66 0.95 56.12
S3 28.0 16.69 92.66 8.12 2.13 117.13 18.44 1.86 0.85 55.07
T1 29.0 14.30 92.24 8.05 2.15 79.63 19.49 1.74 0.87 59.23
T2 29.0 1551 95.40 8.07 2.10 135.00 17.69 1.58 0.93 57.52
T3 28.5 16.55 91.27 8.11 2.13 213.14 17.45 1.80 1.31 55.68
M1 28.0 15.14 97.19 8.07 2.07 391.20 21.33 2.08 0.95 62.27
M2 28.0 15.14 95.92 8.12 2.01 740.80 19.57 2.35 1.27 63.36
M3 28.0 15.23 103.62 8.13 2.16 350.50 21.10 3.74 1.04 64.71
M4 28.5 14.78 95.67 8.04 2.15 122.60 22.10 2.24 1.25 61.04
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estuary were at locations H13 and H5, respectively; whereas, for the estuaries of
Sundarbans the highest values were at locations S1 and M2, respectively (Figure 4.4
and 4.5). Large spatial variations were observed for NOz™ and NH4" uptake rates in
these two contrasting ecosystems with no particular trend.

Both NOs™ and NH4" uptake rates in the Hooghly estuary were higher than the
estuaries of Sundarbans. The average NOz™ uptake rate in the Hooghly was almost four
times higher than that observed at the Sundarbans. The possible reason for relatively
higher uptake rates in anthropogenically stressed Hooghly can be higher nutrient inputs
in the Hooghly compared to that of Sundarbans. However, both these estuarine systems
appear to be replete in nutrients (Tables 7 and 8). The POC concentrations in both these
estuaries were also comparable. It is likely that given the relatively higher
anthropogenic stress level in the Hooghly, the phytoplankton species composition
could be different. The significantly higher NO3s™ uptake in the Hooghly suggested that
there might be relatively higher abundance of species which preferred NO3z™ (such as
diatoms). However, we do not have species data for the study period to corroborate this

argument.
4.5.2 Uptake rates and environmental parameters

In the estuaries of Sundarbans, NOz  uptake rates showed significant positive
correlation (r? = 0.47 and p < 0.05) with NO3™ concentrations, whereas such correlation
was missing for NH4" uptake rates (Figure 4.6). For Hooghly estuary, no correlations
were found between uptake rates and concentrations (Figure 4.6). This suggested
limited role of nutrients concentration on the uptake rates in these nutrient replete
estuaries. The TSM showed a significant positive correlation with NH4* uptake rates
(r* = 0.84 and p < 0.05) for Sundarbans which was not seen for NO3z™ uptake rates
(Figure 4.7). No such relationship between TSM and uptake rates were found for
Hooghly (Figure 4.7). The significant relationship between NH4* uptake and TSM in

the Sundarbans is intriguing as high TSM load is expected to lower the primary

[97]



Biogeochemistry of the Hooghly-Sundarbans

production (i.e., lower the uptake of nutrients by phytoplankton; Ittekkot and Laane,
1991) as observed elsewhere (Bouillon et al., 2003).
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Figure 4.4: Variations in NOs and NH4" uptake rates in the Hooghly estuary.
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Figure 4.5: Variations in NOsand NH.* uptake rates in the Sundarbans.
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Along with TSM, DO is another important parameter to understand the health

of an ecosystem. The %DO showed a significant positive correlation with NO3™ uptake
rates (r> = 0.49 and p < 0.05) in the Hooghly estuary, which was missing for NH4*
uptake rates (Figure 4.8a). Although %DO showed positive trend with uptake rates in
the Sundarbans, the relationship was not significant (Figure 4.8b). As Oz is produced
during photosynthesis, the buildup of O in the water column may be due to the
observed higher uptake rates. Previous studies from the region have indicated higher
productivity during postmonsoon compared to other seasons (Mukhopadhyay et al.,
2002; Samanta et al., 2015). Although productivity is higher during postmonsoon, but
the estuary remains undersaturated, as during the present study, with respect to DO
owing to high turbidity and shallow euphotic depth (Mukhopadhyay et al., 2002).
Overall, the lack of strong relationships between uptake rates and different factors
suggested that DIN uptake rates in these estuaries are not controlled by a single
dominant factor and needs to be thoroughly investigated in light of species

composition.
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4.5.3 Nutrients preference and turnover times in the Hooghly-
Sundarbans system

In order to investigate the preference for nutrients in the Hooghly-Sundarbans system,
RPI for both NOs"and NH4* was calculated. The RPI < 1 was observed for NO3™ in both
the ecosystems with relatively higher average value at the Hooghly compared to the
Sundarbans (Figure 4.9). The RPI for NH4" was very high (> 4) in both Hooghly and
Sundarbans. In the estuaries of Sundarbans, RPI for NH4" were almost similar except
for M3, where it was relatively lower (Figure 4.9). Except for H1 in the Hooghly, RPI
for NHs* was more than 6 throughout. The Saptamukhi estuary in the Sundarbans
showed the highest RPI for NOs™ compared to other two estuaries (Thakuran and
Matla). In general, RPI values for NH4" in the Hooghly-Sundarbans were significantly
higher than that for the Chilika; whereas RPI values for NOs in the Hooghly-
Sundarbans were lower than the Chilika.

The f-ratio (NOz™ uptake to total DIN uptake) ranged between 0.08 to 0.47 for
the Hooghly estuary and 0.03 and 0.21 in the estuaries of Sundarbans (Figure 4.10).
The f-ratio was relatively higher at locations near estuarine mouth (H12-H13)
compared to freshwater region in the Hooghly, whereas it was higher for Saptamukhi
in the Sundarbans (Figure 4.10). The f-ratios for the Hooghly-Sundarbans, in general,
were lower compared to that of the Chilika.

Overall, like many other aquatic ecosystems, NH4* was the preferred substrate
for phytoplankton in the Hooghly-Sundarbans system. However, given the high values
of RPI for NH4" and low f-ratio, this preference appears to be higher in the Hooghly-
Sundarbans than many other aquatic systems, including the Chilika (Kumar et al.,
2010; Mukherjee et al., 2018). The preference for reduced form of N, such as NH4", by
phytoplankton is a well-known phenomenon and has been observed in many aquatic
bodies around the globe (Dugdale and Goering, 1967; Glibert et al., 1982; Rees et al.,
1995; Kumar et al., 2010; Bhavya et al., 2016). The possible reasons for lower NO3’
uptake are higher energy requirement for the assimilation of NO3™ and inhibition of
NOs" uptake in the presence of NH4* (McCarthy et al., 1983; Dortch, 1990; Glibert et
al., 2016).
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Figure 4.10: f-ratio for (a) Hooghly, and (b) Sundarbans.

The turnover times of NOs and NHs" were calculated in the Hooghly-
Sundarbans to understand the cycling of these nitrogenous species within the system.
The turnover times for NOs™ in the Hooghly and the estuaries of Sundarbans ranged
between 58 - 2377 h and 261 - 1662 h, respectively (Figure 4.11). The turnover time
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for NH4" in the Hooghly varied from 3 - 75 h; whereas it was between 4 - 9 h in the

Sundarbans (Figure 4.11). Barring two locations in the Hooghly (H1-H2), turnover
times for NH4* were almost similar for the entire Hooghly-Sundarban system. Overall,
it appeared that NH4" is cycled rapidly within both the ecosystems, whereas NO3®
remained longer in the system. The faster turnover of NH4" in the water column of the

Hooghly-Sundarbans is similar to the Chilika.
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Figure 4.11: Turnover times of NOs and NH.* for (a) the Hooghly, and (b) the
Sundarbans.

