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Abstract

Estuarine and coastal environments are highly prone to anthropogenic
interferences which can potentially alter the biogeochemical cycling of
these ecologically relevant systems. This thesis reports results from a set
of in situ and simulated experiments performed to understand the
influence of anthropogenic activities and climate change on the nitrogen
(N) and carbon (C) cycling in the estuarine and coastal waters using N
and C stable isotopic techniques. The study provides first estimates of
DIN uptake and N3z fixation rates in a eutrophic estuary (the Cochin
estuary), from India. The results showed that N and C assimilations in
this estuary are highly influenced by anthropogenic nutrient loading.
Despite high DIN concentrations, the existence of diazotrophs and its
ability to fix N2 in the Cochin estuary was identified by the present study.
The study proved that relative abundance of N and P controls DIN uptake
and N2 fixation rates in the Cochin estuary rather than their individual
concentrations. The optimum DIN uptake rates in the estuary was
observed at TN:TP close to the Redfield’s ratio (16:1). The study also
reports the influence of anthropogenic nutrient loading through the
Cochin estuary on DIN assimilation rates at the nearshore station in the

coastal Arabian Sea.

One of the major findings of this thesis is that the 13C (NaHCO3) labeling
technique i1s not the best suited method for primary productivity
measurements for aquatic environments with high COs 34 concentrations.
The present study also uses 613C and 85N of POM and Zooplankton along
with 813Cpic as tracers to understand the marine food web and DIC

dynamics in the Cochin estuary and the coastal Arabian Sea. The results
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indicate that DIC pool in the Cochin estuary and the coastal Arabian Sea

was found to be significantly depleted in 13C.

Based on the mixing curve approximation, mineralization/respiration
seems to be the major processes controlling their distribution in the both
of these ecosystems. The study also confirms that the coastal Arabian Sea
continues to be a major source of COz to the atmosphere. The 613C and
d15N of the zooplanktons showed an enrichment of 1.5—4 %o relative to
POM, which is in agreement with the previous studies conducted globally.
The study also constructed a first N and C isotopic flow in marine food

web up to the primary consumers in the coastal Arabian Sea.

A mesocosm experiment with anticipated temperature and salinity
conditions was also performed to understand the response of marine
phytoplankton towards changing hydrographical conditions. The results
indicate that under nutrient replete coastal conditions, salinity and
temperature are important factors in modulating the assimilation rates.
The lower N and C uptake rates in the decreased salinity and ambient
temperature condition indicate the negative effect of osmotic stress on
phytoplankton community. The results also point towards the decrease in
primary productivity in future when salinity decreases with increasing

precipitation.

Key words: Coastal Arabian Sea, Cochin estuary, eutrophication;, N and C
cycle; 15N and 13C tracer techniques; diazotrophs; 6:3Cpic; marine food web;

mesocosm experiments.
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Chapter 1

Introduction

The nitrogen (N) cycle is perhaps the most fascinating among all
biogeochemical cycles probably due to its complexity and mysterious
pathways. The key paradox in the N cycle is the poor availability of
reactive N despite the significant presence of N2 gas (78%) in the
Earth’s atmosphere. Hence, as a limiting element for biological
productivity, N grabs a pivotal role in aquatic as well as terrestrial
biogeochemistry with a significant influence on cycling of many other
elements, particularly carbon (C) and phosphorus (P). Till the
industrial revolution, most of the ecosystems were N limiting due to
non availability of reactive N. However, the appearance of N cycle has
intensely altered since N-fertilizers and industrial revolution came into
picture [Meybeck, 1982; Bauer et al., 2013; Regnier et al., 2013].
Elevated usage of N-fertilizers and consequent loading to the rivers
and estuaries causes high dissolved inorganic and organic nitrogen
concentrations in these ecosystems [Doney et al., 2010; Paerl et al.,
2014]. The exact magnitudes of altered N and C fixation and loss rates
are still unclear [Cai, 2011; Bauer et al., 2013; Regnier et al., 2013].

Also, the present-day exchange of CO2 between the atmosphere and
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continental shelf seas remains rudimentary, with an uncertainty as
large as 50—100% [Bauer et al., 2013]. Hence, it is highly important to
understand the current N and C transformation rates, nutrients (NOs,
NH4*, PO43-, SiOs etc.) utilization, COz release from the estuarine-
coastal coupled systems. Since C and N cycles are strongly
interconnected and have a proportional alteration with ecosystem
changes, it is vital to study both N and C dynamics of an ecosystem.
Taking all these factors together, this thesis attempts to address the
influences of anthropogenic activities and climate change on N as well
as C cycles in estuarine and coastal environments in India. Below in
different subsections, a brief overview of different aspects covered in

thesis has been discussed.

1.1 Aquatic nitrogen cycle

Cycling of N in aquatic systems involves very tricky and complex
transformation pathways which involve mostly biological processes
[Figure 1.1]. The N cycle in the aquatic system starts with N2 fixation
by diazotrophs. The first bioavailable form of N is produced in the
marine systems through N fixation mediated by diazotrophs (e.g.
Trichodesmium, Synechococcus etc.). The NH4" produced through Ns
fixation 1s converted subsequently to NOz and then to NOjs by
nitrosomonas and nitrobactor, respectively, through a process called
nitrification. This NOsz is reduced and incorporated by primary
producers, the phytoplankton. This is a major step towards the
formation of amino acids and consequently the organic biomass. NH4"
and urea are reduced forms of N which are released during excretion
and decomposition of OM. Primary production mediated through the
incorporation of NH4" and urea is known as regenerated production.

Many studies have reported that NH4" is the most preferred substrate

2
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among all other forms of reactive N because the oxidation state of N in
NH," is same as that in amino acids and other nitrogenous

biochemicals in phytoplankton cells [Kirchman, 2012].

Nitrification

Excretion

Figure 1.1: Nitrogen cycle in the marine environment, where the light
blue and dark blue shades indicate oxic and anoxic waters,
respectively. Areas with dissolved oxygen concentrations ~ 5 ml/L and
~ 0ml/L are known as oxic and anoxic zones, respectively.

The loss of N from the aquatic pool involves two processes:
denitrification and anaerobic ammonium oxidation (anammox).
Denitrification is a series of redox reactions which converts NOs to Na
gas with emission of intermediate product N20 under anoxic
conditions. Until 1995, it was believed that denitrification is the only
process by which N escapes to the atmosphere from ocean or land.
Later on the existence of anaerobic bacteria which can oxidize NH4"
with utilization of NO2 to release N2 gas was revealed [Kuyper et al.,

2003, Dalsgaard et al., 2003].
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This thesis reports the DIN (NOs + NH4*) uptake rates and N fixation
rates in the some estuarine and coastal environments in India. The
study also covers some aspects of C cycling in these ecosystems as it
requires urgent attention due to the changing hydrographic conditions.
The section below briefly explains the importance of carbon cycling in

the global marine biogeochemistry.

1.2 Aquatic carbon cycle

The increasing global atmospheric temperature with the increasing
carbon dioxide (COg2) concentration in the earth’s atmosphere is a
major concern in the anthropocene [Hansen and Sato, 2004; Hansen et
al., 2007]. Terrestrial and marine photosynthesis, which converts COg2
to organic matter (OM), is the foremost sink of atmospheric CO2. Since
ocean covers 70% of the Earth’s surface, it 1s considered as the chief
controller of atmospheric CO2 The removal of atmospheric COz by
ocean involves two key processes known as the solubility pump and
biological pump. The former is fundamentally dissolution and
transport of COgz through cold dense ocean water from the high
latitudes, where it sinks to the deep. A the tropics, where warm and
less dense waters come to the surface due to upwelling, COz is released
back into the atmosphere. The net removal of COz2 through primary
production and consequent transport to the deeper waters is known as

biological pump.

A schematic diagram of the marine C cycle is presented in Figure 1.2.
It starts with the dissolution of atmospheric COz in to the sea surface,
which subsequently forms three different dissolved inorganic carbon
(DIC) species: 90% of bicarbonate (HCO3), 9% of carbonate ion (COs%),
and 1% of COg2 at the typical ocean pH of 8.17 [Neven et al., 2011]. The
conversion of dissolved COz into HCOs and COs* helps ocean to hold
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50 times as much C as in the overlying atmosphere. Inorganic carbon
in the ocean is 40 times larger than that of organic carbon [Falkowski

et al., 2000].

Carbon dioxide Atmosphere Carbon dioxide
Air-sea exchange of CO,

Figure 1.2: The oceanic carbon cycle. The carbon cycle starts with the
dissolution of atmospheric COz in to the ocean. This is taken up by the
marine phytoplankton during photosynthesis.

The production of OM occurs only through the biological process,
photosynthesis, the first step of the marine biological pump. With
exception of COs2 species, the other two forms of DIC can be used up
by phytoplankton during photosynthesis [Riebesell et al., 1993; Neven
et al. 2011]. A major portion of the phytoplankton colony in the surface
ocean is grazed by zooplanktons, the primary consumers in the aquatic
systems, which in turn are eaten up by other higher level organisms.
Eventually, some part of the OM produced and consumed sinks to
deeper waters, either as dead cells or fecal matter. In due course, this
1s used up for remineralization by bacteria present either in water
column or sediments. To an extent, biological pump can control the

oceanic intake of atmospheric CO2 and hence, contribute to the
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balancing of the CO2 concentration. Conversion of COz to the OM is
controlled by a number of physical, chemical, biological and
environmental factors. This process is drastically getting altered by

both natural and anthropogenic influences.

The cycling of C and N in an ecosystem near human settlements,
particularly estuaries and coastal waters, are highly amended by
excess loading of OM and nutrients. One of the major objectives of this
thesis includes the effect of anthropogenic influence on the C dynamics

in estuaries and coastal systems.

1.3 Anthropogenic influences on nitrogen and
carbon cycling in the estuaries and coastal
waters: A global perspective

Being a rich stockpile of natural resources, estuaries are favorable for
human settlements, which make these systems vulnerable to human
induced pollution. This pollution introduces excess N which violates
the balanced biogeochemical environment in these ecosystems. The
colossal inputs of reactive N and terrestrial organic matter (TOM) to
estuaries arise mainly from fertilizers, atmospheric deposition in
drainage basins and direct sewage discharge etc. [Howarth et al.,
1996]. The enhanced nutrient levels, high primary productivity and
high OM remineralization in such systems is known as eutrophication.
Tidal activity and river runoff also cause high variability in nutrient
composition and supply, leading to imbalance in N and phosphorous
(P) derived nutrients [Humborg et al., 1997; Rabalais et al., 2009].
Phosphorus is known to be a limiting nutrient in the estuarine waters,
whereas N or both N and P can be limiting in the coastal waters

[Fisher et al., 1999; Neill 2005; Pearl et al., 2014]. Some studies suggest
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that estuarine primary productivity is sensitive to both N and P inputs
[Ryther and Dunstan, 1971; Schindler, 1975; Rudek et al., 1991; Fisher
et al., 1999; Boesch et al., 2001; Paerl and Piehler, 2008; Smith and
Schindler, 2009, Paerl et al., 2014].

The uptake rate measurements by in situ as well as culture
experiments have proved that it is relative abundance of N and P that
controls the metabolic rates of phytoplankton than individual nutrient
concentrations [Gilbert et al., 2003; Bhavya et al., 2015]. Also, in the
estuarine-coastal ecosystems, availability of P acts as a controlling
factor for phytoplankton growth [Karl et al., 1995; Sanudo-Whilhelmy
et al., 2001; Mills et al., 2004; Neill, 2005].

Climate change

(winds, temperature, sea
ice, precipitation, runoff
and ocean circulation)

Carbon dioxide

Organic pollutants and trace metals

Reactive
nitrogen

VVV/\ Nutrients
®  Coastal eutrophication  Altered prima Ocean uptake
al et  Mersdprimary ___Ocean piake

S

Low O, upwelling ‘

= Deoxygenation

Figure 1.3. A schematic diagram showing influence of anthropogenic
activities on the coastal biogeochemistry.

Many studies have reported that a considerable portion of terrestrial
discharge gets transferred to the coastal waters adjacent to estuaries
[Nixon, 1995; Borum, 1996; Bhavya et al., 2015]. Hence, the
biogeochemistry of coastal waters is closely linked to the terrestrial

nutrient loading through rivers or estuaries. Figure 1.3 shows a
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schematic diagram showing influence of anthropogenic activities on the

coastal biogeochemistry.

However, it remains a challenge to quantify the influence of terrestrial
chemical loading on various coastal ecosystems, especially tropical
systems, because of perplexing physical and biogeochemical factors
[Pennock et al. 1994; Eyre and Balls, 1999; Cloern 2001]. The influence
of other nutrient sources and sinks such as the atmosphere and
adjacent ocean [Smith, 1984; Eyre and France, 1997; Smith and
Hollibaugh, 1997] also leads to complexity in the coastal ocean
biogeochemistry. The reported range of primary productivity and
organic matter burial of the coastal ocean are ~15% — ~30% and ~80%,
respectively [Gattuso et al., 1998]. It also hosts most of the benthic
oceanic calcium carbonate (CaCOs) production, ~20% of surface pelagic
oceanic CaCOs stock [Balch et al., 2005], and ~50% of oceanic CaCO3
deposition [Gattuso et al., 1998]. Hence, C flow in the coastal ocean is
extensively high in comparison with its surface area (~7% of total
oceanic surface area). Intense air—water CO2 exchange can also be
expected in the coastal ocean which could be significant for CO2 flux at
regional [Frankignoulle and Borges, 2001; Borges et al., 2006] and
global scales. It is highly important to understand the flow of N and C
in these ecosystems to access the level of alteration by human
influences. Further, extended studies are required at regional and
global scales to construct mitigation strategies to avoid deterioration of

these valuable resources.

1.4 Nitrogen pollution: Indian perspective

Excess OM and nutrient loading are major problems faced by Indian
estuaries and coastal waters. Many of the Indian estuaries are

reported with elevated TOM and nutrient concentrations, which leads
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to eutrophication [Sarma et al., 2001; Mukhopadhyay et al., 2002;
Bouillon et al., 2003; Biswas et al., 2004; Gupta et al., 2008; Bhavya et
al. 2015, Bhavya et al., unpublished]. The N pollution in these
estuaries gradually leads to heterotrophy, a state in which respiration
dominates over primary productivity. Elevated nutrient levels and
decrease in dissolved oxygen levels associated with heterotrophy has
been reported in Indian estuaries and coastal waters [Qasim et al.,

1967; Jyothibabu et al. 2003; Martin et al., 2013].

The supersaturation of CO2 in Indian estuaries was reported by some
recent studies [Gupta et al., 2008, 2009]. There are some studies which
primarily focused on the C dynamics of some Indian estuaries
[Raymond et al., 2000; Sarma et al., 2001; Mukhopadhyay et al., 2002;
Taylor et al., 2003; Bouillon et al. 2003; Biswas et al., 2004; Cai et al.,
2004; Borges et al., 2005; Bouillon et al., 2007; Gupta et al., 2008,
2009]. Some studies reported that a number of Indian estuaries exhibit
up to 90% mineralization of TOM loads during high freshwater flow
conditions [Gupta et al., 2008; Ghosh et al., 2013]. It has been reported
that the Cochin estuary, the longest estuarine system along the west
coast of India, receives approximately 1.37 kg d! of inorganic
phosphate and 2.69 kg d-! of inorganic NOs [Naik, 2000; Balachandran
et al., 2001]. The export to the coastal waters is around 0.91 kg d-! of
inorganic phosphate (PO43) and 1.71 kg d! of inorganic NOs which
indicate considerable proportion of nutrients being cycled within the

estuary.

In this scenario, the efficiency of these ecosystems with regards to
mitigating eutrophication needs a thorough investigation. A number of
studies regarding N uptake and primary productivity have been

conducted in the northern Indian ocean [e.g. Owens et al., 1993;

9
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McCarthy et al., 1999; Sambrotto, 2001; Prakash et al. 2008; Kumar et
al., 2010; Gandhi et al., 2010, 2011a]. However, the eutrophication in
estuaries and its influence on coastal environments are not studied
adequately [Bhavya et al., 2015]. The primary production, N2 fixation,
nature of OM remineralization, exchange of nutrients and TOM in the

estuarine-coastal coupling systems are major focuses of this thesis.

1.5 Primary productivity and CO: super
saturation

One of the major problems faced by eutrophic ecosystems is COs2
supersaturation, which is increase in the partial pressure of COq
(pCOg2) in an aqueous medium relative to that of air above the water
level. The prime reason for this is the dominance of respiration over
primary productivity in such systems, particularly estuaries and
coastal waters. The excess OM loading and heterotrophy leads such
systems to sustain high level of dissolved CO2 (COz2,aq) [Bouillon et al.,
2001; Gupta et al., 2008, 2009].

The widely used methodology for estimating primary productivity is
13C or 4C labeling technique [explained in Chapter 2]. This method
assumes HCO3 is the major substrate for primary production, which
may not be the case for ecosystems with high COz concentrations.
Burkhardt et al. [2001] reported that pCO2 accumulation may not
affect the C fixation in the ocean, since CO2,.q and HCOs are equally
preferred by marine autotrophs and COs2aq in the ocean generally
varies between 5-25 uM. However, when COg 44 is higher than the half
saturation constant for Rubisco (70 uM), HCOs uptake can be
considerably suppressed. Since the oceanic COz is only ~0.25-1.25% of
the total DIC pool, an underestimation of primary productivity by the
13C-HCO3 method 1s negligible. However, this may not be the case for
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estuaries with COgz supersaturation and leads to a considerable
underestimation of primary productivity measurements in such
systems. As explained earlier, the estimation of primary productivity
in eutrophic systems is highly important to understand the cycling of
excess of N and C reaching these systems. However, there is lack of
such studies reported on any estuarine environment with elevated
rates of COg4q. The present study attempts to find out the effect of high

pCO2 on primary productivity measurements [Chapter 4].

1.6 Application of isotopes in nitrogen and
carbon dynamics

Stable isotopic composition of N and C (813C and 815N, respectively) are
widely used to identify sources, infer processes, estimate metabolic
rates, understand diet at different trophic levels, and validation of
different biogeochemical models. Significant variation in the natural
abundance of 1N in marine organisms was first reported by Hoering in
1955. However, well focused studies using N and C isotopic
compositions were carried out only after 1960 onwards [Miyake and
Wada, 1967, Wada et al., 1975; Wada and Hattori, 1976; Minagawa
and Wada, 1984].

Since molecules with different isotopes have different chemical
reaction rates, the product and substrate undergoes isotopic
discrimination or fractionation. This property helps in tracking the
processes and sources in the ecosystems. Since isotopic differences
among various materials or phases are very small, the isotopic
compositions are reported relative to an internationally accepted
standard. It is expressed in parts per thousand deviation from that
standard. The isotopic compositions are denoted by & which is given

below,
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Rsample

8(%o) =

— 1] X 1000
Rstandard

Where, R is the ratio of heavier isotope to lighter isotope. Isotopes are

also used as tracers, where atom% 1s used instead of 8 values, where

Rsample

Atom% = 100 x [—
om7o (1 + Rsample)

The potential of stable isotopes to determine organic matter flow,
inorganic nutrient dynamics, and food web structure dragged attention
of many researchers [DeNiro and Epstein, 1978; Fry et al., 1978; Rau
and Anderson, 1981; Peterson and Fry, 1987; Kumar et al., 2004; Ghosh
et al., 2011; Bardhan et al., 2015]. Apart from identifying sources, 5!°N
and 3813C of phytoplankton and zooplankton can throw light on the

marine food web and predator-prey relationship.

The reported values for 6N and 6!3C of phytoplankton, dissolved
inorganic carbon (DIC) in the Indian estuaries and coastal waters are
very few [Sonnerup and Quay, 2000; Bouillin et al., 2001; Kumar et al.,
2004; Ghosh et al., 2011; Laskar et al., 2011; Sarma et al., 2014;
Bardhan et al., 2015]. However, there 1s no well structured
investigation regarding the 6N and 813C of phytoplankton and
zooplankton and &813C of DIC in Indian estuaries and coastal waters.
Chapter 5 of this thesis presents the 613C and 6!°N of phytoplankton,
zooplankton, and DIC in the Cochin estuary and the coastal Arabian

Sea.

1.7 Response of phytoplankton to climate
change

Apart from anthropogenic chemical loading, the increase in surface
temperature due to climate change and decrease in sea surface salinity
(SSS) due to heavy rainfall events [IPCC report, 2007] is also a matter
12
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of concern. Potential increase in sea surface temperature (SST) and
decrease in coastal SSS may be close to the physiological tolerance
limits for different organisms [Walther et al., 2002]. Marine
phytoplankton, responsible for almost half of the global primary
productivity [Field et al., 1998], may also get affected by such
hydrographical changes, which can alter their N and C uptake
potential. Studies have suggested that ocean warming has a significant
impact on biological and ecological aspects, from species to community
levels [Walther et al., 2002], including biodiversity, population size,
species community composition, geographical distribution, phenology
and productivity [Hardy, 2003; Edwards and Richardson, 2004;
Behrenfeld et al., 2006; Jay & Marmot, 2009; Boyce et al., 2010; Moran
et al., 2010]. Models also predict reduction in phytoplankton
productivity due to increased SST during this century [Bopp et al.,
2001; Steinacher et al., 2010; Thomas et al., 2012].

In the context of climate change, some studies have explored
temperature-related traits, such as optimal temperatures for growth
and ranges of thermal tolerance for marine phytoplankton and other
organisms [Kingsolver, 2009; Thomas et al., 2012]. However, the
response of the tropical phytoplankton community to the changing
hydrographic conditions in terms of their production and N
assimilation remains poorly constrained. The extent of such
hydrographic changes on the marine food web along with their
potential to contribute directly or indirectly towards initiation of
harmful algal blooms (HABs) and the proliferation of marine
pathogenic bacteria also remains to be explored as the frequency,
intensity, and geographical distribution of HABs appear to have
increased over the last few decades [Hallegraeff et al., 2010]. Chapter 6
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of this thesis describes a mesocosm study performed by us understand

the phytoplankton response to the changing temperature and salinity.

1.8 Scope of the present study

The main focus of this thesis is to understand the influence of

anthropogenic activities and climate change on N and C cycling in the

estuarine and coastal waters. For a better understanding of of the

above mentioned problems associated with the biogeochemistry of

these ecosystems, stable isotopic techniques of N and C are used. The

null hypotheses of this thesis are listed below,

1.

Since estuarine and coastal systems receive high nutrient
loading, the DIN uptake rates as well as primary productivity in
these systems are higher than that of the open ocean.

Due to high NH4* concentrations in the estuarine systems, N»
fixation is absent.

The elevated COgaq concentrations in the estuary may
underestimate the primary production rates using !3C-labelling
technique.

The coastal Arabian Sea, one of the world’s high productive
zones, 1s a source of CQOg, because respiration dominates over
primary production.

The 1sotopic enrichment in the predator relative to the prey is
~2—3%o.

Hydrographic changes in future due to climate change may

affect N and C uptake potential of phytoplankton.

To check the above mentioned hypotheses following studies were

conducted,

14
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1.

DIN wuptake rates were estimated using the !N-labelling
technique in the Cochin estuary and the coastal Arabian Sea

during three seasons in 2012.

No fixation rates were estimated directly using the 15N tracer

gas in the Cochin estuary and the coastal Arabian Sea.

Primary productivity measurements using 13C-labelling
technique were performed in COz supersaturated Cochin estuary

and the coastal Arabian Sea.

Isotopic compositions of DIC in the Cochin estuary and the
coastal Arabian Sea were measured during three seasons in
2012. This helped to understand the major processes governing

C dynamics in this region.

Isotopic compositions of N and C in phytoplankton and
zooplankton were analyzed during nine months of 2012. This

helped to understand the food web of the Arabian Sea.

A mesocosm study was performed at the Fisheries College,
Mangalore, to understand the response of phytoplankton
community towards anticipated hydrographic changes. 13C and
15N labeling techniques were used to measure DIN uptake and

primary production rates.

15






Chapter 2
Methodology

This thesis consists of results from three different field studies
conducted in the Cochin estuary and adjacent coastal Arabian Sea
along with one mesocosm experiment performed to understand the
response of phytoplankton towards the anticipated hydrographic
changes. The results include N and C uptake rates, N2 fixation rates,
315N and 813C of particulate organic matter and zooplankton and 513C
of DIC. This chapter contains different methods used for data collection

and experiments during the course of this study.

2.1 Environmental Parameters

2.1.1 The Cochin estuary and coastal Arabian Sea
studies

The data for temperature and salinity during the study period were

collected using a Sea-Bird CTD profiler (model 911 plus for coastal

[Figure 2.1] and model SBE 25 for the estuary). Inorganic nutrients

viz. NH4*, NOs, dissolved inorganic phosphate (DIP), and silicate (Si)



were analyzed by spectrophotometry using standard methods
[Grasshoff et al., 1999]. Total phosphorus (TP) and total nitrogen (TN)
were estimated using persulphate oxidation [Grasshoff et al., 1999].
Dissolved organic phosphorus (DOP) and nitrogen (DON) were
calculated as difference between TP, TN and their respective total
inorganic fractions. The analytical precision for NH4*, NOs, DIP, Si,
TN and TP were +0.07, +0.05, +£0.02, +£0.03, +0.11 and +0.06 pM,
respectively. pH was measured using a potentiometric titrator (907
Titrando, Metrohm) with a precision of +0.005 and +0.008 for coastal
and estuarine samples, respectively. Chlorophyll a (Chl a) was
measured using 90% acetone extraction followed by fluorometric

analysis [Grasshoff et al., 1999].

Figure 2.1 Operation of CTD Rosette in the coastal Arabian Sea.
2.1.2 Mesocosm experiment

Temperature and salinity during mesocosm experiment were measured
by a thermometer and digital salinometer, respectively. Samples for

NOs, NO2, and NH4* were measured using autoanalyzer [Grasshoff et
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al., 1999] and pH was measured using a pH meter (MKVI Systronics).
On each sampling occasion, 200 ml of water in duplicate from each
mesocosm tank was vacuum-filtered through GF/F filters (Whatman).
Pigments were extracted overnight at 4°C, in 3 ml of 90% acetone. The
absorption of the extracted pigments was measured in a
spectrophotometer (Shimadzu Corporation). Chl a concentrations (ug I
1) in water samples were calculated according to Jeffrey and Humphrey
[1975]. N and C uptake rates were estimated using 5N and 13C isotope

labelling techniques, respectively.

2.2 BC and “N tracer techniques
2.2.1 Nitrogen and carbon uptake rates

Two stable isotopes of N are 14N and 15N which contribute 99.636 and
0.364%, respectively, to the total N in the environment. Similarly, C
has 12C and 13C as two stable isotopes having abundance of 98.887 and
1.113%, respectively. Lower abundance of heavier isotope is used as
tool for isotope labeling technique [Dugdale et al., 1967; 1986]. The
tracers NaH3COs, 1’NH4Cl and Nal>NOs are used with assumptions
that:

1. Phytoplankton do not discriminate between the heavier and
lighter 1sotopes during uptake.
2. There is no grazing by zooplankton.

3. There is no formation of nutrients during the incubation.

For estuarine-coastal and mesocosm studies, 13C and 15N labeling
techniques were used to estimate the C and N uptake rates,
respectively. For C and N uptake experiments, water samples (coastal:
1L and estuary: 500 ml) were collected and were spiked with 99 atom%
enriched NaH13COs, 15NH4Cl, and Nal5NOsto trace C, NH4', and NOs

19



uptake rates, respectively. Tracer additions were less than 10% of the
ambient concentrations. Immediately after the tracer addition, sample
bottles were deployed for in situ incubation for 4 hrs, approximately

symmetrical to the local noon.

Figure 2.2: In situ incubation of samples in the coastal Arabian Sea.

Post incubation samples were filtered onto pre-combusted (4 hrs @
450°C) 47 mm Whatman GF/F filters and stored for the mass
spectrometric analysis after drying at 50°C overnight. The mass
spectrometric analyses of post-incubation samples were performed
using a continuous flow stable isotope ratio mass spectrometer (IRMS,
Delta V Plus) connected to an elemental analyzer (Flash EA 2000)
where, 15N (or 13C) atom% and particulate organic N or C (PON or

POC) content were measured.
The uptake rate was calculated using following equation.

Uptake rate (umol N 11 h-1) =
P*ATL, /[T * ((ToSatIeSt) / (Sa + Se) - 10)]
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Where, P is the amount of particulate N in post incubation sample, Al,
is the increase in 15N atom% in particulate N during incubation, S, and
St are ambient and added concentration, respectively, I, and Io are 15N
atom% of added tracer and natural N atom%, and T is the incubation
time. This equation assumes no formation of nutrient during the
incubation and therefore rates presented here are representative of
potential rates. The same equation can be used for estimating C
uptakes rates, where, P 1s the amount of particulate C in post
incubation sample, A I, is the increase in 3C atom% in particulate C
during incubation, S, and S; are ambient and added concentration,
respectively, I, and Ip are 13C atom% of added tracer and natural 3C

atom% [Slawyak et al., 19717].

cmww s
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Figure 2.3: Delta V plus isotope ratio mass spectrometer and FLASH
EA 2000 at the Physical Research Laboratory.

2.2.2 N: Fixation rates

Experiments to measure N2 fixation rates during the pre-monsoon
season were conducted using the 15Na bubble method [Montoya et al.,
1996] using 15Ny (98+ atom %) tracer gas procured from Cambridge
Isotope Laboratories (CIL). Water samples collected with a clean

bucket (for estuary) and Niskin sampler (for coastal waters) were
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transferred to four 250 ml borosilicate bottles (three light). These
bottles were filled to the brim and sealed tightly with septum caps to
ensure the absence of air bubbles. Five tenths ml of N enriched N2
gas was injected into the sample bottles using a chromatographic
syringe followed by gentle mixing and 4 hrs of incubation. Post-
incubated samples were filtered onto pre-combusted 25 mm Whatman
GF/F filters and dried at 50°C overnight. Ambient concentrations of
dissolved N2 gas were estimated using the gas solubility table of Weiss
[1970] and the N3 fixation rates were calculated using Montoya et al.
[1996]. These experiments were performed at all stations along the off
Cochin and off Mangalore transects at surface, 10, and 20 m depths,
except at nearshore stations, where it was performed only on surface
waters. Experiments were also performed in a Trichodesmium bloom
patch observed around MR2-0 off Mangalore [Table 3.1]). Similar
experiments were conducted on the surface waters of estuarine

stations.