4.6 Carbon uptake rates in the Hooghly-Sundarbans

In the Hooghly estuary, C uptake rates varied from 0.28 to 4.18 umolC L™ h* with an
average of 1.53 + 1.36 umolC L*h? (Figure 4.12a). Similarly, for the estuaries of
sundarbans, the same ranged between 0.30 and 1.37 umolC L h*! with an average of
~0.72 £ 0.32 umolC L* h'? (Figure 4.12b). There was no spatial pattern observed for
C uptake rates in the system, except for Matla estuary in the Sundarbans where C
uptake rates appeared to increase from the north to the south. The highest C uptake rate
in the Hooghly was at Stn. H8, a location where there is influence of mangroves and
human settlements. The Stn. S2 in the Saptamukhi estuary of the Sundarbans exhibited
the highest C uptake in Sundarbans. Similar to DIN uptake rates, C uptake rates in the
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Hooghly were also higher (twice) than the estuaries of Sundarbans. Overall, it appeared

that the primary productivity in the anthropogenically stressed Hooghly was much
more pronounced than the mangrove-dominated Sundarbans. One very clear difference
between these two estuaries are the human interference, which led to relatively higher
nutrient level in the Hooghly. However, as explored for DIN uptake rates, there was no
significant effect of nutrients concentration on uptake rates in this nutrient replete
estuary. Also, nutrient concentration in these estuaries were nowhere near limiting
condition. The overall difference in light condition and species composition in these
two estuarine systems may be responsible for the observed difference in the DIN and
C uptake rates and needs to be thoroughly investigated. Similar to the Chilika, the
uptake rates ratio for C and DIN did not follow the Redfield ratio and remained lower
than 6.6. Similar to the Chilika, the Hooghly-Sundarbans system also witnessed pCO>
higher than the atmospheric value, especially during postmonsoon (Samanta et al.,
2015), and can be one of the reasons for the lower C:DIN uptake ratios (compared to
Redfield ratio) suggesting alternate source of C other than HCOs3".
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Figure 4.12: Variations in C uptake rates in (a) Hooghly (b) Sundarbans.

[104]



Biogeochemistry of the Hooghly-Sundarbans

4.7 Dissolved inorganic carbon dynamics in the Hooghly-
Sundarbans system

In the Sundarbans, both DIC concentration and §'*Cpic varied over a relatively narrow
range (DIC = 1683 to 1920 pmol L, mean: 1745 + 68 pmol L; §*3Cpic = —5.9 to —
4.3 %o, mean: —5 + 0.6 %o) compared to the Hooghly estuary (DIC = 1678 to 2700 pmol
L%, mean: 2083 + 320 pmol L?; §*Cpic = -8.6 to —5.6 %o, mean: —7 + 0.9 %o). The
present DIC concentrations and 5'*Cpic values for the mangrove dominated estuaries
of the Sundarbans were in the range of that reported for the mangrove surrounding
Khura and Trang rivers in peninsular Thailand (Miyajima et al., 2009). For the Hooghly
estuary, the values were comparable with previously reported values by Samanta et al.
(2015). Spatially, in the Hooghly, relatively higher DIC was noticed in the freshwater
(H1 - H6) region. No consistent spatial trend in DIC and §*3Cpic was observed for the
estuaries of Sundarbans.

In comparison to the estuarine surface waters, markedly higher DIC and
depleted 5'3Cpic were observed for the groundwater (Hooghly: DIC = 5655 to 11756
umol L, 83Cpic = —12.7 to —6.7 %o; Sundarbans: DIC = 7524 to 13599 pmol L,
33Cpic = —10.6 to —6.7 %o) and pore water samples (Sundarbans: DIC = 13425 pmol
L1 8Cpic = -18.1 %o) collected from the Hooghly-Sundarbans system (Table 9).

In the Hooghly, both DIC-salinity (r> = 0.43, p = 0.01; Figure 4.13a) and 8**Cpic
- salinity (r> = 0.58, p = 0.003; Figure 4.14a) relationships were statistically significant,
indicating conservative behavior of DIC in this estuary, making it an ideal site for
application of two end member conservative mixing model (Ghosh et al., 2013,
Samanta et al., 2015). Similar to the methodology followed for the Chilika lagoon,
mixing curve approximation was also applied for the Hooghly estuary. For model
calculation, average salinity, DIC and 8*3Cpic of samples collected at < 0.3 salinity
during the present study were considered as values for freshwater end member, whereas
respective values for marine end member were taken from Dutta et al. (2010) and
Akhand et al. (2012). The DIC and 5'*Cpic under conservative mixing condition and
deviations (ADIC and A5*3Cpic) between observed and respective conservative mixing
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values were computed using Alling et al. (2012) to explore the role of in situ

biogeochemical processes in modulating estuarine DIC dynamics.
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Figure 4.15: Deviation of DIC and §'*Cpic from the conservative mixing values for
the Hooghly estuary.

Deviation plot (ADIC vs. A§*Cpic; Figure 4.15) for samples of the Hooghly
shows following patterns: (a) decrease in ADIC with increasing A8*3Cpic (n = 5)
indicating phytoplankton productivity and/or outgassing of CO. from water-
atmosphere interface, (b) decrease in ADIC with decreasing A§**Cpic (n = 4) indicating
carbonate precipitation, and (c) increase of ADIC with increasing A3'Cpic (n = 4)
representing carbonate dissolution within the system. Based on these calculations, both
organic and inorganic C metabolisms (productivity, carbonate precipitation and
dissolution) along with physical processes (CO. outgassing across water-atmosphere
interface) appear to regulate the DIC chemistry in the Hooghly estuary. Spatially,
productivity/CO> outgassing appears to be dominant process in the mixing zone as
most of the samples (5 out of 7) from this zone fall in this quadrant, whereas carbonate
precipitation and/or dissolution are dominant in the freshwater zone. Further,
‘ATA/ADIC’ can be used as a proxy to evaluate relative importance of biological
productivity and CO2 outgassing in the system. For primary productivity (106CO> +
122H,0 + 16HNOs + H3POs — (CH20)106(NH3)16H3POs + 1380;), theoretical

[107]



Biogeochemistry of the Hooghly-Sundarbans

ATA/ADIC is around — 0.16 (ATA=—17 and ADIC = 106, Cao et al., 2011), whereas
the same is zero for CO> outgassing as it affects DIC without affecting TA (Guo et al.,

2008). The ATA/ADIC value for the sampling points located in the productivity/CO>
outgassing quadrant is — 0.17, close to theoretically calculated value for the primary
productivity. This suggest that primary productivity is the central process regulating
DIC chemistry in the mixing zone of the Hooghly estuary.

In the Sundarbans, DIC - salinity relationship was not significant (p = 0.18;
Figure 4.13b), however, §*Cpic - salinity showed significant relationship (r*> = 0.55, p
= 0.009; Figure 4.14b), indicating mostly non-conservative behavior of DIC at the
Sundarbans which is observed at other mangrove dominated systems as well (Miyajima
et al., 2009). The non-conservative behavior of DIC limits the application of two end
member mixing model for the Sundarbans. However, the role of mangrove derived
organic C mineralization becomes important in regulating DIC chemistry in
ecosystems like the Sundarbans. Two different mass balance equations as proposed by
Miyajima et al. (2009) have been adopted to quantify mangrove derived DIC
(ADICmangrove) in the Sundarbans:

ADICwmangrove (ADICwm1) = [DIC] — [DICcwm]

[DIC] x [6™*Coiciem) — 8*Coic]
AchMangrove (ADICMZ) B
513CDIC(CM) - 513CMangrove (=27 %o)

Where, CM indicates conservative mixing. Since both Sundarbans and Hooghly
estuarine system have same marine end member (BOB) and the Sundarbans are
connected to the Hooghly estuary through different branches, similar end member
values as Hooghly were used for this calculation as well. Theoretically, ADICmangrove
estimated based on DIC (ADICw1) and §*3Cpic (ADICwm2) should be equal. The negative
and unequal values of ADICw; (— 44 to 66 pmol L) and ADICw1 (188 to 11 pumol L°
1Y indicate large DIC out-flux over influx through mangrove derived organic C

mineralization in this tropical mangrove system. The removal mechanisms include CO>
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outgassing across estuarine water-atmosphere boundary, phytoplankton uptake and

export to adjacent continental shelf region (northern BOB, Ray et al., 2018).