The 15Ng bubble method [Montoya et al., 1996] used during the present
study has some drawbacks. The main drawback is the incomplete
dissolution of *Ng gas in the sample within the incubation time, which
may underestimate the Ng fixation rates [Mohr et al., 2010; Grofkopf
et al., 2012]. The release of fixed N, during the incubation, as
regenerated N forms [Capone et al., 1994, Bronk et al., 1994,
Mulholland et al., 2004] may also contribute to the underestimation. A
recent paper by Dabundo et al. [2014] reported that other N forms
(NH4*, NOs, and N20) as impurities in the N2 tracer gas supplied by
different distributers too can cause a misinterpretation of the N
fixation rates. However, N2 gas supplied by the CIL (used during the
present study) had only very low concentrations of NH4" (0.052umol/ 1
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mol of N2 gas) and non-detectable NOs and N20O compared to the gas
supplied by Sigma-Aldrich [Dabundo et al., 2014].

2.3 813Cpic Analysis

Samples for 613Cpic were collected using a Niskin sampler and
transferred to 125 ml amber glass bottles without air bubbles. 1 ml of
concentrated HgCls was added to stop the microbial activity. A gas-
tight cap was placed on the bottle immediately. For mass spectrometric
analysis, 12 ml septum wvials containing 0.1 ml of 100 % pure
orthophosphoric acid was flushed with Helium gas in a gas bench
system. 1 ml of coastal samples was injected to these vials using a gas
tight syringe and it was kept for 18 hours at 28°C. Isotopic analyse was
carried out using continuous flow IRMS (Delta V plus) attached to a
Gas Bench system [Figure 2.3].

NaHCOs of 613C = —11.4 %o was used as lab standard and final values
of the samples were represented with respect to international standard
(V-PDB). The 63C was calculated based on the standard equation

given below:

513C(%0) _ [ RSampIe - RV—PDB j % 103

I:2\/7PDB

The reproducibility of the isotopic measurements was better than
0.1%o.

2.4 BC and N measurements in natural

samples

2.4.1 Suspended particulate organic matter

Samples for suspended particulate organic matter (POM) were filtered

through pre-combusted (450 °C for 4 h) GF/F filters (0.7 pm pore size).
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The filtration volume varied from 0.5 to 2 L depending on the
suspended load. The filters for 813C measurements were exposed to
acid-fumes (36% HCI) to remove carbonates and dried in a clean oven
at 60 °C. A Flash EA 2000 coupled to a Thermo-Finnigan Delta V plus
1sotope ratio mass spectrometer [Figure 2.3] in continuous-flow mode
was used for isotopic analyses. Isotopic ratios of C and N are expressed
in the standard delta notation (613C and 615N, respectively) with
respect to V-PDB and atmospheric nitrogen (Air N3), respectively.

2.4.2 Zooplankton

Zooplankton samples were collected by trawling Bongo net with 200
pm porosity, from both the Cochin estuary and the coastal Arabian Sea

[Figure 2.4].

Figure 2.4 Collection of zooplankton samples using the bongo net.

Samples dried at 60°C and powdered fine were stored at —20°C until

mass spectrometric analysis. Samples were analyzed in MAT 253

IRMS coupled to a Flash EA 2000 [Figure 2.5].
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Figure 2.5 MAT 253 isotope ratio mass spectrometer at Physical
Research Laboratory.

The precisions for 313C and 815N were 0.04 %o and 0.1 %o, respectively.
TAEA-CH-3 Cellulose and ITAEA-N2-(NH4)2SOs4 were used as lab
standards for 313C and !N measurements, respectively. Final values
are reported with respect to V-PDB and Air N2 for C and N,

respectively.
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Chapter 3

Nitrogen dynamics in the Cochin estuary
and coastal Arabian Sea

Situated at the interface of rivers, ocean, atmosphere and human
settlements, estuaries are subjected to a large number of natural and
anthropogenic influences, which can lead to significant ecological and
biogeochemical changes within estuaries [Cloern and Jassby, 2012].
The countering tides and river discharge cause variations in the
availability and composition of nutrients and affect major
biogeochemical cycles and species diversity in estuaries and adjoining
coastal waters [Humborg et al., 1997; Rabalais et al., 2009]. Although
the supply of N to the estuarine-coastal ecosystems has increased
significantly, P availability is the controlling factor for phytoplankton
growth [Karl et al., 1995; Sanudo-Whilhelmy et al., 2001; Mills et al.,
2004; Neill, 2005]. Anthropogenic inputs cause many estuarine-coastal
systems to shift drastically from N limitation to an N surplus leading
to eutrophication [Bricker et al., 1999], a major threat to most of the
estuaries and coastal waters around the world [e.g., Hoch and
Kirchman, 1995; Guttuso et al., 1998; Middelburg and Nieuwenhuize,
2000a, b; Mulholland et al., 2003].
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Intensive autotrophic and heterotrophic activities have been observed

in such ecosystems leading to an increase in anaerobic processes such
as denitrification, anammox, and methanogenesis [Fasham, 2003].
Estuarine microbes are often sensitive to both N and P inputs [Ryther
and Dunstan, 1971; Schindler, 1975; Rudek et al., 1991; Fisher et al.,
1999; Boesch et al., 2001; Paerl and Piehler, 2008; Smith and
Schindler, 2009; Paerl et al., 2014]. Apart from nutrients, physical
properties such as salinity [McLusky, 1971], pH, turbidity, and light
availability [Cloern, 1987] also may regulate phytoplankton growth

and distribution in estuaries.

At present, our knowledge of N and C cycling, particularly N uptake
dynamics and its dependence on N and P distribution in tropical
estuaries and the adjacent coastal waters remains rudimentary.
Information about the rates of transformation of N and C in such
systems is needed to develop mitigation strategies to restore and save
the estuarine-coastal coupled systems from eutrophication. Some
studies related to N uptake dynamics in estuaries and the adjacent
coastal regions in higher latitudes provide important insights into such
coupled ecosystems [e.g., Middelburg and Nieuwenhuize, 2000a, b;
Mulholland et al., 2003]. In India, research on coastal and estuarine
biogeochemistry has gained momentum with emphasis on C cycling
[e.g., Sarma et al., 2001; Bouillon et al., 2003; Gupta et al., 2008, 2009;
Shoji et al., 2008]. However, most N biogeochemical cycling processes

remain understudied.

With these perspectives as guidelines, we measured N transformation
rates in a tropical eutrophic estuary, the Cochin estuary and the
adjacent coastal Arabian Sea. The central hypothesis of this study was

that N» fixation is not significant in this estuarine system with high
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DIN concentrations. Our objectives were to (1) estimate DIN uptake

and N3 fixation rates in the Cochin estuary and coastal waters of the
Arabian Sea, (2) understand the role of N:P stoichiometry in
regulating N uptake and N2 fixation rates, (3) understand the effect of
anthropogenic activities on N uptake rates, (4) determine the role of
hydrographic parameters in modulating N uptake rates in a nutrient
replete estuarine environment, and (5) investigate whether nutrient

exchange between estuary and coastal waters affects N uptake rates.

3.1 Study area
3.1.1 Cochin Estuary

The Cochin estuary is a eutrophic micro-tidal system [Figure 3.1], with
two openings to the Arabian Sea (Bar mouth and Azhikkode)
exchanging saline water and nutrients [Gupta et al., 2009]. Tides in
the estuary are mixed, predominantly semi-diurnal type with an
average tidal range of 1m [Qasim and Gopinathan, 1969]. Total
annual freshwater input to this estuary from various sources is about
2 X 1010 m3, which makes it the largest wetland along the west coast of
India [Srinivas et al., 2003]. Freshwater flow into this estuary is
primarily contributed by six rivers. The largest of them is the Periyar
River, which feeds 30% of its discharge into the northern part of the
estuary and the remaining 70% discharges directly into the Arabian
Sea through the Barmouth inlet [Sivaprasad et al., 2012].
Additionally, the estuary receives a large volume of unprocessed
industrial (104 X 103 m3 d'!) and domestic (0.26 X103 m3 d-!) sewage
from the city of Cochin and the remote areas through river runoff
[KSPCB 1982, 1986; Balachandran et al., 2006]. Together, these have
altered the nutrient stoichiometry of this ecosystem leading to changes

1n microbial activity and biogeochemistry [Martin et al., 2008; Miranda
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et al., 2008; Shoji et al., 2008]. Also, the eventual transfer of nutrients

to the coastal Arabian Sea can potentially affect the metabolic activity

of coastal phytoplankton, species diversity, and the microbial food-web.
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Figure 3.1: A schematic map of Cochin estuary. The colored circles and
the numbers indicate the stations at which measurements were carried
out.

In the Cochin estuary, experiments to measure NOs~ and NH4* uptake
rates were conducted (pre-monsoon: 26th April-1st May; monsoon: 16th—
20th  September; post-monsoon: 30th December—2nd January, 2012)
immediately after each coastal Arabian Sea cruise. DIN and C uptake
experiments were performed at five stations (Station;1- Bolghatty
Periyar, 2- Null zone, 3- Barmouth, 4- Arikkutty and 5- Vaikom) across
the salinity gradient. Similar experiments were also performed at two
stations (Station 6.a and 6.b; Figure 3.1) in the fresh water Vembanad
Lake, located upstream of the estuary separated by a dam.
Experiments for N2 fixation were carried out in 6 stations during pre-

monsoon.
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3.1.2 Arabian Sea
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Figure 3.2: Sampling locations in the coastal Arabian Sea. Yellow stars
denote the sampling stations.

Three cruises were conducted onboard FORV-Sagar Sampada during
pre-monsoon (April; SS 299), southwest monsoon (September; SS 306),
and post-monsoon (December; SS 311) of 2012 along two transects (Off
Cochin and Off Mangalore) in the Arabian [Figure 3.2]. In situ
incubations for NO3™ and NHs" uptake rates along the off Cochin
transect were performed at stations with water column depth of 13 m
(near shore; surface), 30 m (inner shelf; 0, 10 and 25 m depths), 50 m
(mid-shelf; 0, 10, 20 and 40 m depths), and 100 m (outer shelf; 0, 10,
20, 50 and 75 m depths). The same was performed along the off
Mangalore transect at 13 m (near shore; surface), 50 m (mid-shelf; 0,
10, 20 and 40 m depths), and 100 m (outer shelf; 0, 10, 20, 40, and 60 m
depths) water column depth stations during the pre-monsoon [Table
3.1]. During southwest monsoon, the sample depths were limited up to

20 m due to the practical difficulty of mooring the samples. The same
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depth stations along the off Cochin were farther from the coast

compared to the off Mangalore due to the gentle slope of the

continental shelf at off Cochin.

Table 3.1: The details of sampling locations, station depth, distance
from the coast in two transects in the coastal Arabian Sea.

Geographical Station Distance from Sampling
Sample code Coordinates depth (m) the coast (km) depth (m)
Cochin (CH)
CH1-0 09.58° N, 76.08° E 13 10.69 0
CH2-0 09.58° N, 75.59° E 30 25.13 0
CH2-10 10
CH2-20 25
CH3-0 09.97° N,75.84° E 50 44.29 0
CH3-10 10
CH3-20 20
CH3-40 40
CH4-0 09.58°N,75.39° E 100 65.99 0
CH4-10 10
CH4-20 20
CH4-40 50
CH4-75 75
Mangalore (MR)
MR1-0 12.50° N, 74.50° E 13 12.00 0
MR2-0 12.50° N, 74.29° E 50 36.59 0
MR2-10 10
MR2-20 20
MR2-40 40
MR3-0 12.85° N, 74.16° E 100 72.39 0
MR3-10 10
MR3-20 20
MR3-40 40
MR3-60 60

3.2 Environmental parameters

The Cochin estuary is an aquatic system where all the chemical

biological and hydrographical parameters show large temporal and
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spatial variations [Srinivas et al., 2003; Balachandran et al., 2006;

Martin et al., 2013]. Salinity in the estuary is mainly controlled by
seawater intrusions and freshwater inputs, which in turn depends on
the tidal cycle and season. During pre monsoon, salinity ranged from
5.8 — 15.7, possibly due to the heavy pre-monsoon rainfall and low tide
condition. The salinity range during the south west monsoon season
was the narrowest among the three seasons due to high fresh water
inputs. Sampling period during post-monsoon was free from rainfall
and was coincided with high tide phase which resulted in higher
salinity range (12 — 32) among the three seasons. The estuarine pH
varied from 5.73 — 8.06 throughout the sampling period, where the
minimum and maximum were observed during the monsoon and post-

monsoon, respectively [Table 3.2].

The Chl a concentrations in the estuary showed wide range in all three
seasons (5.29 — 26.8 ug 1'1) with the highest during the post-monsoon.
The narrowest range of Chl a was observed during monsoon (2.76 —
6.74 ng I'Y) and moderately high during the pre-monsoon (1.77 — 17.2
pg 1'1). The NOs and NH4" concentrations in the estuary were higher
compared to the coastal waters throughout the study period. The
highest range was observed during the pre-monsoon (NOs: 1.25 — 26.6
uM and NH4™: 2.11 — 75.2 uM) than the monsoon (NOs: 0.73 — 16.7 uM
and NH4": 0.39 — 25.2 uM) and the post-monsoon (NOs: 0.09 — 4.2 uM
and NH4": 1.6 — 3.2 uM) [Table 3.2]. Stations [station 6a & b; Figure 1]
in the Vembanad Lake showed consistently low salinity throughout the
year i.e., 0.26, 0.04, and 1.90, during the pre-monsoon, monsoon, and
post monsoon, respectively [Table 3.2]. The Vembanad Lake showed
lower pH than estuarine regions with an average of 6.13 for the study
period (pre-monsoon: 6.03; monsoon: 5.61-5.59; and post-monsoon:

6.41-6.47; Table 3.2). The Chl a in the Vembanad Lake was high in all
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Table 3.2: The environmental parameters in the Cochin estuary during
the pre-monsoon, monsoon, and post-monsoon seasons.

Sampling Station Tempera Salinit 0 Chla NOs;  NHs*
period No:  ture (°C) y P (gl) M) (uM)
1 29.5 1.58 6.42 1.77 26.6 75.2

2 29.9 15.6 7.26 17.2 1.25 5.22

Pre 3 30.1 13.0 7.33 8.07 4.97 13.7
monsoon 4 30.6 6.27 6.93 6.44 8.65 2.11
5 29.1 5.31 6.40 2.53 5.2 4.36

6 29.4 0.26 6.03 12.3 25.4 5.02

1 27.2 0.12 6.10 3.31 16.7 25.1

2 28.9 1.60 7.10 2.76 0.73 0.39

3 28.5 5.36 7.02 3.05 12.9 5.51

Monsoon 4 29.9 0.02 6.45 5.05 8.37 4.22
5 29.7 0.07 5.73 6.74 4.71 4.36

6.1 29.7 0.04 5.61 1.67 11.3 0.10

6.2 29.7 0.04 5.93 7.76 5.01 2.84

1 28.5 12.9 7.19 21.7 4.20 2.11

2 28.9 20.4 7.48 26.8 0.09 1.59

3 29.0 32.1 8.06 5.53 1.05 2.99

Post 4 29.6 18.5 7.69 22.4 1.13 2.13
monsoon 5 30.0 11.1 6.91 5.30 1.74 3.21
6.1 29.8 1.92 6.47 13.6 2.05 2.18

6.2 29.6 1.90 6.17 11.5 2.44 2.29

three seasons (pre-monsoon: 12.3, monsoon: 1.67-7.76, and post-
monsoon: 11.5-13.6 ug 1'1). The excess reactive nitrogen inputs from
the anthropogenic activities introduced high NOjs (pre-monsoon: 25.4
uM, monsoon: 5.01 uM, and post-monsoon: 2.44 uM) and NH4* (pre-
monsoon: 5.02 uM, monsoon: 2.84 uM, and post-monsoon: 2.29 uM) into
the Vembanad Lake.Although nutrient concentrations in the surface
waters of the coastal Arabian Sea were less than that of the estuary;
during the pre-monsoon and monsoon sampling periods, near shore
station of the off Cochin transect showed higher DIN concentration
compared to average coastal nutrient values, possibly due to inputs

from the estuary.
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Table 3.3: The nutrients and Chl a concentrations in the Cochin and Mangalore transects in the coastal Arabian Sea during pre-monsoon, monsoon,
and post monsoon seasons.