Other than biogeochemical processes, factors such as groundwater and
recirculated saline groundwater (synonymous to pore-water for mangroves; Tait et al.,
2016) discharge to the estuary might also play significant role in estuarine DIC
chemistry. High pCO, DIC, and low pH, TA/DIC are general characteristic of
groundwater especially within carbonate aquifer region (Cai et al., 2003). Although all
the parameters of ground water inorganic C system (like pH, TA and pCO) were not
measured during the present study, groundwater DIC were ~ 5.57 and ~ 3.61 times
higher compared to average surface water DIC in the Sundarbans and Hooghly,
respectively. The markedly higher DIC in groundwater as well as similarity in its
isotopic composition with estuarine DIC (Table 9) may stand as a signal for influence
of groundwater on estuarine DIC biogeochemistry, with possibly higher influence at
the Hooghly rather than Sundarbans as evident from TA/DIC values (Hooghly: 0.87 -
1.14, Sundarbans: 1.12 - 1.34; Figure not shown). However, unavailability of any data
on groundwater discharge rate from these systems limits us to quantitatively evaluate
groundwater mediated DIC flux to the estuary. Pore-water DIC in the Sundarbans was
~ 7.63 times higher than the estuarine water indicating possibility of DIC input from
the adjoining mangrove system to the estuary through pore-water exchange depending
upon changes in hypsometric gradient during tidal fluctuation. Although pore water
DIC was estimated at only one location, considering postmonsoon pore-water specific
discharge and porosity as 0.008 cm mint and 0.58 (Dutta et al., 2013, Dutta et al.,
2015a), respectively, a first-time baseline value for advective DIC influx from
mangrove sediment to the estuary can be estimated as ~ 774 mmol m d! using Reay
et al. (1995). However, significant impact of pore-water to estuarine DIC may be
limited only in mangrove creek water (samples not collected) as evident from narrow
variability of estuarine TA and DIC as well as no significant correlation between them
(Figure not shown). A comprehensive investigation on ground and pore waters are
needed to thoroughly understand their importance in controlling DIC chemistry of the

Hooghly-Sundarbans system.
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Table 9: The DIC and 8'3Cpic of groundwater (GW) and pore-water (PW)
samples collected from the Hooghly-Sundarbans system.

DIC 8Coic
Ecosystem Station (umol L) (%o0)
H3GW 11765 -12.7
H4GW 6230 -79
H5GW 6327 -9.0
H6GW 7026 -11.3
Hooghly H7GW 5655 -6.9
H11GW 9115 7.7
H12GW 6858 -75
H13GW 7258 -7.2
Gangasagar GW 7246 -6.7
Lothian GW 7524 -6.8
Sundarbans Lothian PW 13425 -18.1
Kalash GW 13599 -6.7
Virat Bazar GW 8300 -10.6
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Chapter 5
Summary and scope for future work

This thesis attempted to provide insights into the cycling of N and C in some of
the important aquatic ecosystems of India located at the interface of land and sea
i.e., the Chilika lagoon, the Hooghly estuary, and the estuaries of Sundarbans.
Through the extensive use of stable isotopic measurements in organic and
inorganic phases, and experiments based on stable isotope based tracer
techniques, the present work revealed different facets of biogeochemical cycling
of bio-available elements in the above-mentioned ecosystems. The major

findings of this thesis are summarized below.

5.1 Particulate organic matter in the Chilika and
Hooghly-Sundarbans system

e The average POC and PON concentrations in the Chilika were the
highest during premonsoon followed by monsoon and postmonsoon,

possibly due to lower than average rainfall during monsoon sampling.
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Relatively lower 8*3Cpom during postmonsoon in the Chilika compared
to monsoon and premonsoon suggested dominance of terrestrial and
freshwater inputs to the lagoon and/or production of freshwater
phytoplankton during postmonsoon as both are expected to have lower
33Cpom.

The northern sector of the lagoon showed the highest POC and PON
compared to other sectors, which could be of both allochthonous and
autochthonous origin as this particular sector receives maximum
discharge from surrounding rivers.

The average POC concentration in the Hooghly was marginally lower
than the Sundarbans with relatively higher values in the freshwater zone
of the Hooghly.

On an average, **Cpom of the Hooghly was relatively lower compared
to that of the Sundarbans suggesting relatively higher influence of
terrestrial inputs in the Hooghly.

Despite being mangrove dominated region, relatively higher 8*Cpom in
the Sundarbans compared to mangroves suggested marine influence or

biogeochemical modification of POC within the Sundarbans.

5.2 Sediment organic matter in the Chilika and
Bhitarkanika mangrove

The average isotopic composition of C and N in SOM and elemental
ratios (Corg: N) indicated that the source of organic matter in the
sediment of the Bhitarkanika mangrove was predominantly terrigenous
with some contributions from marine sources.

Calculations based on two-end member mixing model also indicated
more than 50 % terrestrial contribution to SOM pool of the mangrove

region.
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Significant increase in 53C of SOM compared to POM in the Chilika
lagoon indicated biogeochemical transformation of organic matter in
the water column and during burial.

Increase in 83C of SOM in the lagoon can also be attributed to
diagenetic alteration or contribution from the submersed aquatic
vegetation.

No relationship between §*C of SOM and POM in the Chilika pointed
towards lack of significant coupling between these two organic matter

pools.

5.3 Dissolved inorganic carbon dynamics in the Chilika
and Hooghly-Sundarbans system

The DIC and 8%Cpic in the Chilika did not follow the conservative

mixing line between riverine and marine waters.

The northern sector of the lagoon showed relatively lower DIC
concentrations compared to other sectors. No spatial pattern in 3**Cpic
was observed from the fresh to marine zone in the lagoon.

A model based on mixing curve approximation and deviation of DIC and
33Cpic values from the conservative mixing values suggested significant
spatial and temporal variability in processes modulating DIC dynamics in
the lagoon.

The CO> outgassing and carbonate dissolution appeared to be modulating
DIC across seasons and locations, whereas primary productivity appeared
to be a dominant process in modifying DIC during postmonsoon. At few
locations during premonsoon, degradation of organic matter appeared to
play a dominant role.

No evidence of groundwater contribution on DIC was observed in the
Chilika.
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Primary productivity appeared to be the central process in regulating DIC
chemistry in mixing zone of the Hooghly estuary, whereas carbonate
precipitation and/or dissolution were dominant in the freshwater zone.

The evidence for large DIC out-flux was observed in the Sundarbans.

5.4 Carbon uptake rates in the Chilika and Hooghly-
Sundarbans

The average C uptake rates in the surface waters of the Chilika were
higher during the monsoon and premonsoon compared to postmonsoon.
As for DIN uptake, the C uptake in the surface waters was comparable to
the bottom waters during premonsoon.

The C uptake rates in the Hooghly were twice compared to the rates in
the Sundarbans.

The C uptake: DIN uptake in both Chilika and Hooghly-Sundarbans did
not follow the Redfield ratio and largely remained < 6.6 suggesting C
source other than HCOs during primary productivity, possibly the

aqueous CO:..

5.5 Dissolved inorganic nitrogen uptake and N2 fixation
rates in the Chilika

Overall, the DIN (NOs" and NH4") uptake rates in the Chilika were higher
than other large aquatic ecosystems of the world, including some of the
tropical estuaries.

The average NH4" uptake rates in the Chilika were approximately twice
compared to that of NO3™ uptake rates.

Like many other aquatic ecosystems, relative preference index and f-ratio
in the Chilika suggested overall higher preference for NH4* than NOsz’,

possibly due to lower energy requirements during NH4* assimilation.
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The DIN uptake rates in the Chilika were not controlled by a single factor
alone. Different factors (such as nutrients, Chla etc.) appeared to control
DIN uptake during different seasons.

On an average, turnover time for NHs* was significantly shorter
compared to NO3™ underscoring faster cycling of NHs™ in the water
column.

The DIN uptake rates in the bottom waters of the Chilika were
comparable to that of surface waters, possibly due to deeper light
penetration, suggesting significant role of bottom waters in
biogeochemistry of shallow aquatic ecosystems.

The basin-wise sectoral DIN uptake estimates suggested the highest DIN
fixation in the central sector of the lagoon followed by the southern,
northern, and outer channel. The highest DIN fixation in the central sector
was primarily due to relatively higher surface area compared to all other
sectors.

A preliminary investigation on sources of new N to the lagoon indicated
atmospheric deposition to be a significant source compared to riverine
inputs and N2 fixation. However, this may be due to higher DIN
deposition rate used during the calculation, which was taken from the
published report for the coastal BOB. Dry deposition data over the lagoon
surface along with rates of other processes are required to build the
comprehensive N budget of the lagoon.

Despite high NOz™ and NHa"concentrations, considerable N fixation

rates indicated diazotrophic activity within the lagoon.
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Summary and scope for future work EeEIEE:

5.6 Dissolved inorganic nitrogen uptake rates the
Hooghly-Sundarbans

e Both NOs and NH." uptake rates in the Hooghly estuary were higher than
the estuaries of Sundarbans. The average NOs" uptake rate in the Hooghly
was almost four times higher than that of the Sundarbans.

e Despite very high concentrations of NOs", NH4" uptake rates were higher
in the Hooghly-Sundarbans systems depicting its preference over NOs'.

e Higher preference for NH4" compared to NO3z was also validated with
high relative preference index and f-ratio in both Hooghly and

Sundarbans.

e Higher DIN uptake rates in the Hooghly estuary compared to the
Sundarbans point towards effect of anthropogenic inputs in the Hooghly
compared to Sundarbans. However, both these estuarine systems are
replete in nutrients. It is likely that higher anthropogenic stress in the
Hooghly may trigger change in species composition leading to higher

DIN uptake rates. This, however, remains to be tested.

e Turnover times of NOs  and NH," indicated that NH4" is cycled rapidly
within both Hooghly and Sundarbans, whereas NO3z™ remained in the

system for a longer time.

5.7 Scope for future work

Despite recent focus on N and C cycling studies in different aquatic ecosystems
of India, there remains the need to quantitatively study different biogeochemical
processes. The quantification of these processes may help us to understand the
effect of nutrient enrichment on ecosystems, which in turn will help to evolve the
mitigation strategy to save these systems from further degradation. Below are the
topics which need special attention in the ecosystems studied during the present

study.
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Summary and scope for future work EeEIEE:

The detailed quantification of N budget of the Chilika requires
measurements of different processes (such as nitrification rates,
denitrification rates, nutrient efflux from sediments, rates of
mineralization etc.) on higher spatial and temporal scale.

From the present study it appears that atmospheric deposition may form
a prominent source of new N to the lagoon. However, this needs to be
revisited in light of atmospheric deposition measurements over the
Chilika lagoon. To the best our knowledge, there is no such data so far.
The large part of the northern sector of the Chilika is invaded by
Phragmites karka, which hampers the fisheries activities in the lagoon.
However, the role of these invaded species in the overall
biogeochemistry of the lagoon remains unknown, particularly their role
in nutrient sequestration. An isotope tracer based experiment is needed
to be designed to measure the uptake of nutrients by Phragmites karka.
The Chilika lagoon is a breeding ground for thousands of migratory
birds, which drops their fecal matter every year. A high resolution
measurement of biogeochemical processes may help to understand the
effect of avian migration on aquatic systems.

Stable isotopic composition of different species of DIN (NO3z™ and
NH4*) in the lagoon, precipitation, and river waters is warranted to
decipher the dominant source of nutrients to the lagoon.

Similar to the Chilika, a number of biogeochemical processes related to
N and C cycling remain unexplored in the Hooghly-Sundarbans system.
The quantification of these processes is needed to fully understand the
differences in biogeochemical behavior of contrasting ecosystems like

Hooghly and Sundarbans.
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Summary and scope for future work EeEIEE:

There appears to be contribution of groundwater on N and C
biogeochemistry of both Hooghly and Sundarbans. This remains to be
largely explored.

The Sundarbans is large mangrove ecosystem which has not been
covered spatially and temporally for most of the biogeochemical
parameters. In the future, endeavor should be to cover large part of this
system so that it can be represented fairly.

The C uptake: N uptake ratio lower than the Redfield ratio in the studied
ecosystems (which were largely CO> supersaturated) suggested that the
methodology used during the present study to measure primary
productivity (HCOs" as tracer) possibly needs a revisit as aqueous CO>
may be acting as an alternative source in such systems. There is a need
for 13CO; based experiments to be performed to decipher this puzzle.
This thesis covered biogeochemical processes related to N and C
cycling in aquatic systems at interface of land and ocean; however
inland waters of India are still unexplored vis-a-vis N and C cycling
processes. Considering the freshwater requirement to support huge
population of India and threat to freshwater systems from
eutrophication, there is a need to start studying inland water systems on

urgent basis.
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Inland and coastal water bodies around the world are susceptible to eutrophication due to inputs of
anthropogenic nutrients, such as nitrogen (N) and phosphorus (P). Studies related to quantification of
uptake rates of these nutrients and the factors governing these rates are limited in tropical aquatic
systems, leading to inadequate understanding of N and carbon (C) cycling in these environments. Here,
we report the rates of dissolved inorganic N (DIN) uptake and N fixation along with N isotopic
composition of particulate organic matter (3'°Npgwm) in Asia's largest brackish water lagoon (Chilika,
India). The experiments were carried out at sixteen different locations in the lagoon where NO3 and NHZ
uptake rates varied from 0.004 to 1.42 pmolN L~'h~! (average ~ 0.51 + 0.51 pmolN L~ 'h~!) and 0.19
—1.76 umol N L~ 'h~! (average ~ 111 + 0.43 pmol N L~'h1), respectively. In general, NHf was preferred
substrate in the lagoon as depicted from relative preference index (RPINps4+ >1). Despite higher DIN
concentrations, the lagoon showed diazotrophic activity as evidenced by considerable N fixation rates at
majority of stations. Preliminary calculations of the lagoon-wide N budgeting indicate N, fixation and
atmospheric deposition to be significant sources of new N to the lagoon. 8">Npgy in the lagoon ranged
from 1.34 to 8.31%o (average ~ 3.99 + 1.68%o) indicating contributions from marine and terrestrial sources
along with N fixation to the organic matter pool.
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1. Introduction

Coastal lagoons with shallow depths and large freshwater
inflow are susceptible to nutrient enrichment from surface runoff,
groundwater discharge, and atmospheric inputs (Del Amo et al.,
1997; Aguilera et al., 2001; Paerl et al., 2002; Kennish and Paerl,
2010). Hence, the temporal and spatial variability of their water
quality depend upon the relative strength of inputs from terrestrial
and atmospheric sources along with tidal flows (Ganguly et al.,
2015; Patra et al.,, 2016; Barik et al., 2017). Over the last few de-
cades, an enhancement in anthropogenic inputs of nitrogen (N) and
phosphorus (P) has led to acceleration in eutrophication related
problems in estuarine and lagoon environments (Fisher et al., 1995;
Kinney and Roman, 1998; Cloern, 2001). Lagoons are well docu-
mented as significant contributor of inorganic carbon (C) to the
atmosphere and retain high pCO, due to rapid increase in hetero-
trophic respiration of organic C (Frankignoulle et al., 1998; Cai et al.,
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E-mail address: sanjeev@prl.res.in (S. Kumar).
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0272-7714/© 2018 Elsevier Ltd. All rights reserved.

1999; Hanson et al., 2003). Even though lagoons are smaller in size
compared to other coastal bodies, they are important sites for
terrigenous organic C mineralization (Jansson et al., 2000). More-
over, situated between land and sea, coastal lagoons act as filter
retaining inorganic and organic nutrients (Newton et al., 2003;
Kozlowsky-Suzuki and Bozelli, 2004). For the above reasons,
coastal lagoons have generated considerable research interest after
1970 though limited studies have been reported in peer reviewed
literature (Panigrahi et al., 2009).