Sample code |Chla (ugl?) NO; M) NH,” M) PO,> (uM) |Chla (ugl?) NO; M) NH," (M) PO,” M) |Chla (ugl') NO; M) NH," M) PO,> (uM)
Pre-monsoon Monsoon Post-monsoon

CHI1-0 2.60 0.89 1.94 0.24 95 1.84 4.00 0.43 1.91 0.57 1.46 0.17

CH2-0 0.11 0.05 0.22 0.50 0.41 0.27 0.10 0.19 0.14 0.08 0.38

CH2-10 0.22 0.09 0.24 0.18 11.2 0.53 1.13 0.25 0.25 BDL 0.31

CH2-20 0.45 0.09 0.22 0.55 13.3 0.03 1.18 0.43 0.31 0.26 0.67

3 CH3-0 0.24 0.13 1.73 0.22 1.39 0.35 2.81 0.36 0.15 0.33 BDL 0.11

§ CH3-10 0.21 0.07 1.51 0.23 3.15 2.81 1.08 0.46 0.14 0.36 BDL 0.11

5 CH3-20 0.31 0.20 1.47 0.23 4.33 19.7 0.73 0.95 0.18 0.42 BDL 0.13

E CH3-40 2.05 5.77 1.67 0.47 0.13 22.6 1.21 1.71 0.21 1.17 BDL 0.15

08 CH4-0 0.11 0.06 0.41 0.11 0.40 0.15 0.35 0.27 0.13 0.23 0.48 0.13
CH4-10 0.10 0.06 0.87 0.17 0.38 0.25 0.54 0.27 0.13 0.09 0.73 0.40
CH4-20 0.13 0.15 0.76 0.08 0.73 11.2 0.41 0.91 0.15 0.19 0.45 0.22
CH4-40 0.16 0.21 0.62 0.18
CH4-50 0.28 3.98 1.28 0.53
CH4-75 0.16 13.7 0.68 1.23
MR1-0 2.31 0.24 0.92 0.40 4.79 0.09 2.97 0.40 7.10 1.71 0.89 0.63
CH2-0 1.26 0.29 2.01 0.21 0.37 0.59 0.37 0.18
CH2-10 20.3 12.6 0.06 0.21 0.32 0.43 0.28 0.20

g CH2-20 2.49 0.49 4.37 0.24 0.68 1.91 0.94 0.53

w0

= MR2-0 0.08 0.04 1.69 0.05 0.62 0.27 0.62 0.05 0.27 0.17 0.09 0.11

§ MR2-10 0.11 0.08 0.57 0.06 11.17 16.2 0.75 0.06 0.26 0.01 BDL 0.11

= MR2-20 0.14 0.03 0.26 0.05 0.82 20.4 0.83 0.05 0.43 0.08 BDL 0.13

‘s | MR2-40 0.14 0.05 4.89 0.09 2.82 0.08 0.47

=]

g MR3-0 0.15 0.11 1.53 0.03 0.67 0.97 0.64 0.03 0.14 0.06 0.05 0.11
MR3-10 0.11 0.11 1.19 0.05 0.40 3.48 1.20 0.05 0.17 0.04 0.14 0.15
MR3-20 0.11 0.07 0.75 0.09 0.35 20.1 1.05 0.09 0.18 0.01 0.09 0.22
MR3-40 0.06 0.14 1.06 0.12 0.24 0.63 0.42
MR3-60 3.30 0.56 0.49 0.18
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During the pre-monsoon, at the near shore surface waters, both NOs
and NH4" concentrations were higher for the off Cochin (0.89 pM and
1.94 uM, respectively) compared to that of the off Mangalore transect
(0.24 uM and 0.92 uM, respectively) [Table 3.3]. Near shore station in
the off Cochin transect (1.84 uM and 4.00 uM, respectively) had higher
NO;s; and NH4" concentrations than off Mangalore transect (0.09 pM
and 2.97 uM, respectively) during monsoon as well. In contrast, during
the post-monsoon, the near shore station at the off Mangalore transect
(1.71 uM) showed higher NO3™ concentration compared to that of the off
Cochin transect (0.57 pM). However, NH4" concentration was still
higher in the off Cochin transect (1.46 uM) than that of the off
Mangalore transect (0.89 uM) at the nearshore station [Table 3.3].

3.3 Nitrogen sources to the Cochin estuary

One of the prime reasons for nutrient replete conditions in the Cochin
estuary is inorganic and organic N loadings into the estuary from
several anthropogenic sources [Gupta et al., 2008; Balachandran et al.,
2006]. The shallow photic depth (~1 m, equivalent to 10-30% of entire
water column) of the estuary suggests that mineralization of OM in the
dark bottom waters could be another source of DIN. The
leaching/remineralization of resuspended sediments due to
navigational activities in the lower estuary are important sources of N
[Gopalan et al., 1983, Martin et al., 2010]. The mesohaline regions in
the estuary receive 7—11 times high organic matter as lateral input as
compared to the inputs through rivers [Shoji et al., 2008; Gupta et al.,
2009]. Another possible source of N to the estuarine and coastal waters
1s atmospheric deposition [Paerl, 1993, 1995]. A recent study reported
atmospheric NOs and NH4" inputs to the Arabian Sea to be around 6.5

nmol m-3 and 0.4 nmol m-3, respectively [Singh et al., 2012; Srinivas
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and Sarin, 2013], which is too low to make a significant contribution to

the DIN pool of the estuary or the coastal waters.

3.4 Nitrogen uptake rates in the Cochin
estuary

3.4.1 Total DIN uptake rates

The high nutrient and chlorophyll concentrations resulted in high
uptake rates for NOs (pre-monsoon: 0.01-0.38; monsoon: 0.016-0.15;
post monsoon: 0.03—0.85 pmol N h-1) and NH4 (pre-monsoon: 0.32—
0.95; monsoon: 0.06—0.63; post monsoon: 0.26-0.52 umol N h-1) [Figure
3.3].
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Figure 3.3: The NOs and NH+" uptake rates in the Cochin estuary.
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In general, the lowest range for NH4* uptake was observed during
monsoon and NOs~ was relatively lower during the post-monsoon.
However, NO3s uptake rate (0.85 pmol N h-1) at station 1 during post-
monsoon was observed to be the highest in the Cochin estuary during
the study period. In general, NH;" uptake dominated during all

seasons.
3.4.2 Nanoplankton uptake rates

It is well known that small phytoplankton and the heterotrophic
bacteria play a significant role in N uptake [Laws et al., 1985;
Kirchman, 1994; Middelburg and Nieuwenhuize, 2000b]. Among them
nanophytoplankton whose size ranges from 2 to 20 um in diameter
contributes nearly 90% of the world’s marine biomass. Although we
could not estimate the bacterial removal of N forms we attempted to
account nanoplankton size effects in the Cochin estuary. Figure 3.4
shows the values of NOs and NH4" uptake rates by nanaoplankton in

the Cochin estuary during the study period.

The results show nanoplankton contributions to the total DIN uptake
rates during monsoon and post monsoon varied between 75-95% and
75-98%, respectively. Similarly, the fraction of DIN uptake rates by
nanoplankton (monsoon: 77-98% and post monsoon: 79-96%) were also
in agreement with higher influence of nanoplankton in N removal in
this eutrophic system. Previous studies reported that nanoplankton (2-
20 um) contribute about 80% of primary production in the Cochin
estuary and coastal waters followed by microplankton (>20 pum) and
picoplankton (0.2-2.0 um) during summer monsoon [Madhu et al.,
2010]. However, ours is the first study to account the contribution of
nanoplankton activity directly using the 15N labelling technique in a

tropical eutrophic estuary, particularly in India.
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Figure 3.4: NOs and NH4* uptake rates by nanaoplankton in the Cochin
estuary during the pre monsoon and monsoon seasons in 2012.

3.5 Nitrogen assimilation in the coastal
Arabian Sea

The NO3s uptake rates in the two transects in the coastal Arabian Sea
(off Cochin; pre-monsoon: 0.003-0.176 umol N h-1, monsoon: 0.011-0.34
umol N h-l, post-monsoon: 0.001-0.01 umol N h-! and off Mangalore;
pre-monsoon: 0.003—0.03 pumol N h-1, monsoon: 0.008-0.052 umol N h-1,
post-monsoon: 0.0005-0.26 umol N h'l) were observed to be lower

compared to the Cochin estuary.
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Figure 3.5: (a), (b), and (c) show the depth profiles of NOs™ uptake rates
in the off Cochin transect during pre-monsoon, monsoon and post-
monsoon, respectively and (d), (e), and (f) shows the corresponding
profiles in the off Mangalore transect.
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Figure 3.6: (a), (b), and (c) show the depth profiles of NH4" uptake rates
in the off Cochin transect during pre-monsoon, monsoon and post-
monsoon, respectively and (d), (e), and (f) shows the corresponding
profiles in the off Mangalore transect.
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In general, NH4* uptake rates (off Cochin; pre-monsoon: 0.035-0.34
umol N h-1) monsoon: 0.006—0.59 pmol N h-!; post-monsoon: 0.003—-0.11
umol N h-l pmol N h! and off Mangalore; pre-monsoon: 0.019-0.43
umol N h-l, monsoon: 0.02-0.46 umol N h-l, post-monsoon: 0.002—0.16
umol N h-1) were higher than NO3s uptake rates [Figure 3.5 and 3.6].
These rates were significantly higher than that of oligotrophic waters
[Gandhi et al., 2011a; Kumar et al., 2010]. The coastal Arabian is
known for its sensitivity towards the seasonal wind reversal and
following upwelling systems which alter the biogeochemical cycling
[Prakash et al., 2008; Gandhi et al., 2011]. Apart from wunique
geographical features, anthropogenic inputs through the coastal waters

also affect the biogeochemical dynamics of the Arabian Sea.
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Figure 3.7: NOs and NH+" uptake rates in the surface waters in the two
coastal transects (Cochin and Mangalore) with distance from the coast.
The x-axis denotes the water column depth at sampling locations.

In the coastal Arabian Sea nutrients and light conditions were

observed to be the major factors controlling the DIN uptake rates. The
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DIN uptake rates (pre-monsoon: NO3z ~ 0.18 and NH,  ~ 0.34;
monsoon: NOs™ ~ 0.33 and NH4" ~ 0.58 umolN L-! h'1) in the nearshore
station off Cochin were observed to be higher than that of off

Mangalore (pre-monsoon: NO3 ~ 0.03 and NH4*~ 0.02; monsoon: NO3s
~0.01 and NH4" ~ 0.46 pmolN L1 h'1) [Figure 3.7].

The direct interaction with the Cochin estuary nourishes the offshore
Cochin transect and this coupled system exchanges lots of organic and
inorganic matters [Gopalan et al., 1983; Gupta et al., 2009] whereas, off
Mangalore is relatively away from nutrient loading, apart from its
weak connection a minor estuarine system, the Nethravathi estuary.
The higher N uptake rates in the off Cochin region and Cochin estuary
has been reported recently [Bhavya et al., 2015].

3.6 N: Fixation in the estuary and coastal waters

N: fixation rates were measured to ensure the relevance of
diazotrophic activity in the eutrophic Cochin estuary and the coastal
Arabian Sea during the pre-monsoon season. Trichodesmium, one of the
important diazotrophs, fixes atmospheric N and contributes to the bio-
available N pool in aquatic systems [Subramaniam and Carpenter,
1994; Capone et al., 1997; Mulholland and Capone, 2009]. A gradual
decline in Trichodesmium abundance from 1970-2005 along with an
increase in nutrient loading has been observed in the Cochin estuary
[Rasim et al., 1969; Thomson, 2002; Martin et al., 2013]. Recent
observations indicate the presence of diazotrophs, particularly
Synechocystis and Synechococcus, in the Cochin estuary [Jabir et al.,
personal communication]. N2 fixation rates in are generally expected to
be low in estuaries because high NH4* concentrations (>1 puM) can

suppress the nitrogenase activity [Mulholland and Capone, 2001].
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Figure 3.8: DIN uptake and N3z fixation rates during pre-monsoon
season in the Cochin estuary.

However, despite high DIN concentrations in the estuary, considerable
N3 fixation rates were observed (0.59-1.3 nmol N 1t h-l) [Figure 3.8].
Even though these rates are significantly lower than the DIN uptake
rates, they provide evidence of diazotrophic activity in this eutrophic

estuary.
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In general, N2 fixation in the coastal ocean at our regular stations
ranged from 0.33-0.55 nmol N 11 h-l. The nearshore surface waters off
Cochin (CH1-0: 0.55 nmol N 1'1 h-1) and Mangalore (MR1-0: 0.46 nmol N
I'1 h-1) showed higher N2 fixation rates among the coastal non-bloom
stations. High concentrations of dissolved iron and P in inner shelf
waters of Cochin [Balachandran, 2001] enhance N2 fixation in this
region. Based on the estimations from Mulholland et al [2006], N2
fixation was examined as a new N source here. Assuming that a
maximum of 50% of the fixed N is released in the form NH,', the
contribution of Ns fixation to the NH4" pool in the Cochin estuary was
less than 0.05% (0.04 £ 0.042 %). This result was mainly due to higher
ambient NH," concentration in the estuary. Similar calculations for
coastal stations revealed a contribution of less than 0.5% (average ~
0.17 £ 0.14 %) with the highest at the Trichodesmium bloom patch
(0.42%). N2 fixation was not a significant source of new N to the Cochin
estuary and the coastal Arabian Sea during our study period. Previous
studies in the open Arabian Sea, however, indicate that the
Trichodesmium bloom patches are a significant source of new N in the

surface waters [Bange et al., 2000; Gandhi et al., 2011].

3.7 Environmental parameters and N uptake
rates

The possible controls of N uptake dynamics in this estuary has been
examined thoroughly in this study by checking correlations of N
uptake rates with nutrient concentrations (NOs, NH4", DIP, and Si),
salinity, temperature, Chl a and TN: TP. There was no significant
correlation observed between nutrients and N uptake rates. Overall,
NHs" was observed to be the preferred substrate throughout the
sampling except some stations where NOs concentrations are

significantly higher than NH4" concentrations. Since the intra annual
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temperature variation is not significant in this tropical estuary, the

temperature control on uptake rates was not observed.

-
o

P ® Nitrate b
= v Ammonium (a) L, ©
— 1218 Total
z [}
209 -
S
8
£ 0.6 >
s |
go3| ©® N ——
- B °
0.0 -
0 3 6 9 12 15 180 3 6 9 12 15 18 64 66 68 70 72 74
Chlorophyll (ug I") Salinity pH
- @ Nitrate (]
= 0.9 v Ammonium @ ©
s B Total ] L
z
gos 4
3
°o
1]
EOS -]
% . v
= ]
o
3 ¢ °
0.0
2 3 4 5 6 70 1 2 3 4 5 5.7 6.0 6.3 6.6 6.9 7.2
Chlorophyll (ug I'') Salinity pH
15
= ® Nitrate =
Z v Ammonium (€4} (h) (i)
=121 @ Total a a a
z
209
-:-' R%=0.09 R’=0.04
%0.6
-~ 9 R=003 Y ) R=0t0 V
Mo | T T o me——— weardt '_"_x...,,v_—': —————————
{2 I —— 2 T (A= T | I ¥ %on
2| e R=044 || . TTtseuR=022 | TR
3 & o e
00l % o | . o
0 4 8 12 16 20 24 28 68 70 72 74 76 7.8 8.0
Chiorophyll (ug I'') pH

Figure 3.10: The relationship of N uptake rates with Chlorophyll (a, d,
and g), Salinity (b, e, and h), and pH (c, f, and i) in the Cochin estuary
during per-monsoon, monsoon and post-monsoon, respectively.