One of the direct aftermaths of anthropogenic activities
impacting estuarine and coastal ecosystems is the excess loading of
nutrients along with terrestrial organic matter (Bhavya et al., 2016).
These nutrients enter into the estuarine and coastal systems in
form of organic and inorganic N and P through rivers and atmo-
sphere, causing biogeochemical imbalance, specifically with
respect to N:P stoichiometry, in the estuaries (Galloway et al,
2004). These increased nutrients promote primary productivity in
receiving waters causing algal blooms. In shallow productive es-
tuaries or lagoons, reduced water clarity can further cause signifi-
cant changes in ecosystem structure and functioning such as shifts
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from benthic dominated to pelagic dominated primary production
(Borum and Sand-Jensen, 1996; Krause-Jensen et al., 2012) and a
change towards dominance of planktivorous fish and filter feeders
(Cloern, 2001).

Rates of N uptake and their dependence on N and P distribution
in tropical water bodies provide an insight into nutrient utilization
within the system (Bhavya et al., 2016; Glibert et al., 2016). Simi-
larly, N isotopic composition of suspended particulate organic
matter (3°Npowm) in shallow water bodies reflects the influence of N
assimilation or organic matter mineralization in the water column
as well as sediments. 3"°Npom can provide an insight into the
availability and utilization of nutrients along with source identifi-
cation of organic matter in benthic as well as pelagic environment.
N from residential wastewater and agricultural land use is a major
source of nutrients to the lagoons (Carpenter et al., 1998; Leavitt
et al.,, 2006; Ying-Xin et al., 2007) and often have distinct isotopic
compositions (Savage, 2005; Vander Zanden et al., 2005).

Although significant studies related to C and N cycling have been
conducted in coastal systems worldwide, limited studies exist in
tropical settings like India (Sarma et al., 2014; Ye et al, 2015;
Bardhan et al., 2015; Bhavya et al., 2016; Moynihan et al., 2016).
These studies become particularly non-existent with respect to
lagoon systems (Muduli et al., 2012, 2013) with limited reports
from temperate estuaries (e.g., Middelburg and Nieuwenhuize,
2000; Mulholland et al., 2003; Howarth et al., 2011). The present
study focuses on Chilika, Asia's largest brackish water lagoon and a
“Ramsar site”, located on the east coast of India. Research in Chilika
has gained momentum with emphasis on C cycling, environmental
parameters monitoring and species identification (Gupta et al.,
2008; Panigrahi et al., 2009; Muduli et al., 2012, 2013; Prasad
et al., 2014; Srichandan et al., 2015) but no detailed study exists
regarding N biogeochemistry of the lagoon. The present study
focusses on measuring N uptake rates in the lagoon with the central
hypotheses that N, fixation is not considerable in this lagoon due to
high dissolved inorganic nitrogen (DIN) concentrations and N,
fixation forms an insignificant portion of the total new N input to
the lagoon compared to atmospheric and riverine inputs. The
specific goals of the present study were to (a) measure the rates of
N uptake in the lagoon, (b) understand the origin of particulate
organic matter (POM) using spatial variation in 3°Npop, (c) un-
derstand effect of riverine discharge on N uptake rates of the
lagoon, (d) decipher role of N, fixation and atmospheric N depo-
sition as N sources to the lagoon, and (e) generate a preliminary N
assimilation budget for the Chilika.

2. Materials and methods
2.1. Study area

Ecologically, Chilika is a mixture of marine, brackish and fresh-
water ecosystems with a mean depth of ~2 m (Gupta et al.,, 2008).
For this study, based on topography, the lagoon was classified into
four different sectors, viz. southern sector (surface area ~156 km?)
connected with the sea through Palur canal, northern sector (sur-
face area ~295km?) receives the maximum discharge through
rivers, outer channel (surface area ~37 km?) connected with the sea,
and central sector (surface area ~372 km?), the mixing zone of the

-1
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northern sector and the outer channel (Gupta et al., 2008; Muduli
et al, 2012, Fig. 1). The lagoon suffers wide seasonal and annual
changes in salinity, light availability, and nutrient inputs from 52
rivers and rivulets discharging into the lagoon (Barik et al., 2017).
The lagoon is separated from the Bay of Bengal (BOB) by a 60 km
long sand bar. Direct rainfall on the lagoon surface also makes a
significant contribution towards freshwater input into the Chilika
(Mohanty et al., 1996). Because of these external inputs, water
depth increases by about 0.5—1 m during the southwest monsoon
(Mohanty et al., 1996). The lagoon area encounters wind speed
ranging from 4.45 to 7.02ms' during wet season and
0.97—3.89 ms™! during dry season (Gupta et al., 2008).

During winter (November—January), a large portion of this
lagoon near Nalabana island remains submerged and acts as a
wetland, which also serves as breeding and roosting grounds for
thousands of migratory water fowl (Panigrahi et al., 2009, Fig. 1).
Chilika lagoon suffered excessive submerged and free floating (e.g.
Azolla, Eichhornia, Nymphea, Pistia, [pomea) weed growth in the past
where weeded area escalated from 20 km? in 1972 to 685 km? in
2000 at a rate of 15 km? per year (Gupta et al., 2008; Panigrahi et al.,
2009). Phytoplankton of Chilika consists of a mixture of marine,
brackish water and freshwater taxa, mainly represented by four
groups of algae: diatoms (Bacillariophyceae), dinoflagellates (Pyr-
rophyceae and Dinophyceae), blue-green algae (cyanobacteria) and
green algae (Chlorophyceae; Srichandan et al., 2015). Except for the
northern sector, different ecological sectors of the lagoon were
dominated by diatoms, while the northern sector due to its fresh-
water regime supported the large population of euglenoids
(Srichandan et al., 2015).

2.2. Methodology

For the present study, sampling was performed during 2129t
June, 2015 covering a spread of 16 different locations (Fig. 1) rep-
resenting the south, the central and the northern sectors of the
lagoon along with the outer channel. Surface water samples were
collected at each location in @ 20 L carboy and were brought back to
the laboratory situated g%a coast of the lagoon (WRTC- Wetland
Research and Training ceftre, Balugaon, Odisha, India). Sample was
transferred in 0.5 L acid-washed polycarbonate Nalgene bottles in
duplicate for NO3 and NHZ uptake rates measurement. These
bottles were covered immediately with black cloth to avoid light
shock to phytoplankton. Samples were spiked with 99 atom%
enriched NH4Cl and Na'>NOj to trace NHZ and NO3 uptake rates,
respectively. Tracer addition was around 10% of the ambient con-
centrations. Immediately after the tracer addition, sample bottles
were deployed for incubation for 4 h, approximately symmetrical to
the local noon. Post-incubation samples were filtered onto pre-
combusted (4hat 450°C) 47 mm Whatman GF/F filters and
stored for mass spectrometric analysis after drying at 50°C
overnight.

Mass spectrometric analyses of post-incubated samples were
performed using a continuous flow stable isotope ratio mass
spectrometer (Delta V plus) connected to an elemental analyzer
(Flash EA 2000), where N atom% and particulate organic N (PON)
content were measured. The uptake rates were calculated as fol-
lows (Dugdale and Wilkerson, 1986; Kanda et al., 2003):

(Sa+S0) ‘0”
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where P is the amount of particulate N (pmol L™!) in post-
incubation sample, Al, is the increase in 15N atom¥% in particulate
N during incubation, S; and S; are ambient and added concentra-
tions (in pmol L~1), respectively, I; and Io are >N atom% of added
tracer and natural °N atom%, and T is the incubation time (hours).
This equation assumes no formation of nutrient during the incu-
bation, and therefore, rates presented here are representative of
potential rates. During the present study, DIN uptake is considered
as sum of NO3zand NHZ uptake.

The relative uptakes of NO3and NHZ were also calculated using
the relative preference index (McCarthy et al., 1977).