During the pre-monsoon, NH4* uptake rates were in strong positive
correlation with salinity, Chl a, and pH. However, this dependency of
NH4" uptake rates with salinity and pH was not sustained during
monsoon and post-monsoon. Chl a concentration in the estuary was
higher throughout with maximum during the post-monsoon. The NH4"
uptake rates were also showed strong positive correlation with Chl a

during the pre-monsoon (R?2 = 0.94) and monsoon (RZ = 0.92). In
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contrast, NHs" and NOs uptakes during the post-monsoon did not
show any correlation with Chl a concentrations during post monsoon
[Figure 3.10]. Interestingly, the DIN concentrations in the estuary
were considerably lower than the DON concentrations, which indicate
the possibility of DON uptake along with DIN uptake as a N source to
the OM production. This may also be a reason for the poor relationship
of DIN uptake rates with Chl a. Strong positive relationship with Chl a
and PON concentrations during the three seasons is in agreement with
higher primary productivity and hence N uptake. However, during the
present study the DON uptake rates in this estuary were not
accounted. The higher productivity followed by fast nutrient
consumption might have led to the high chlorophyll concentration and

low DIN concentrations.

3.8 TN:TP as a major controlling factor

One of the major problems related to high nutrient loading is the
imbalance in the nutrient stoichiometry, which is required to maintain
potential assimilation rates [Bhavya et al., 2015]. Although estuaries,
in general, sustain high nutrient concentrations, phytoplankton growth
may ultimately be limited by the nutrient which is in lower proportion
relative to another. It is reported that the major regulator of
autotrophic assimilation 1s TN:TP than individual nutrient
concentrations [Gilbert et al., 2003; Bhavya et al., 2015]. Although P
concentrations are higher than those in the open ocean, it is often the
limiting nutrient in freshwater and estuarine systems due to relatively
higher proportion of N-nutrients [Schindler, 1977, Hecky & Kilham,
1988; Yin et al., 2001; Bhavya et al., 2015], where N:P plays an

important role in regulating N metabolism.
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During the present study, pre-monsoon NH4* uptake rates showed a
strong negative relationship with TN:TP which varied from 6.5:1 to
32:1. The effect of co-limitation of P on the total N uptake implies that
more than higher nutrient concentration, co-availability matters more
on the potential assimilation. Also, the higher N:P ratio at the low
saline region indicate the freshwater supplied to the estuary by the

rivers contains relatively higher proportion of N than P.
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Figure 3.11: The variability of DIN uptake rates with TN:TP in the
cochin estuary during the pre-monsoon, monsoon, and post-monsoon.

This relationship i1s not sustained during the monsoon and post
monsoon. Interestingly, the stations with TN:TP close to the Redfield
ratio were observed with higher DIN uptake rates. This indicate the
potential N assimilation is favored with optimum TN:TP and co-limited
by either N or P at stations having TN:TP deviating from the Redfield
ratio [Figure 3.11]. It is worth noticing that the highest TN (118 uM)
and TP (3.6 mM) during the whole study were observed at station 1, a
location where the river Periyar meets the estuary, but it showed
comparative limitation of P (TN:TP ~31.9:1). N fixation rates in DIN
enriched waters are generally expected to be low because high NH4*
concentrations (>1 uM) can suppress the nitrogenase activity

[Mulholland and Capone, 2001].
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Figure 3.12: The relationship of TIN:TP on estuarine DIN uptake rates
and N: fixation rates during the pre-monsoon season.

A significant negative correlation (RZ= 0.89) of N3 fixation rates with
NHs* concentrations was observed in the Cochin estuary as well
[Figure not shown). Interestingly, in contrast to results in coastal
waters, positive correlations of estuarine N2 fixation rates with NH4*
uptake (R2= 0.89), NO3s uptake (RZ= 0.45), and total DIN uptake (R2=
0.97) rates were also observed (Figure not shown). The occurrence of
diazotrophic activity in nutrient replete waters of the estuary and its
relationship with DIN rates is intriguing but it may stem from the fact,
as discussed earlier, that the N assimilation rates in the estuary
depend more on N:P ratios than on DIN concentrations alone. DIN
uptake as well as N2 fixation rates increase with the relative

availability of P.

Importantly, the negative relationship observed during the present
study between TN:TP and NH4* uptake rates (as well as N3 fixation;
Figure 3.12) suggests that the N assimilation in the Cochin estuary, in
general, is co-limited by P. Higher DIN uptake and N3 fixation rates
were observed at locations where TN:TP was low. Station 1, despite
having very high TN and TP (also the highest DIN; Figure 3.12)
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showed the lowest DIN uptake and N3 fixation rates; whereas station

2, with lower DIN concentrations, showed the highest uptake rates.

3.9 Annual budget for nitrogen in the Cochin
estuary and the coastal Arabian Sea

An attempt has been made to construct an annual N budget for the
Cochin estuary and the coastal Arabian Sea between the off Cochin
and off Mangalore transects. The data for various pathways of N cycle
has been taken from the present study and previous studies [Figure

3.13].
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Figure 3.13: Schematic diagram of rates of different N pathways in the
Cochin estuary and the adjacent coastal Arabian Sea.

For the Cochin estuary the euphotic depth is assumed to be 1m.
However, the euphotic depth at coastal transects was calculated by
multiplying Secchi depth with 2.8 [French et al., 1982]. Surface area of
Cochin estuary from Thannermukkam barrier to Azhikkode is 132 X

108 m? and that of Vembanad lake is 99% 106 m2 (SOI toposheet, 2002).
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The total NOs input to the estuary is 1.38 X 1010 mmol/year
[Balachandran, 2006]. The present study estimated annual N3 fixation
rate in the Cochin estuary to be nearly 4.83 X 109 mmol/year. This
indicates that despite diazotrophic activity being present in this
estuary, N2 fixers are not a significant contributor to the DIN pool in
comparison with N loading from the rivers. Nitrification in the Cochin
estuary ranges from 0-5.75 X 101! mmol/year [Miranda et al., 2008].
The total DIN uptake as per the present study in this eutrophic
estuary is 4.87 X 1011 mmol/year. Similarly, potential N uptake for the
ocean euphotic zone between off Cochin and off Mangalore is 3.24 X
1014 mmolN/ year per 7.88 X 1011 m3 volume of the water. Overall, most
of the N transformation rates required for constructing a
biogeochemical model of this region are lacking in this estuary due to

limited number studies.
3.10 Conclusions

Significantly higher DIN uptake rates in the Cochin estuary and at a
nearshore location in the adjacent Arabian Sea compared to other
coastal locations provide a clear evidence of anthropogenic effects on N
uptake dynamics in the region. These results suggest that nutrients
delivered via rivers from anthropogenic activities upstream have the
potential ability to modulate the estuarine-coastal biogeochemistry.
Measurable N2 fixation rates despite very high DIN concentrations
were observed in the estuary, which disproved our central hypothesis.
Significant relationship of NH4" uptake and N fixation rates with
TN:TP suggest that the N assimilation in the estuary depends more on
the relative balance of N and P than on just N or P concentrations
alone. The potential DIN assimilation in this estuary is found to be

peaked at TN:TP close to the Redfield ratio.

50



Chapter 4

Primary productivity in the Cochin
estuary and coastal Arabian Sea

Estuarine and coastal systems are highly susceptible to anthropogenic
modulations. One of the direct aftermaths of anthropogenic activities is
freshwater effluents comprised of excess nutrients and terrestrial
organic matter (TOM). These nutrients enter the estuarine and coastal
system in the form of organic and inorganic N and P through rivers
and atmosphere, jeopardizing the ecosystem [Galloway et al., 2004].
Consequently, these ecosystems sustain high primary productivity and
elevated heterotrophy as discussed in many previous works [e.g.,

Middelburg and Nieuwenhuize 2000; Mulholland et al., 2003].

Apart from physico-chemical parameters such as light intensity,
temperature, and salinity, the potential primary productivity
substantially depends upon the availability of nutrients [Bernhardt
and Mulholland, 2005; Thomas et al., 2013]. Recent studies have
reported that the imbalances in the relative availability of N and P due
to variations in the nutrient loading can also be a major factor in

determining the potential primary productivity [Glibert; 2003;
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Arrigo et al., 2005; Bhavya et al., 2015]. Ambient N:P ratios also have

the potential to tune the autotrophic diversity and HABs developments
[Hodgkiss and Ho, 1997]. Primary production along the continental
margins is tightly linked to its estuarine effluents and biogeochemical
processes such as ocean—atmosphere COz exchange, upwelling, and
ground water discharge. Therefore, primary production in the coastal
waters adjacent to estuarine systems is subjected to consequences of

anthropogenic loading.

Another major concern about the estuarine-coastal coupled systems is
the gradual change from autotrophic to heterotrophic nature due to
eutrophication [Hoch and Kirchman, 1995; Guttuso et al., 1998; Bricker
et al., 1999; Middelburg &Nieuwenhuize, 2000a, b; Mulholland et al.,
2003; Cloern et al., 2014]. Intensive autotrophic as well as
heterotrophic activities have been observed in such ecosystems, which
ultimately promote microbial respiration leading to increase in COgaq
levels [Fasham, 2003; Gupta et al., 2009]. Some studies through
culture experiments have pointed out that increase in CO2 levels would
not affect the total oceanic primary productivity [e.g, Burkhardt et al.,
2001]. However, the possible influence of high pCO: on primary
productivity in CO2 supersaturated estuaries has not been investigated

in detail.

The isotope labeling experiment using NaHCOs; with 99 atom%
enriched 3C or 4C has been widely used for the measurement of
primary productivity in both ocean and estuaries [Nielsen, 1952;
Slawyk et al., 1977; Gandhi et al., 2011]. However, this method was not
tested adequately under high COga.q concentrations. One of the
assumptions during this measurement is that the major substrate for
photosynthesis is HCO3'. Since HCOs3 is the most abundant species in

the marine realm, carbon fixation was believed to be not limited by
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DIC substrate. This conviction was challenged by a study [Riebesell et

al., 1993] combining model and laboratory data that phytoplankton can
be subjected to C limitation, when its DIC acquisition is based on the
passive uptake of COgaq [Neven et al., 2011]. However, this may not be
true for all environments, especially for the ecosystems with high

concentrations of COg aq.

A sufficient supply of COz2 44 is crucial for activation of the main carbon-
fixing enzyme n photosynthesis:ribulose-1,5-bisphosphate-
carboxylase/oxygenase (Rubisco). But, oceanic DIC is comprised of <1%
of COg2,aq, about 90% of HCOs and about 10% of COs2 [Zeebe et al.,
2001], and hence, the CO24aq concentrations (10—25 puM) in the ocean
cannot meet the requirement of Rubisco for its half saturation
carboxylation constant (i.e., the COz24q concentration at which Rubisco
catalyses chemical reactions at 50% of its maximum rate) which is
typically at 20-70 uM [Neven et al., 2011]. It is CO2 concentration
mechanism (CCM) which helps autotrophs to initiate photosynthesis
by extracellular catalytic conversion of HCO3 to COz2,aq in the presence
of carbonic anhydrase [Badger et al., 1998; Kaplan et al., 1998;
Su’ltemeyer et al., 1998]. However, it may be difficult to estimate the
contribution of COg.q and HCOs individually to the total organic
matter production and the extent to which C uptake is affected by
changes in COg,q levels [Burkhardt et al., 2001]. In an aquatic system
with high COgaq concentrations, the measurements of primary
productivity using only by 13C-HCOs tracer technique may not

necessarily provide the correct estimate of primary productivity.

Taking these factors together, a study was conducted in the Cochin
estuary and in the adjacent coastal Arabian Sea to understand the
issues associated with the methodology and nutrient imbalance vis-a-

vis primary productivity measurements. On methodological front, the
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central hypothesis of the present study was that under a high COg.aq

environment, primary productivity may be underestimated when
measured using the 13C-HCOs3 tracer technique. The main objectives of
this study were to (1) estimate primary productivity in tropical
estuarine-coastal coupled system, (2) understand the influence of
TN:TP ratio on primary productivity, (3) check the influence of
estuarine effluences on the coastal primary productivity, and (4)
understand the effect of high COg 44 levels on the primary productivity

measurements using the 13C-HCOs3 labeling technique.

4.1 Carbon uptake rates in the Cochin estuary

In general, Cochin estuary showed high rates of carbon fixation with
significant seasonal variations (pre-monsoon: 2.78-9.99 umolC 1-th-l;
monsoon: 2.01-8.07 pmolC 1-1h-1; and post-monsoon: 4.02—-16.36 umolC
I'th-1; Figure 4.1).
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Figure 4.1: HCOs uptake rates in the Cochin estuary during three
seasons (pre-monsoon, monsoon and post-monsoon,).

The rates observed during the present study are comparable with

previous estimates using direct and indirect methods in this and other
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estuaries around the world [e.g., Gupta et al., 2009; Cloern et al., 2014].

Like Cochin estuary, majority of the estuaries affected by
anthropogenic influences tend to exhibit high primary productivity,
heterotrophy and high COg a4 concentrations [Cloern et al., 2014]. One
aspect of the primary productivity measurements in such estuaries
that needs to be explored is the viability of 13C tracer method to
measure primary productivity. We explore below this aspect in the

light of the results obtained during the present study.

4.2 13C-tracer technique and COq
supersaturation

Simultaneous uptake of CO2 and HCOs in seawater by marine
eukaryotic microalgae has been reported [Riebesell et al., 1993, Colman
and Rotatore, 1995, Rotatore et al., 1995, Korb et al., 1997, Tortell et
al., 1997, Elzenga et al., 2000, Zeebe et al., 2001, Hopkinson et al., 2005,
Neven et al., 2011]. However, these studies have focused on the effect of
increasing COgz,q on primary productivity and did not address the
possibility of underestimation of primary productivity while using
HCOs based 13C or 4C tracers. Our results show that the composition
of DIC (COg2,,q and HCO3) has significant influence on the primary
productivity estimations. During the present study, COgzaq
concentrations in the estuary varied from 14.33—-1352 puM with an
average of 317 = 391 uM, ~1-82% of the total DIC pool in the estuary
[Table 4.1]. This can enhance COgz,.q uptake by suppressing HCOs
uptake [Kaplan et al., 1998, Su'ltemeyer et al., 1998, Burkhardt et al.,
2001, Zeebe et al., 2001, Neven et al., 2011], leading to an
underestimation of primary productivity using H3COs method.
Unfortunately, we could not measure the carbon fixation by COsgaq

independently due to the difficulty in procuring 13COz tracer.
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Table 4.1: The hydrobiological parameters in the Cochin estuary during the sampling. The units of TP, TN, and DIC are in
uM; Chl a is in ugl-, and C uptake rates are in umol C l-1h-1.