RPIx = [Ux/ux + Uy} / [X/x + Y}

Where, X and Y are concentrations of NO3 and NHZ in pmol L™,
respectively; Ux and Uy represent the corresponding uptake rates
in pmol L~'h~1.

In order to determine the N, fixation rates, experiment was
conducted using >N, bubble method (Montoya et al., 1996) using
5N, (98 + atom¥) tracer gas purchased from Cambridge Isotope
Laboratories. For these experiments, water samples were trans-
ferred to three 250-ml borosilicate bottles (two lights and one
dark). These bottles were filled to the brim and sealed tightly with
septum caps to ensure the absence of air bubbles. 0.5 ml of >N-
enriched N, gas was injected into the sample bottles using a

chromatographic syringe followed by gentle mixing and 3 h of in-
cubation. Post-incubated samples were filtered onto pre-
combusted (at 450 °C) 47-mm Whatman GF/F filters and dried at
50 °C overnight. Ambient concentrations of dissolved N, gas were
estimated using the gas solubility table of Weiss (1970) and N,
fixation rates were calculated using the method proposed by
Montoya et al. (1996).

For natural isotopic composition of PON, roughly 0.3—0.5L
water samples were filtered onto pre-combusted (4 hat 450 °C)
47 mm GF/F filters. After filtration, samples were dried and
analyzed using isotope ratio mass spectrometer (MAT 253) con-
nected to an elemental analyzer (Flash 2000). The variability in PON
measurement for duplicate samples was less than 10%. The repro-
ducibility for natural 3N was less than 0.3%o (standard used IAEA-
N-2, (NH4)2S04, 5'5N = 20.3%o).

Data for water temperature, pH, salinity, and dissolved oxygen
during the study period were collected in situ using multi-
parameter water quality sonde (6 Series; DATA-BUOY; YSI, USA).
Samples collected for inorganic nutrients, viz. NO3, NH{, Si0f~ and
dissolved inorganic phosphate (DIP) were filtered through 0.45 pm
membrane filter paper (47 mm) and measured by nutrient auto-
analyzer (SKALAR SAN++) with an accuracy of +0.01, +0.01
and + 0.02 pmol L™}, respectively following Grashoff et al. (1999).
Chlorophyll a (Chl a) was measured using 90% acetone extraction
by UV—-VIS spectrophotometer (Thermo Scientific Evolution TM
201) as described in Strickland and Parsons (1984).
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Table 1
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Nutrients and physical parameters during sampling period.

Stations WT (°C)

Secchi Depth (m)

Depth (m) pH

Salinity DO (%)

NO3 (umol L) SiOF~ (umol L)

PO~ (umol L")

NHZ (umol L™') Chla (ugL™")

1 2950 027 1.11 836 5.62 106.16 6.05 90.00 1.41 7.59 25.00
2 2853 022 1.02 7.87 1508 8826 5.96 39.51 0.99 5.82 32.98
3 29.00 028 0.98 8.05 0.10 8354 6.17 37.51 115 6.38 3.96
4 3000 027 1.43 831 8.62 8381 7.01 43.38 0.94 6.48 24.40
5 2890 052 0.90 816 0.26 7625 7.96 37.95 0.86 5.50 8.21
6 2850  0.86 1.52 791 1213 8111 7.8 53.20 0.90 6.13 7.02
7 2800 085 1.40 840 4.52 8831  2.99 60.69 0.79 8.95 3.34
8 2900 048 1.41 7.88 7.88 80.08 6.58 53.47 0.83 6.27 447
9 2831  1.07 1.85 850 16.16 7899 241 45.92 0.83 5.89 4.87
10 2850 095 1.80 820 1823 8844 245 54.68 0.91 5.37 6.91
11 3010  1.08 228 830 7.57 88.79  4.67 66.03 1.15 6.31 5.94
12 3000  1.50 2.95 869 1260 101.92 4.19 69.24 0.72 5.84 3.34
13 2820  1.02 2.45 830 1203 90.84 337 66.89 0.66 6.56 19.25
14 2798 129 2.40 830 1293 8929 361 67.63 0.52 5.13 4.19
15 2600  0.32 1.70 812 1434 8068 1055 32.60 0.79 6.38 24.24
16 28.00 030 3.10 804 1491 8716 11.18 30.37 1.00 6.36 5.05
3. Results in the northern sector. In the central sector, the average NO3 and

3.1. Physical and chemical parameters

In general, the weather condition during sampling was partially
cloudy and rainy due to pre-monsoon swells. The pH of the lagoon
varied from 7.87 (Station 2 - northern sector) to 8.69 (Station 12 -
southern sector; Table 1). Surface salinity of the lagoon ranged from
0.10 (Station 3 - northern sector) to 18.23 (station 10 - central
sector; Table 1). Although relatively higher salinity was observed at
locations in the outer channel, no coherent pattern was observed
throughout the lagoon, possibly due to lack of mixing of newly
rained freshwater with the saline water during sampling period.
Water temperature of the lagoon varied from 26 °C to 30.1 °C dur-
ing the time of sampling. Dissolved oxygen saturation (% DO)
ranged between 76.25 and 106.16%. Chl a showed a large variation
in the lagoon with a maximum at station 2 in the northern sector
(32.98 ug L~!) and minimum at station 7 (3.34 ug L~1) in the central
sector (Table 1).

3.2. Nutrients

NO3 concentration in the lagoon varied from 241 to
11.18 pmol L~ ! (average ~ 5.77 + 2.65 pmol L~ 1) with the maximum
at station 16 in the outer channel (Table 1). Average NH4 concen-
tration in the lagoon was comparable to NO3
(average ~6.31 +0.91 pmol L~1) with the maximum concentration
at station 7 of the central sector, possibly due to nearness to human
settlement. Silicate varied from 30.37 to 90.00 pmolL~! with a
maximum at station 1 in the northern sector. Phosphate concen-
trations ranged from 0.52 to 1.41 pmol L~! with the maximum at
station 1 (Table 1).

3.3. NO3 and NHY uptake rates

NO3 wuptake rates in the Chilika ranged from 0.004 to
1.42 pmol N L~ 'h~! with an average of 0.51 +0.51 pmoIN L~1 h~,
whereas NHZ uptake rates varied from 0.19 to 1.76 pmol N L1 h~!
with an average of 1.11 + 0.43 pmol N L~! h~! (Fig. 1). The highest
NO3 and NHjuptake rates among the sixteen stations were
observed at station 1 in the northern sector; whereas the lowest
rates were observed at Station 8 in the central sector (Fig. 1). On an
average, the NHZ uptake rate in the lagoon was twice compared to
that of NO3 uptake rate.

Both NO3 (average~124+030pumolN L 'h~!) and NHji
(average ~ 1.59 + 0.19 pmol N L~'Th~1) uptake rates were the highest

NHi uptake rates were 0.34+042umolN L 'h™! and
0.97 + 0.47 pmol N L~'h~!, respectively; whereas for the southern
sector values were 0.34+0.41pmolN L 'h~! for NO3 and
1.01+0.38 umolN L 'h~! for NHZ. In the outer channel area,
NOzand NHj uptake rates were 0.33 +0.39umolN L~'h~! and
1.09+035umolN L 'h~! respectively. Average total DIN
(NO3 + NHZ) uptake rates in the northern sector of the lagoon was
the highest (2.83 umolN L~'h~!) followed by the outer channel
(1.42 pmol N L~'h™1), the southern sector (1.35 umol N L~'h~1) and
the central sector (1.30 pmol NL~'h~1). DIN uptake rates during the
present study did not show significant correlation with salinity
(R?>=0.08; p = 0.28; Fig. 2a) and pH (R? = 0.001; p = 0.90; Fig. 2b),
whereas it was significant with Chl a (R?=0.39; p = 0.01; Fig. 2c).
This significant relationship between DIN uptake and Chl a was
primarily due to significant NO3 uptake - chl a relationship
(R?=0.51; p = 0.002), which was insignificant for NHj uptake - Chl
a (R?=0.15; p=0.14).