Season Stn. T (°C) Salinity Chla TP TN TN/TP pH DIC %C0O, C uptake rate
1 29.5 1.58 1.77 3.70 118 31.9 6.418 822 44.6 3.00
2 29.9 15.6 17.2 3.15 20.4 6.50 7.255 1156 6.09 9.98
Pre- 3 30.1 13.0 8.06 2.80 23.1 8.24 7.325 916 5.50 6.22
monsoon 4 30.6 6.27 6.44 0.78 14.2 18.1 6.920 584 15.5 4.76
5 29.1 5.31 2.53 0.38 10.7 27.9 6.402 357 39.1 5.67
6.a 29.4 0.26 12.2 0.80 37.3 46.4 6.030 1004 71.2 20.4
1 27.2 0.12 3.31 1.86 46.0 24.8 6.278 1191 60.0 2.55
2 28.9 1.60 2.76 3.83 8.83 2.30 7.275 855 10.1 7.73
Monsoon 3 28.5 5.36 3.05 2.86 24.7 8.64 7.192 624 9.45 2.57
4 29.9 0.02 5.05 2.83 21.5 7.58 6.629 647 41.3 8.77
5 29.7 0.07 6.74 0.81 14.8 18.2 5.906 1301 78.1 12.4
6.a 29.7 0.04 1.67 0.33 18.2 55.1 5.782 1633 82.9 8.71
6.b 29.7 0.04 7.76 1.28 22.2 17.3 6.112 1216 69.4 12.4
1 28.5 12.9 21.7 1.36 20.3 14.9 7.547 916 5.85 16.3
2 28.9 20.5 26.8 2.58 25.3 9.80 7.635 1154 4.07 8.03
Post- 3 29.0 32.1 5.53 0.78 21.5 27.5 8.058 1567 0.91 3.10
monsoon 4 29.6 18.5 22.4 1.93 27.3 14.1 7.527 959 2.26 9.77
5 30.0 11.1 5.30 2.44 17.3 7.08 7.364 511 14.0 4.04
6.a 29.8 1.92 13.6 0.59 20.0 34.0 6.466 403 41.0 3.81
6.b 29.6 1.89 11.5 0.60 27.1 45.4 6.414 473 44.0 4.34
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Therefore, the primary productivity measured during the estuarine

study will be referred to as HCOs uptake. To analyze the effect of
COg2,aq on the measured HCO3 uptake rates on an annual scale, the
estuarine stations were divided into two groups: COg2.q<100 uM and
CO2,2¢>100 pM. The stations with COz2.>100 uM showed a significant
positive correlation (R2=0.96) with DIC, indicating that COg,aq is the
major component of the DIC [Figure 4.2a].
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Figure 4.2: Stations have been classified into two groups, COza>100
uM and COz4¢< 100 M, where (a) shows variation of COz2aq
concentrations with DIC concentrationsfor stationsunder both groups
(b) variation of HCOs concentration and HCOs uptake rates with DIC
concentration when COzgaqq concentration<l100 uM. The maroon coloured
circles which did not follow the increasing trend represent station 3
(near oceanic inlet;uptake rate ~ 3.10 umolC l'1h'!) and station 1 (near
river inlet; uptake rate ~16. 33 umolC [-1h-1).

However, stations with COg23,<100 uM did not exhibit any relation
with DIC [Figure 4.2a], but showed a significant correlation (R2=0.99)
with HCOs, indicating HCOs as a major DIC component [Figure 4.2b].
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Stations with CO22q<100 uM showed a significant positive trend

between measured HCOs uptake rates and DIC pool [Figure 4.2b],
which was absent for stations with CO2.,>100 uM (data not shown).
There was also a decreasing trend for measured HCO3 uptake with
increasing % CO2aq in DIC [Figure 4.3]. Taken together, it appears
that C uptake rates are possibly underestimated at stations where the
contribution of COz is high. Therefore, it may be erroneous to attribute
HCOs uptake as primary productivity or ‘total’ C uptake in high COgaq

environments.

Since the Cochin estuary is a tropical estuary; the temperature control
on primary productivity is negligible due to narrow spread of the
annual surface temperature (28-30°C). The salinity in the Cochin
estuary was highly dynamic due to interplay of freshwaters and tidal
intrusion of sea waters [Table 4.1]. Even though microbes in the
estuary are adapted to fluctuating salinity range, there are direct and
indirect influences of freshwater inputs, such as nutrient stoichiometry
imbalance, increased pCOz levels, fluctuating pH etc. [Gupta et al.,

2009].
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Figure 4.3: Variation in HCOs uptake with TN: TP and % COgqq. The
colour bar indicates % COz,qq to the total DIC pool.
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It has been observed that the relative abundance of N and P is the

major factor which controls the DIN uptake mechanism in this estuary,
rather than the individual nutrient concentrations [Bhavya et al.,
2015]. Figure 4.3 explains the relative influence of TN:TP and
percentage contribution of COgz.qto the total DIC (% COgzaq) on HCOs
uptake rates. With the exception of one station, at stations where
%CO02 1s low (<15% ~ COgaq concentration <100 uM), HCOs uptake
rates appear to increase with increase in N:P ratio to peak near the
Redfield ratio. The exceptional station lies near the inlet point of the
Arabian Sea to the estuary (salinity ~ 32) and was observed with the
lowest CO2aq (0.91 % of DIC) and highest HCOs (1567 uM)

concentrations.
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Figure 4.4: The variation in Chl a with the TIN: TP ratio in the Cochin
estuary during three seasons.

Similarly, with the exception of one station (Red) the HCO3 uptake
rates drop for stations with higher COgaq percentage ( > 30 %). The
higher HCO3 uptake at this station (Red) may be due to optimum N:P
ratio. Over all, it appears that in a tropical eutrophic estuary, the
TN:TP ratio and percentage contribution of COz2q to the total DIC pool

affects the C uptake rates measured using HCOs tracer technique.
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Therefore, this methodology is best suited for the environment where

DIC pool is dominated by HCOs and N:P is close to the Redfield ratio.

In addition to that, N assimilation rates in the culture experiments on
Prorocentrum donghaiense showed maximum values near Redfield
ratio and lower values otherwise [Glibert et al., 2011]. Similarly,
during the present study, the peak Chl a concentrations were observed
at N:P ratio close to the Redfield ratio [Figure 4.4]. In general,
autotrophs prefer a balanced N:P (16:1), where in the Cochin estuary,
TN:TP varied between 2.30—-31.9.

Another methodological consideration is the measurement of carbon
uptake rates in the environment with varying pH. The principle behind
13C or 4C labeling experiments is that NaHCOs splits into Na* and
HCOs thereby making HCOs as a major substrate for the carbon
uptake [Slawyk et al., 1977], which is not the case when COg 44 is high.
HCOs will be converted to COgza.q under low pH and vice versa.
Therefore, during incubation experiments, there is a chance that a
fraction of the tracer added may get converted to COgzaq at stations
with low pH and diffuse to the headspace of the experimental bottle
and get isotopically exchanged. However, it is cumbersome to calculate
the percentage of H13CO3s converted to 13COgz through this process and
its overall effect on measurements of carbon uptake rates. The Cochin
estuary showed spatial and temporal fluctuations in pH (pre-monsoon:
6.022-7.325, monsoon: 5.782-7.275, post-monsoon: 6.414-8.058),
therefore, a certain percentage of added HCOj3 tracer might have

converted to CO244 and got assimilated by autotrophs.

4.3 Primary productivity in the coastal waters

Burkhardt et al. [2001] reported that pCO:2 accumulation may not

affect the C fixation in the ocean, since CO2,.q and HCO3s are equally

60



Primary productivity in the Cochin estuary and
Clhzjgiten 4 the coastal Arabian Sea

preferred by marine autotrophs. However, when COzgaq 1s higher than

half saturation constant for Rubisco, HCO3s uptake can be considerably
suppressed. Since the oceanic COz shares only ~ 0.25-1.25% of the
total DIC pool, an underestimation of primary productivity by 13C-
HCO3s method would be negligible. Unlike the estuary, the influence of
TN:TP on primary productivity was not significantly evident in oceanic
waters. The exchange between the estuary and ocean was clearly
reflected in many of the hydrological parameters [Table 4.1 & Table
3.3].

The nutrient concentrations 1in the nearshore stations were
significantly higher than at stations farther from the coast. During the
pre-monsoon, NOs and NH4" concentrations at the nearshore station
off Cochin (0.89 uM and 1.94 uM, respectively) were higher compared
to that of off Mangalore transect (0.24 uM and 0.92 uM, respectively).
Concentrations were higher at off Cochin (1.84 uM and 4.00 pM,
respectively) than at off Mangalore (0.09 uM and 2.97 uM, respectively)
during monsoon as well. The export fluxes from the Cochin estuary

might have played a significant role in elevating the nutrient levels.

However, the nearshore waters of off Mangalore (1.71 uM) showed
higher NO3s concentration during post-monsoon compared to off Cochin
(0.57 uM), though NH4* continued to be high at Cochin (1.46 uM) than
at off Mangalore (0.89 uM). The C fixation rates in the off Cochin
transect (pre-monsoon: 0.004—1.08, monsoon: 0.009—4.91 pmol C I-1h-1)
were significantly higher than that of off Mangalore transect (pre-
monsoon: 0.004—0.38, monsoon: 0.011-1.61 pmol C 1'1h-1), while it was
opposite during post-monsoon (off Cochin: 0.007-0.11, off Mangalore:
0.01-3.4 umol C I'th-l). The observed C fixation rates at the farther

stations in the coastal Arabian Sea are comparable with the previously
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reported values from this region [Gandhi et al., 2011], except at

nearshore stations in the off Cochin transect during the pre-monsoon

and monsoon [Figure 4.5].

C uptake rates (umol C ' h”) C uptake rates (umol C I'' h”) C uptake rates (umol C I" h)
0.0 03 9.9 12 1.6 1 2 3 < 5 6.0 0.1 0.3 3.3 34 36 38 40
0
T (b) A (©)
20
E
F=L0)
=y
@
(a]
60
13m -9 13m -@- 13m
g 1 30m 30m " =¥~ 30m
Off Cochin som ||Off Cochin som ||Off Cochin - 50m
. April-2012 2 100m || September-2012 100m | [December-2012 B 9~ 100m
0 _// /1r
7 (d) § ) U]
20
E
=
§
Sa0
(=]
- 13m -9 13m
-y~ 30m
13m -¥- 30m
60 ff Mangalore = som ||Off Mangalore —- 50m Mangalore & 50m
April-2012 7 100m ||September-2012 ~@- 100m | [December-2012 i - 100m
7 7

Figure 4.5: The depth profile of coastal primary productivity at the off
Cochin (a, b, c¢) and off Mangalore (d, e, f) during pre-monsoon,
monsoon and post-monsoon, respectively.

The seasonality of winds and hence the ocean currents import a
dynamic nature to the mixed layer in the Arabian Sea [Burkill et al.,
1993]. Various studies have reported the influence of physical
processes such as upwelling and winter cooling in the Arabian Sea on
enhancement of its primary productivity [Madhupratap et al., 1996;
Kumar et al., 2010]. The present study reports the depth wise
variations in primary productivity over different seasons in the coastal
Arabian Sea. During the monsoon, primary production is known to be
the strongest contributor to the standing C stock in the coastal Arabian
Sea [Barber et al., 2001]. Significantly high primary productivity was
observed in the Cochin transect during the monsoon compared to the

pre- and post-monsoon.
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The distribution of C uptake rates showed seasonality in primary

productivity and influence of upwelling [Figure 4.5]. The upwelling in
the Indian Ocean is generally initiated as early as in March near the
equator and progresses towards the north, while it strengthens during
May-July. Towards the beginning of post-monsoon season, the
upwelling features progress much northwards to off Mangalore, while
it remains subdued at off Cochin. The temperature and nutrient
concentrations are also in agreement with this observation [Gupta et
al., unpublished]. Overall, it appears that primary productivity in the
nearshore waters are influenced by estuarine discharge whereas

farther stations carry the signature of upwelling.
4.4 Conclusions

Experiments to estimate primary productivity using the 13C tracer
technique conducted in the Cochin estuary, a tropical COz2
supersaturated estuary, pointed towards the evidence of
underestimation in the primary productivity. Findings of this study
suggests that primary productivity measurements using 13C technique
is not the best suited for aquatic environments with high COggq
concentrations. Further, the primary production in the Cochin estuary
was found to be optimum, when the TN:TP ratio was closer to the
Redfield ratio. Nearshore stations are affected by estuarine discharge,
pointing towards the capability of anthropogenic inputs to modulate

the coastal biogeochemistry.
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Chapter 5

Stable isotopes of carbon and nitrogen in
marine environments

5.1 Carbon dynamics and §“Cpic

In aquatic ecosystems, the C isotopic composition of DIC (813Cpic) can
provide information about its sources, and in turn, the role of
anthropogenic and natural processes in our ecosystems [Degens et al.,
1969]. 813Cpic is influenced by several major processes that alter the
mput and output of the DIC in an ecosystem [Oana and Deevey, 1960].
DIC inputs to an ecosystem can be through diffusion of atmospheric
COg2, organic respiration, surface runoff and groundwater inflow,
calcite dissolution, and methane oxidation. The outputs of DIC include
evasion of COg, calcite precipitation, photosynthetic uptake, and water
outflow. In general, the preference for 2C during the microbial
assimilation makes the aqueous C pool enriched in 3C with respect to
resultant compounds. During remineralisation, however, the COg2
derived from this OM or biota is depleted in 3C, thereby introducing a
C pool depleted in '3C into the aqueous medium. Therefore, higher
primary productivity results in higher 613Cpic, whereas higher rates of
decomposition of biota lower the 83Cpic [Mook and Tan, 1991]. In

addition to the atmospheric influence, the exchange between the
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terrestrial and marine carbon pools also play an important role in

controlling the oceanic 63Cpic [Broecker and Peng, 1993; Keir et al.,

1998].

The determination of long term changes in 613Cpic is difficult due to
the paucity of data [Quay et al., 1992]. In general, 313Cpic of surface
ocean water ranges from 0 to 2 %o whereas values in deeper waters
below the mixed layer are around +0.5+0.5 %o [Mook and Tan, 1991].
DIC in the surface waters is expected to be enriched in 13C due to
removal of isotopically light carbon during primary productivity [Mook,
1970]. In the coastal ocean, sea surface 63Cpic distribution 1is
controlled by air—-sea CO2 exchange, biological productivity, vertical
mixing, and sea surface temperature. However, the bottom waters
along the continental shelf are mostly influenced by community
respiration and organic matter degradation. They are also influenced
by estuarine and ground water effluents. The relative dominance of
these processes varies depending on the region and season [Recapé et

al., 2010].

Very few studies have been conducted in the tropical regions, especially
in India, to understand the C dynamics of these ecologically important
estuary-coastal coupled systems on these lines [e.g., Ghosh et al., 2012;
Boullin et al., 2006]. The present study attempted to decipher sources
and pathways of DIC in one such coupled system from India, i.e., the
Cochin estuary, a eutrophic tropical estuary in the southwest coast of
India, and the adjacent coastal Arabian Sea during three different
seasons (April: pre-monsoon, September: southwest monsoon and
December: post monsoon) of 2012. The major objectives of the study
were to (1) understand the factors influencing 813Cpic of the Cochin

estuary and coastal Arabian Sea, (2) characterize the seasonal
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variations in 813Cpic of the estuarine-coastal coupled systems (3)

determine whether the coastal Arabian Sea 1s a source or sink of COg,
and (4) test for the presence or absence of signatures of oceanic Suess

effect in the coastal Arabian Sea.

For the present study, surface samples were collected for 813Cpic at five
stations across the salinity gradient and two stations in the Vembanad
fresh water Lake, located upstream of the estuary but separated by a
dam (Figure 3.1 of Chapter 3). During post-monsoon, sixteen samples
from the estuary and four from the Vembanad Lake were collected.
Coastal samples were collected along the two transects at locations
representing (13, 20, 30, 40, 50, and 100 m water column depths) with
an interval of 10m (Table 3.1 of Chapter 3).