3.4. N, fixation rates

Despite high DIN concentrations in the lagoon, considerable N,
fixation rates were observed (0.02—1.99 nmol N L~ 'h~!; Fig. 3). The
highest rate was observed at station 2 (northern sector) and the
lowest at station 6 (central sector). Among the different sectors of
the lagoon, average N, fixation rates were the highest in the
northern sector (0.89 nmolN L~'h1), followed by outer channel
(0.56nmolN L~'h~1), central sector (0.34nmolN L~'h~1), and
southern sector (0.31 nmol N L~'h™1),

3.5. Nitrogen isotopic composition of particulate organic matter
(6"Npom)

3Npom in the Chilika varied from 1.34%o at station 11 in the
southern sector to a maximum of 8.31%o at station 16 near the outer
channel with an average of ~3.99 + 1.68%o.. The PON concentration
in the lagoon ranged from 4.02 ymolL~' (station 12 - southern
sector) to 32.29 umolL~! (station 2- northern sector) with an
average of ~11.36 + 7.28 ymol L~! (Fig. 4).

Among the four sectors of the lagoon, average 3PNpom was the
highest in the outer channel area (~6.91 + 1.98%0) and PON was the
highest in the northern sector (~19.80 + 11.06 umol L~ 1). In the rest
of the sectors, 8'°Npoy were similar (northern ~3.54 + 0.74%o;
southern ~ 3.01 + 1.76%o, and central ~ 3.91 + 1.04%o). Average PON
concentration in the central sector was ~10.78 +5.58 pmol L™},
whereas in the outer channel it was ~9.05 +6.95 pmol L™!. The
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southern sector had the lowest PON concentration

(~7.21 +2.58 pmol L 1).

4. Discussion

Chilika lagoon is an example of N-replete environment with
poorly understood N biogeochemistry (Ganguly et al., 2015). Car-
bon cycling has been studied in the lagoon with respect to dissolved
inorganic and organic C, CO; flux in different seasons (Gupta et al.,

2008; Muduli et al., 2012) along with net primary productivity
(Ganguly et al., 2015). Apart from the above topics, there is a fair
understanding of temporal variability in phytoplankton species
composition, suspended particulate matter and nutrient concen-
trations in the lagoon (Srichandan et al., 2015; Ganguly et al., 2015;
Patra et al., 2016; Barik et al., 2017). However, no such well docu-
mented studies exist for N cycling in the lagoon so far. Data are
lacking on N transformation rates in this large lagoon leading to
inadequate knowledge of the fate of nutrients and their effect on
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overall ecological health of the lagoon. Below we discuss different
aspects of N assimilation and origin of POM based on results from
the present study.

4.1. DIN uptake in the Chilika

Our results suggest that NO3 and NHZ uptake rates in the Chilika
lagoon are relatively higher than the rates observed in many well
studied large aquatic ecosystems of the world (e.g., Gu et al., 1997;
Gardner et al, 2004; Kumar et al., 2008). The average rates
observed in Chilika are approximately twice than that observed in
the Cochin  estuary (NO3: 0.20pmolL 'h™!;  NHi:
0.59 pmol L~ 'h~1), a tropical eutrophic estuary located in the same
region (Bhavya et al., 2016).

f-ratios calculated by dividing NO3 uptake with the total DIN
(NO3+ NHY) uptake rates suggest a general preference for NHZ at
majority of locations in this nutrient enriched system (Fig. 5).
Relative preference index (RPI), a useful parameter for measuring N
sufficiency of the environment (McCarthy et al., 1977), was also
calculated for this study. RPI> 1 was found for NH4 at majority of
the stations which also reflects general preference for NHj rather
than NO3 in the lagoon (Fig. 5). During the present study, RPI > 1 for
NO3 was found at a few stations (northern: 1 and southern: 14;
Fig. 5). The f-ratio was also relatively higher at these locations. The
higher preference for NO3 at these stations may be because of NO3
protists phytoplankton, however, we don't have species data for
that particular period to strongly conclude the same.

Preferential assimilation of NH4 over NO3 has been reported in

case of various aquatic autotrophs (algae, bryophytes, and macro-
phytes) and heterotrophs (bacteria and fungi; Pastor et al., 2013).
Relative preference for NHZ has been observed in oligotrophic la-
goons and streams (Dodds et al., 1991; Simon et al., 2005; Kumar
et al., 2008; Marti et al., 2009; Gibson and O'Reilly, 2012; Gibson
et al,, 2015) as well as eutrophic estuaries (Bhavya et al., 2016).
This pattern has also been reported from marine systems (e.g.
Sambrotto, 2001; Kumar et al., 2010).

The preference for NHY is due to lower energy requirement by
the cell as NHZ is more easily transported across the cell membrane
compared to NO3 (Glibert et al., 2016). Delayed uptake of NO3
relative to that of NH4 occurred in some enclosure studies where
10 pmol L~! NH} resulted in termination of NO3 uptake by diatom-
dominated assemblages, whereas subsequent depletion of NH}
concentrations to <4 pumol L~! allowed acceleration of NO3 uptake
and diatom growth (Wilkerson et al., 2006; Parker et al., 2012).
Another reason of higher NH4 over NO3 uptake could be species
composition such as microalgae which prefers NHi and have ca-
pacity for excess uptake over growth demand (Glibert et al., 1982;
Rees et al., 1995). Although NH{ is a preferred substrate for most
of the phytoplankton, elevated NHZ (roughly several tens to hun-
dreds of pmol L~1) can suppress the total N uptake and growth of
some species (Dagenais-Bellefeuille and Morse, 2013; Glibert et al.,
2014). Large diatoms prefer NO3 even though NHj is available at
levels in excess of 10 pmol L~ in cool nutrient-rich environments
(Temp<20°C and NO3 >25pmolL~!; Maestrini et al., 1982;
Probyn, 1985; Lomas and Glibert, 1999a, 1999b).

Chilika being a brackish water system undergoes changes in
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salinity and pH, however these parameters were not significant in
regulating DIN uptake rates of the system (Fig. 2). Chl a increased
significantly with NO3 uptake but not with NHZ uptake indicating
influence of biomass on NO3 uptake.

The turnover times of NO3 and NHZ pool in the lagoon, calcu-
lated by dividing the nutrient concentrations with the respective
uptake rates, varied from 4.10 h (station 14- southern sector) to
~1700 h (station 8-central sector) for NO3, whereas it varied from
3.90h (station 3-northern sector) to 32.31h (station 8- central
sector) for NHZ (Fig. 6). Lower turnover time of the DIN pool at
majority of locations indicates that the available nutrient pool in
the lagoon is assimilated and recycled fast, underscoring its dy-
namic nature. Similar trends in turnover time were observed in a
tropical eutrophic estuary (Bhavya et al., 2016). Relatively higher
turnover time at station 8 is due to relatively higher nutrient con-
centration and the lowest uptake rates (Table 1 and Fig.1). The Chl a
concentration at this location was also one of the lowest
(4.47 pg L~1; Table 1). These observations are counterintuitive as N
uptake rates at this location are expected to be higher because this
particular station is located very close to the Nalabana bird sanc-
tuary (Fig. 1), which is feeding and resting ground for thousands of
migratory birds during winter. This makes the island highly pro-
ductive as it experiences high nutrients (N, P and potassium) load
due to guano deposition from birds enhancing the supply of nu-
trients to this particular site (Panigrahi et al., 2009).

Our results indicate significantly higher DIN uptake rate for the
northern sector compared to other sectors (ANOVA, p=0.03;
Fig. 1). This may result from prominent mixing in the northern

sector due to high freshwater discharge from the surrounding
rivers (Barik et al., 2017). Bacterial respiration was high in the
northern sector as well (Muduli et al., 2012). High bacterial respi-
ration along with high NO3 concentration, especially in the
northern sector, leads to organic matter decomposition and hence
lowering of the pH value. High N, low pH and low oxygen saturation
are signatures of nitrification (Frankignoulle et al., 1996), however,
nitrification in the lagoon was negligible (<0.4%) with
84.24 +62.97 nmol N L~'h~! during the low flow period and four
fold less during the high flow period (24.38 + 34.92 nmol N L 'h~1;
Muduli et al., 2012).