5.1.1 Environmental parameters

Estuarine environmental parameters of the seven regular stations
during the study period are shown in Table 5.1 (the data of other 16
stations during post monsoon is not included in the table; however
explained in this section). Vembanad Lake showed consistently low
salinity throughout the study period with average values of 0.26, 0.04,
and 1.90. The estuarine pH was higher during the post-monsoon
(6.994-8.058; all 22 stations) compared to the pre-monsoon (6.402—
7.325) and the monsoon (5.906-7.275).

pH of the Vembanad lake showed consistently lower values than
estuarine stations (pre monsoon: 6.030—6.523; monsoon: 5.782-6.112;
post monsoon: 6.414—6.466).The average DIC concentrations in the
estuary were lower during the pre-monsoon (752 + 310 umol kg?t)
compared to the monsoon (905 + 296 umol kg!) and the post-monsoon
(1061 + 411 pmol kgl) with lower values generally at upstream and

higher values at downstream. Partial pressure of CO2 (pCO2) in the
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estuary ranged from 1803 to 12230 patm (pre-monsoon), 1955 to 33796

uatm (monsoon) and 439 to 2536 patm (post-monsoon). The salinity
patterns clearly show the impacts of tidal movements and the monsoon
driven freshwater inflow on the coastal waters. The surface data of the
above mentioned parameters in the coastal transect are given in Table
5.2 & 5.3 (The details of station location and depths are given in Table
3. 1 of Chapter 3). The salinity ranged in the off Cochin transect from
33.9 to 35.5 (pre-monsoon), 31.7 to 35.6 (monsoon) and 33.8 to 36.7
(post-monsoon); whereas in the Mangalore transect, it varied from 34.6
to 35.8 (pre-monsoon), 27.1 to 35.3 (monsoon) and 34.6 to 35.9 (post-

monsoon).

Average surface pH in the off Cochin transect (pre-monsoon: 8.131 and
monsoon: 8.101) was less than that of the off Mangalore transect (pre-
monsoon: 8.139 and monsoon: 8.144), whereas the opposite was
observed during the post-monsoon (off Cochin: 8.165 and off
Mangalore: 8.124). The values of pCO2 during the pre-monsoon (off
Cochin: 417-720 patm; off Mangalore: 404—844 patm) and the monsoon
(off Cochin: 253—-1052 patm; off Mangalore: 39 —1220 patm) were in a
higher range than the post-monsoon (off Cochin: 395-598 patm; off
Mangalore: 390-855 patm) with exceptions at some depths.

5.1. 2 8“Cpic in the Cochin estuary

The prevailing eutrophication and augmented heterotrophy in the
Cochin estuary persuaded researchers to focus on the carbon dynamics
of this ecosystem [Gupta et al., 2009]. The conclusions from each study
divulged the amplified primary productivity, decreased oxygen level,
increased bacterial activities and OM degradation, species shift, and
supersaturation of COz in the estuarine water column [Gupta et al.,

009; Shoji et al., 2009; Martin et al., 2013; Bhavya et al., unpublished].
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Table 5.1: The environmental parameters in the Cochin estuary during the three sampling periods. The units of Si, PO+,
DIC, Talk, and COs? are given in umol -1 whereas the unit of pCOz is in uatm.

Season Stn. T(C) Salinity  Si PO,” pH DIC TAlk pCO,  CO;” 8" Cprc (%0)

1 29.5 1.58 47.60 3.64 6.418 822 456 12230  0.14 -12.3

2 29.9 15.6 42.14 2.95 7.255 1156 1104 2540 10.2 -3.26

Pre- 3 30.1 13.0 41.10 2.68 7.325 916 882 1803 8.59 -4.21
monsoon 4 30.6 6.27 48.50 0.51 6.920 584 496 3165 1.2 -5.95
5 29.1 5.31 70.90 0.3 6.402 357 218 4699 0.14 -8.26

6.a 29.4 0.26 112.6 0.54 6.030 1004 289 23601  0.02 -9.75

6.b 29.4 0.26 90.24 0.57 6.523 777 308 15531  0.04 -8.08

1 27.2 0.12 57.96 1.11 6.278 1191 477 22316  0.04 -13.6

2 28.9 1.6 144.5 3.13 7275 855 774 2832 1.74 -8.27

Monsoon 3 28.5 5.36 109.6 2.11 7192 624 570 1955 2.19 -5.69
4 29.9 0.02 101.6 2.5 6.629 647 380 8932 0.07 -9.28

5 29.7 0.07 40.29 0.33 5906 1301 284 33796  0.01 -9.25

6. 29.7 0.04 80.68 0.26 5782 1633 278 45015  0.01 117

6b 29.7 0.04 83.30 0.61 6.112 1216 372 28067  0.02 11.8

1 28.5 12.9 4739 0.727 7547 916 885 1145 10.4 -3.81

2 28.9 20.5 42.43  1.268 7.635 1154 1130 1043 14.7 -1.67

Post- 3 29.0 32.1 37.92  0.485 8.058 1567 1693 439 98.4 0.79
monsoon 4 29.6 185 29.65  1.286 7527 959 980 1094 25.1 -0.38
5 30.0 11.1 36.56  1.789 7.364 511 443 786 1.49 -5.35

6.2 29.8 1.92 76.35  0.438 6.466 403 238 5552 0.09 -4.93

6.b 29.6 1.89 79.57  0.336 6.414 473 265 6966 0.09 11.6




Table 5.2: The environmental parameters of the surface waters of the off Cochin transect during the three sampling periods.
The units of PO+%, Si, DIC, and DIC are given in umol I'1, where unit of pCOz is in uatm.

Season Name Temp ("C) Salinity PO4” Si pH DIC pCO,  8"Cprc %)  DIC,;e  8°Couic (%)

C1-0 30.2 33.9 0.52 1.59 8.103 2008 514 0.93 1911 0.72

Pre- C2-0 30.1 34.0 0.33 1.26 8133 1874 444 0.72 1916 0.75
monsoon C3-0 30.4 34.5 0.50 0.68 8.130 1927 459 0.87 1931 0.83
2012 C4-0 30.7 34.8 0.21 0.50 8.133 1944 459 0.90 1940 0.87
C5-0 30.2 34.8 0.22 0.85 8140 1982 458 1.00 1940 0.87

C6-0 30.1 35.0 0.11 0.94 8.150 1958 442 1.07 1949 0.91

C1-0 25.8 31.7 0.43 8.03 7.981 2024 690 0.04 1866 -0.19

C2-0 26.2 31.7 0.28 3.86 8.176 1786 377 0.89 1867 -0.18

Monsoon C3-0 26.3 31.9 0.19 3.19 8.322 1749 254 2.02 1872 -0.11
2012 C 4-0 25.9 34.1 1.02 6.01 7.865 2115 936 -0.20 1919 0.46
C5-0 26.7 33.1 0.36 1.45 8.126 1953 464 0.98 1897 0.20

C6-0 27.4 33.7 0.27 1.42 8.139 2003 459 1.10 1909 0.34

C1-0 29.9 35.0 0.17 10.8 8.156 1916 436 0.32 1908 0.82

Post C2-0 29.6 34.6 0.08 8.71 8.178 1862 395 0.95 1891 0.79
monsoon C3-0 29.5 33.8 0.09 6.39 8168 1882 407 0.99 1860 0.75
2012 C4-0 29.5 34.0 0.07 4.18 8.165 1945 423 0.72 1867 0.76
C 5-0 30.2 33.9 0.11 2.04 8.156 1921 429 1.15 1866 0.76

C6-0 29.7 34.7 0.13 3.13 8.165 1924 417 0.27 1895 0.80




Table 5.3: The environmental parameters of the surface waters of the off Mangalore transect during three seasons. The
units of PO4+%, Si, DIC, and DIC are given in umol I-1, whereas unit of pCOz is in uatm.

Season Name Temp (°C) Salinity PO, Si pH DIC pCO, 813CDIC (%o)
M1-0 31.4 35.2 0.40 5.29 8.125 1832 442 1.00
Pre M2-0 31.0 35.0 0.44 3.76 8.121 1827 446 0.81
monsoon M3-0 31.0 34.9 0.21 3.46 8.145 1960 450 0.96
2012 M 4-0 30.5 34.7 0.57 3.96 8.144 1816 417 1.01
M 5-0 30.1 34.6 0.05 1.94 8.150 1917 433 1.03
M 6-0 30.1 35.0 0.03 1.70 8.151 1924 431 1.13
M1-0 26.9 27.1 0.40 3.03 8.146 1697 404 0.76
Monsoon, M2-0 27.5 29.8 0.40 6.68 8.109 1804 462 0.95
2012 M3-0 27.0 30.7 0.21 2.55 8.143 1840 428 0.91
M 4-0 27.2 31.5 0.12 1.30 8.159 1803 400 0.89
M 5-0 26.8 32.2 0.05 1.68 8.136 2018 471 1.19
M 6-0 27.2 33.1 0.03 0.82 8.175 1867 393 1.02
M1-0 29.3 34.6 0.63 2.58 8.001 1920 626 0.04
Post M2-0 29.3 34.9 0.28 1.78 8.087 1919 504 0.88
monsoon M3-0 29.3 35.0 0.18 1.06 8.148 1880 424 0.55
2012 M 4-0 29.8 35.1 0.13 2.32 8.170 1880 401 0.48
M 5-0 29.3 35.0 0.11 2.75 8.169 1912 408 1.08
M 6-0 29.4 35.2 0.11 1.30 8.171 1931 409 0.54
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Figure 5.1.1: 6'3Cpic variation in the Cochin estuary during the three
seasons (pre-monsoon, monsoon and post monsoon,).

The present study attempted to understand the major processes which
affected the 8'3Cpic and DIC concentrations in the estuary using the
concept of mixing curve approximation [Alling et al. 2012]. 33Cpic In
the estuarine region during the pre-monsoon varied from -12.24 —
-3.26 %o with an average of —6.78 + 3.59 %o and a comparable range
(-13.64 — —5.68 %0) was observed during the monsoon with slightly
depleted average of —9.23 + 2.87%o. 5!3Cpic was observed to be slightly
enriched (—=5.35 — +0.78%0) during the post-monsoon with the highest at
station 3, the meeting point of the Arabian Sea with the estuary

[Figure 5.1.1].

5.1.3 Conservative mixing of DIC and §“Cpic in the
Cochin estuary

Under conservative mixing, the values of DIC and &13Cpic at a

particular point are assumed to be independent of the local

biogeochemical processes, but are dependent on the fraction of each
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end members at that place. In this study, the meeting point of the

Periyar River and average surface values of the coastal Arabian Sea
(30-100 m depth stations) have been taken as fresh water and seawater
end members, respectively, for both 813Cpic and DIC. The major factor
which controls the DIC and 8'3Cpic 1s the mixing of waters of two
different salinities; 1.e., freshwater and sea water. To create a
hypothetical mixing curve for DIC and &13Cpic, we assumed that the
salinity at particular location is dominantly dependent on the fraction
of freshwater mixed with seawater (Fn). To calculate the mixing curve
approximation and signatures of biogeochemical processes as discussed
below, we followed Alling et al., [2012]. Fs can be calculated using the

mass balance equation for salinity [Equation 1].

Smix= SfwFfw + Ssw [1= Ffw]eereeeiiiiiiiiei e [1]

Where, Smix 1s the salinity measured at each station, Sp and Ssw
represent the salinities of freshwater and seawater end members.
Using Frw, we calculated the conservative mixing values of DIC

concentrations and 6!3Cpic [Equation 2 and 3, respectively].

[DIC]1, Fryp + [DIC]s (1-Fp) = [DICpigevveevenveneanesseianeeseianenen. 2]

mix [DIC]wafw + [DIC]Sw[l'Ffw] .....................

Where [DIC] is the concentration of DIC, subscripts sw and fw denotes
the seawater and freshwater, respectively, [Equation 2]. The subscript
mix represents the estuarine water from the conservative mixing of the
freshwater and seawater end members. The 83Cnmix is a theoretical
value of 6!3Cpic, where there are no sources or sinks of DIC and is

purely a function of salinity and [DIC] [Equation 3]. Figure 5.1.2a and
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5.1.2b represent the variation of actual and conservative mixing values

of 313Cpic and [DIC], respectively, with salinity in the estuary for all

the three seasons.

It appears that, the [DIC] and 38!3Cpic are highly controlled by dynamic
estuarine nature; majorly primary productivity and OM degradation.
Erlenkeuser et al., [2003] have reported that the deviations of [DIC]
and 813Cpic from the conservative mixing values can be used as proxy
to understand the process in the estuary. Equation 4 and 5 below has

been used to calculate these deviations, i.e., A813Cpic and A[DIC].
AP Chie = 5™ Coamplem 8 Clix ++v vttt [4]

[DIC]gampie” [DIC]

A[DIC] = SR L

Figure 5.1.3 shows the A38!3Cpic of the samples plotted against the
corresponding A[DIC] values. For the end members, no data is shown
and they lie at the origin; while all other points are spread in the four
quadrants with reference to the major processes controlling them. In
general, locations where [DIC]sampte >[DIC]mix, indicate the addition of
DIC to the existing pool due to OM decomposition, whereas the

opposite is true for primary productivity.

The samples which lie in the upper left quadrant indicate the 13C
enrichment along with decrease in the DIC concentration. The possible
reasons could be out gassing of CO2 and primary productivity. Both
these processes selectively remove 12C from the DIC pool and reduce its
concentration. During the present study, it appears that the estuarine
813Cpic and [DIC] during the pre-monsoon and the monsoon seasons
were mainly controlled by primary productivity and degassing of COs.

The high pCO2 observed in the Cochin estuary is also in agreement
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with this. The consistently high microbial respiration in the Cochin

estuary enhances the turnover rates of surplus OM [Shoji et al., 2008],

which in turn becomes the reason for ample pCOz levels in this estuary

[Gupta et al., 2009].
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Figure 5.1.2: (a) DIC concentrations plotted against salinity and [b]
013Cprc in the Cochin estuary plotted against salinity. Circles in both
plots denote the conservative mixing values and the rectangles define
the actual values. The arrows indicate the influence of primary
productivity (PP) and OM degradation on the isotopic composition and
concentrations of DIC. The A, S, and D in the legend indicate the three
seasons, the pre-monsoon (April), monsoon (September), and post-
monsoon (December), respectively.

In addition, the pCO2 concentration in the estuary is exceptionally high
due to elevated OM remineralization and may cause high rates of COz

emission to the atmosphere. CO2 produced due to degradation of OM
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diffuses into the atmosphere immediately. Hence, the nonexistence of

data in the lower right quadrant does not mean the absence of OM
degradation. Studies show that Indian estuaries mineralize up to 90%
of terrestrial organic loads during high-flow conditions [Gupta et al.,
2008]. This might be a possible reason for higher pCOg2 during the pre-
monsoon and the monsoon when the estuary received heavy fresh

water runoff with plenty of lateral inputs of OM.

Station 1 situated at the inlet point of the Periyar River and reception
point of excess OM from the city of Cochin exhibited the highest pCOa.
Eventhough smaller in comparison, Muvattupuzha River also appears
to have brought enough OM to Station 4. The lower left quadrant
represents the carbonate precipitation, where both [DIC] and [113Cpic
decrease [Alling et al., 2012]. During post-monsoon, both lack of
freshwater supply as well as high tide phase, facilitates high pH and
salinity range in the estuarine zone. The majority of the stations
falling in the lower left corner belongs to the post-monsoon and

indicates the dominance of slow rate of calcite precipitation.