4.2. N, fixation in the Chilika

To account for the diazotrophic activity, N, fixation rates were
measured in the lagoon. N fixation rates have been observed to be
low in high DIN environment (>1 pmol L~1), which suppresses the
nitrogenase activity (Subramaniam and Carpenter, 1994; Capone
et al.,, 1997; Mulholland and Capone, 2009). During the present
study, despite high DIN concentrations, measurable N, fixation
rates were observed with no significant correlation with DIN con-
centrations (R* =0.003; p =0.85) or DIN uptake rates (R?>=0.25;
p > 0.05; Fig. 7a and b). Station 2 in the northern sector showed
particularly high N, fixation rate (~1.99 nmolN L~! h~!) possibly
due to active presence of N, fixing species at this location. In a
recent study, the availability of N, fixing bacteria in sediments of
Chilika lagoon has been reported (Behera et al., 2017). This study
also highlights the dominance of N; fixing bacteria in the
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rhizosphere sediment of the reed Phragmities karke, which is found
in large parts of the northern sector. Since northern sector is the
shallowest part of the lagoon, there could be possibility of such
bacterial community in the water column due to sediment churn-
ing (Barik et al., 2017), enabling higher N, fixation. Similar to ob-
servations during the present study, considerable N fixation rates
have also been observed in the Cochin estuary (0.59—1.3 nmol N
L~'h~1) despite very high DIN concentrations (Bhavya et al., 2016).

4.3. Annual nitrogen fixation

Since data was insufficient to establish different pathways of the
N cycling in this lagoon, we attempted to construct an annual N
fixation budget using NOzand NHZ uptake rates observed during
the present study. The estimation was carried out sector-wise by
assuming respective average surface uptake rates to be uniform for
the entire volume of the photic zone. The photic zone was obtained
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by multiplying the respective surface area with euphotic depth,
which was calculated using measured secchi disk depth (d) at each
station. The extinction coefficient (k) at each station was 1.7/
d (French et al., 1982), which was used to calculate euphotic depth
as 4.61/k (Keller, 1988). At some areas of the Chilika, particularly in
the southern sector, light is known to penetrate to the bottom.
Therefore, at those locations where calculated euphotic depth was
greater than the station depth, the station depth was considered as
the euphotic depth. The total annual N fixation in the lagoon using
this method was around 150Gg which included NO3 uptake
(34.83Ggy~ 1), NHi uptake (114.52Ggy~!) and N, fixation
(0.06 Ggy~1). Annual nitrogen fixation was the highest in the
central sector followed by the northern, southern and outer chan-
nel (Fig. 8). The highest N fixation in the central sector was pri-
marily due to relatively higher surface area compared to all other
sectors. Results also indicate that along with NO3and NHZ uptake,
N, fixation contributed considerably towards the lagoon's N budget
on an annual time scale.

4.4. Sources of nitrogen in the Chilika

Based on the present study and atmospheric N deposition data
(Srinivas et al., 2011), external N sources to the lagoon were
investigated. According to the methodology adopted for the annual
budget estimation, new N introduced via N, fixation to the lagoon
is ~0.06 Ggy~ .. Nitrogen introduced to the lagoon through atmo-
spheric deposition was also calculated based on the BOB DIN
deposition data (Srinivas et al., 2011). For the calculation purpose,
dry deposition flux of DIN over Chilika was assumed to be the same
as BOB (2-83umolm2d~! with an average of
27 + 20 pmol m~2d~") due to their close proximity. Taking surface
area of the Chilika into account and assuming uniform deposition
rate of 27 pmolm~2 d~! throughout the year, total DIN deposition
over the lagoon is around 0.12 Ggy~ . Similarly, N introduced to the
lagoon through riverine discharge was calculated based on data
from Patra et al. (2016). Using average influx of DIN (Patra et al.,
2016)  during pre-monsoon  (43.77mold"!), monsoon
(271493 mold™") and post-monsoon (269.86mold~!), annual
input of DIN to the lagoon through rivers draining into the Chilika is
around 0.005 Gg y~ . Similarly, average dissolved organic nitrogen
influx to the lagoon is around 0.004 Ggy ™.

Based on above calculations, atmospheric deposition and N,
fixation were major contributors as external N sources to the Chi-
lika followed by riverine inputs. Better constraints on the budgets
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Fig. 8. Annual nitrogen fixation in different sectors of the Chilika lagoon. NS, CS, SS and
OC indicate northern, central, southern and ocean channel sectors, respectively.

of N sources to the lagoon, however, will require high resolution
sampling. Overall, measurable N, fixation rates and its contribution
as new N source to the lagoon disproves our central hypotheses,
which assumed its smaller role in light of high DIN concentrations
within the lagoon.

4.5. Origin of particulate organic matter

Movement of N from dissolved pool to the particulate phase is
linked via formation and transformation (i.e., mineralization) of
POM. Therefore, it is imperative to examine the origin and trans-
formation of suspended POM using its N isotopic composition.
3" Npom in the Chilika showed a wide spatial variability (Fig. 4). Our
data for all the surface samples during the study period showed
average 515Npo]\/[ of 3.99 + 1.68%o (mean + SD) and PON concentra-
tion of 11.36+7.78 pumol L1 (mean + SD) which fall within the
range of northern Indian estuaries reported earlier (Sarma et al.,
2014). Station 16 in the outer channel area, which is very close to
the ocean, showed 3> Npgwm of 8.31%, which falls within the range
of marine values (7—10%o; Peters et al., 1978) showing dominance
of marine phytoplankton at the lagoon—ocean interface. In the
northern sector, which is largely influenced by terrestrial runoff,
3" Npom ranged between 2.80 and 4.28%o. Central sector 8'°Npom
varied from 2.04 to 5.47%o, whereas two southern sector stations
(13 and 14) also exhibited similar 3"Npom (4.52 and 4.54%,
respectively). It appears that 3> Npoy at these locations have been
influenced by terrestrial inputs. Terrestrial particulate matter
brought in by rivers to the lagoon may have lowered 3°Npgy; of the
lagoon as naturally occurring land derived materials have low
3" Npom (mean of 2.5% for terrestrial organic matter (Sweeney
et al., 1978); and 1.5%o for terrestrial detrital component (Mariotti
et al., 1984)) compared to marine POM (Kumar et al., 2004). Sta-
tion 11 and 12 in the southern sector showed 3">Npgy less than 2%,
which may have influence of N, fixation. The wide variation of
3"Npom in the Chilika lagoon (1.34%0—8.31%0) suggests variable
sources of organic matter indicating mixture of marine and
terrestrial pools along with N, fixation as possible contributors.

5. Conclusion

This study reports the rates of DIN (NO3 and NHZ) uptake and
N; fixation along with 3°Npgy in the Chilika lagoon. Our results
indicate significantly higher DIN uptake rates along with high PON
concentrations in the northern part of the lagoon compared to
other parts possibly due to riverine inputs and mixing. Absence of
correlations between N uptake rates with pH and salinity suggest
limited role of these parameters in regulating N uptake rates in the
lagoon. Like many other aquatic systems, NHf was preferred sub-
strate for the phytoplankton in the Chilika as well. Despite high
NO3 and NHiconcentrations, lagoon showed considerable N; fix-
ation rates indicating diazotrophic activity. Although the lagoon is
surrounded by many rivers and rivulets, atmospheric deposition
and N, fixation are major contributors to the N pool followed by
riverine inputs, which disproved central hypotheses of the study.
However, for precise budgeting of N sources, high resolution sam-
pling in the lagoon is needed. Wide variation of 8'°Npgy in the
lagoon (1.34%0—8.31%o) suggests variable sources of organic matter
indicating marine and terrestrial components along with N
fixation.
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