However, % contribution of calcite precipitation and OM
mineralization in CO2 emission from this estuary cannot be determined
due to the close coupling between calcite precipitation and aerobic
respiration [Frankignoulle et al., 1994]. The upper right quadrant
represents the stations with calcite dissolution as the major process.
Ad13Cpic and A[DIC] >0 at these stations indicate the increase in [DIC]
as well as enrichment of 13C. These are stations with relatively low pH
and higher pCOq levels (5, 6.a, & 6.b). Incidentally, the macro benthos
of this region is heavily dominated with bivalves [~50%, Martin et al.,
2010], so calcite dissolution is regarded as an important COgz source

here at low pH conditions.
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Figure 5.1.3: The change in 6'3Cbpic (A 6'3Cpic) vs change in DIC
concentrations (A[DIC]) from the corresponding conservative mixing
values in the Cochin estuary. The four quadrants explain the processes
which are the most likely to affect the 6'3Cpic in the estuary.

Taken together, based on this mixing curve approximation, the major
estuarine processes that are controlling estuarine C cycling are
primary productivity, OM degradation and CO2z outgassing during the
pre-monsoon and monsoon. Calcium carbonate precipitation is a
dominant process during post-monsoon. However, these findings can be
highly influenced by the selection of freshwater inputs. Since the
Cochin estuary receives OM loading from other small rivers and
tributaries, the C dynamics in this estuary can be significantly
influenced by them. But we have assumed supply only from the Periyar
River and have taken it as the freshwater end member. So these
results serve as a guide only to a preliminary identification of processes

in this eutrophic estuary.
5.1.4 8®Cpic in the coastal Arabian Sea

Along with the seasonal variations, the biogeochemistry of the coastal

Arabian Sea is significantly influenced by the effluents from the Cochin
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estuary [Bhavya et al., 2015; Gupta et al., unpublished]. The nutrient

loading from the estuary enhances the uptake of CO2 through primary
productivity. However, the OM accumulated through high export
production as well as OM discharged from the Cochin estuary cause
high OM degradation and hence the coastal Arabian Sea acts as a
source of CO2 as reported by some previous studies [Sarma, 2003;
Takahashi et al., 2009; Valsala and Maksyutov, 2010; Sarma et al.,
2012]. Therefore, the low values of 813Cpic observed during the present

study in the region are not likely to be due to the oceanic Suess effect.
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Figure 5.1.4: Depth profile of the 53Cpicin the coastal Arabian Sea, a, b
and c are the depth profiles in the Cochin transects during pre-monsoon,
monsoon, and the post-monsoon respectively and d, e and f are the same
for Mangalore transect.

The influence of biogeochemical parameters along with the tidal
forcing is reflected by the 5!3Cpic during all the three seasons. In

general, the surface 613Cpic during the pre-monsoon was almost similar
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in both the off Cochin (0.86—1.07%0) and off Mangalore (0.81— 1.13%o)

transects. During the monsoon, the off Cochin transect surface 33Cpic
(=0.20—2%0) showed a broader range than the off Mangalore transect
(0.75-1.19%0). During the post-monsoon, surface 6!3Cpic in the off
Cochin transect were relatively higher (0.31 — 1.14%0) than in the off
Mangalore transect (0.04 — 1.07%o; Figure 5.1.4). The observed surface
d13Cpic during the pre-monsoon was nearly similar at both the off
Cochin (0.86-1.07%0) and the off Mangalore (0.81-1.13 %o) transects,
whereas during the monsoon, the off Cochin transect (—0.20 — 1.10%o)
was depleted compared to the off Mangalore transect (0.75 — 1.19 %o)
except for the high value observed at surface of 30 m deep station

(2.0%o).

The seasonal depth wise variations of 813Cpic indicate the effects of
upwelling. During the post-monsoon, the scenario was different with
comparatively higher values of surface 83Cpic in the off Cochin
transect (0.31-1.14%0) and lower in the off Mangalore transect (0.04—
1.07%0) [Figure 5.1.4]. While focusing on the depth profile of 33Cpic,
the pre-monsoon was observed with positive 6!3Cpic values which
shifted to negative during the monsoon. Figure 5.1.4 clearly shows
highly depleted surface waters at the off Cochin transect, at least up to
a distance of 35 km from the coast, compared to corresponding waters
at the Mangalore transect during the monsoon which evidently showed

the influence of discharge from the Cochin estuary.

In contrast, the subsurface waters and outer shelf waters at the off
Mangalore transect are more depleted in 3C with lower 613Cpic than at
the off Cochin transect. The off Mangalore shelf experiences a high
intrusion of relatively highly mineralized and oxygen depleted

upwelled waters from the offshore oxygen minimum zone compared to
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the Cochin region [Gupta et al., communicated], and the further oxygen

demand turns the subsurface shelf waters to anoxic and anaerobic up
to about 60 km from the coast [Sudheesh et al., in preparation]. The
highest 13C depletion in DIC at the near shore bottom waters of off
Mangalore during the monsoon [Figure 5.1.3e] is due to the strong
sulfate reduction in these highly anoxic waters/sediments [Naqui et al.,

2009; Sudheesh et al., in preparation].

5.1.5 Mixing curve approximation in the coastal
Arabian Sea
The surface average 63Cpic values observed during three seasons (pre-
monsoon: CH=0.78; MR=0.85, monsoon: CH=0.69, MR=0.82 and post-
monsoon: CH=0.63, MR=0.51%0] are lower than the model predicted
open ocean values [Figure 5.1.4]. Previous studies have reported that
the Arabian Sea is a source of CO2 to the atmosphere rather than a
sink [Sarma, 2003; Takahashi et al., 2009; Valsala and Maksyutov,
2010; Sarma et al., 2012] hence; the oceanic Suess effect can be
neglected. Therefore, 813Cpic in the coastal Arabian Sea is most likely
dependent on physical, biological and thermo dynamical processes in
the ocean as well as its surroundings rather than atmospheric CO2

concentration.

To confirm this hypothesis we have used a similar mixing curve
approximation for this region as well. Like in the estuary, the Periyar
River and average surface sea water values has been taken as
freshwater and seawater end members, respectively. Figure 5.1.5 (a, b,
¢) shows the 813Cpic conservative mixing line plotted against salinity
during the pre-monsoon, the monsoon and the post-monsoon and
Figure 5.1.5 (d, e, f) shows that of DIC concentrations in the off Cochin

transect. Since the freshwater end member of off Mangalore is not
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dominant, samples were not collected from the corresponding river end
member and hence, we could not apply the mixing curve approximation

for the off Mangalore transect.
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Figure 5.1.5: (a), (b) and (c) represent the values of 6!3Cpic conservative
(green squares) and actual (red circles) plotted against salinity in the off
Cochin transect during the pre-monsoon, monsoon and post-monsoon,
respectively. Figure (d), (e), and (f) indicate the corresponding plots with
DIC. The arrows indicate the influence of primary productivity (PP)
and respiration on the 6'3C and concentration of DIC.

The deviations from the conservative mixing values in the off Cochin
transect during the pre-monsoon and monsoon seasons of both DIC and
d813Cpic show the dominance of respiration/OM degradation over
primary productivity. Although the summer monsoon coincides with
the peak of the Arabian Sea primary production, the results show the
dominance of respiration/OM degradation to drive the Arabian Sea as a
source of COz to the atmosphere. During the post-monsoon, the actual

values of DIC and 8'3Cpic were found to be close to conservative mixing
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lines with some exceptions. However, the values at either side of the

conservative mixing lines are considered to be altered by in situ
physical, chemical and biological processes. Physical processes include
ground water influx (weathered COg2), upwelling, and CO2 emission
from vents. The diffusion or emission of atmospheric CO2 and calcite
dissolution can be considered as a chemical processes, whereas
biological processes include primary production, decomposition,

respiration, and calcite precipitation.

5.2 Aquatic food web and stable isotopes

As 813C of DIC is used to identify the sources of dissolved inorganic
carbon and processes in ecosystems, 81N and 613C of POM and
zooplankton are used for tracing the flow of N and C in the marine food
web. The measurement of 815N and 6!3C plays a major role in resolving
the contribution of isotopically distinct N and C sources to the
corresponding elemental budget of a system. The distinct isotopic
composition of different sources of N to the estuaries and coastal
waters consequently propagate to the primary producers and then to
higher trophic level organisms through the marine food web [Rau et al.,
1981; Spice et al., 1989; McClelland and Valiela, 1998; Tucker et al.,
1999]. Each stage involves a proportionate isotopic fractionation
mainly due to excretion of isotopically depleted NH4" [Checkley and
Miller, 1989]. The isotopic enrichment of resulting zooplankton body
can be used as an efficiency index of N transfer within the marine food

web.

A number of studies have been conducted in estuaries and coastal
systems to investigate the isotopic flow of N and C in the marine food
web [Rau et al., 1981; Goering et al., 1990; Montoya et al., 1991; Tucker
et al., 1999]. Limited number of studies has reported 8N and 513C of
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the suspended POM in northern Indian Ocean and estuarine systems

[e.g., Kumar et al., 2004; Sarma et al. 2014; Bardhan et al., 2015].

However, isotopic measurement of zooplankton in the Indian region is
lacking. The present study attempted to generate a marine food web

for the coastal Arabian Sea using N and C stable isotopic ratio.

Samples from the coastal Arabian Sea were collected during 9 months
(January, March, April, May, dJune, dJuly, September, October,
November, and December) in 2012 to understand the inter-annual
variability of the prey to predator isotopic flow. The values of 61°N-
POM are reported only for four months (April, October, November and
December) in this chapter. Sample collection and analysis are

described in Chapter 2.

5.2.1 8N and 8“C of POM in the coastal Arabian Sea

Natural oceanic phytoplankton community has a wide range of 613C
values as obtained by many studies conducted [Degens et al., 1968; Rau
et al., 1983; Gearing et al., 1984; Kumar et al., 2004, 2005]. The major
factors that control the 513C-POM are 813C-DIC, the morphology of
species, the type of carboxylating enzyme involved, and ultimately the
growth rate of plankton [Burkhardt et al., 1999]. However, in the case
of ocean 613C-DIC may not be a major factor regulating 63C-POM,
since it 1s highly abundant and its variability in the spatial and
temporal frames is too small [Bhavya et al., unpublished]. The results
from the present study show that phytoplankton growth is a major
process which controls the §13C-POM.

Figure 5.2.1 shows the dependency of &13C-POM on POM
concentration, which is a measure of phytoplankton growth. The high

POM concentrations and 813C-POM during May-October indicate the
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influence of mixing of bottom waters from the onset to withdrawal of

southwest the monsoon on marine primary productivity.
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Figure 5.2.1: Relationship between 6'3C-POM and 6'5N-POM with POC
and PON, respectively, in the surface waters of the coastal Arabian Sea
in 2012.

Similarly, the 815N-POM also showed a strong positive relationship
with PON concentration [Figure 5.2.1]. The above explanation 1is
applicable in the case of fractionation of N isotopes during primary
production. However, unlike the DIC pool, the DIN pool cannot sustain
an invariable isotopic composition. The relatively lower concentration,
over consumption, and complex metabolic pathways make 8N of the

substrate pool highly variable.
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5.2.2 The predator and prey relationship

The isotopic composition of zooplankton depends up on its diet, which
is highly variable around the globe. The summary of earlier research
works indicates that in general, the C and N isotopic composition of
predator is enriched by ~3 %o relative to its prey in different trophic
levels [Rau et al., 1981; Spice et al., 1989; McClelland and Valiela,
1998]. The results from our study show that the !3C and 815N of
zooplankton are enriched by ~1.5—4 %0 than those of POM, which is in

agreement with the global observations.
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Figure 5.2.2: The relationship of 613C and 65N of zooplankton with its

corresponding POM.
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The 513C of zooplankton near the inlet point of the Cochin estuary was

slightly depleted than corresponding values of POM during October.
The possible reason for this depletion is the consumption of OM
brought by estuary, which is highly depleted (—24 to —28 %.). In
general, the predator-prey isotopic relationship indicates the
proportionate flow of OM from the lower trophic level to the higher.
However, there is no data available for the isotopic composition of
consumers in the high trophic levels in the Arabian Sea food chain so
far. Based on our data we attempted to construct a schematic diagram
which picturizes the isotopic enrichment in the zooplankton with

respect to its diet [Figure 5.2.3].
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Figure 5.2.3: The schematic diagram of isotopic enrichment in the
marine zooplankton with respect to its diet in the coastal Arabian Sea.

The picture contains ranges of 613C and 815N of primary producers and
primary consumer (zooplankton) based on the present study. 813C and
315N of POM varied between —26.17 and —14.16%0 and from 1.98 and
9.02%o, respectively. The values of 813C and 85N of the zooplankton
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exhibited a range from —23.38 to —16.38%0 and from 5.07 to 11.43%o,

respectively. Exceptionally enriched 6N and 813C values observed at
two stations during October are represented by different symbols in
Figure 5.2.3. Some species of diatoms do exhibit 813C enrichment up to
—14%0 [Fry and Wainright, 1991]. It is well known that diatoms growth
is proliferated by high Si abundance. The peak of Si concentration in
the coastal Arabian Sea is reported to be observed during withdrawal
of southwest monsoon (October). Hence, high POC and the lowest 13C-
POM are in agreement with the enhanced diatom growth and large

OM production during October.
5.3 Conclusions

The DIC pool in the Cochin estuary and the coastal Arabian Sea was
found to be depleted in 13C. Based on the mixing behavior,
mineralization and respiration seem to be the major processes
controlling their distribution in the Cochin estuary. The study also
confirms that the coastal Arabian Sea continues to be a major source of
COg2 to the atmosphere. The 63C and 6!*N of the POM in the coastal
Arabian Sea indicate the seasonal variability of primary production.
The 613C and 6!°N of the zooplanktons show an enrichment of 1.5—4 %o
relative to POM. The study also constructed a first isotopic flow in
marine food web up to the primary consumers in the coastal Arabian

Sea.
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Chapter 6

Mesocosm experiment

Observations of increase in the global average air and ocean
temperatures along with widespread melting of ice and rising sea level
provide unequivocal evidence of global warming [IPCC, 2007]. Due to
continued greenhouse gas (GHG) emissions at or above the present
rates, a further warming in global climate system during 21st century
has been predicted by climate models. Several associated parameters of
climate warming, such as increasing sea surface temperature (SST),
ocean acidification, changes 1in vertical mixing, upwelling,
precipitation and evaporation patterns, may in turn impact the

resilience of many ecosystems [Moore et al., 2008].

Increase in SST, one of the most important components of climate, is a
major indicator of global warming. According to the IPCC [2007]
report, an average increase of ~1°C in SST across the global ocean is
evidently seen during the last century and is expected to increase
further during the 21st century. An integrated study conducted from
different platforms (satellite, ships and buoys) has also shown upward
trends in SST at all latitudes, with rates of change being greater than

2°C per century in many tropical seas [Hoegh-Guldberg, 1999].
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Sea surface salinity (SSS), another important characteristic of
seawater, is one of the determining factors for water density, column
stability and circulation patterns in the ocean. Unlike changes in SST,
which follows relatively general global pattern, changes in sea surface
salinity (SSS), particularly in coastal areas of the world, are largely
determined by local meteorological processes, such as precipitation,
evaporation and mixing [Henderson-Sellers & McGuffie, 2012].
Precipitation data, in general, show considerable spatial and temporal
variability. In the last century, precipitation has mostly increased over
land, particularly in the high northern latitudes, while decreases have
dominated the tropics since the 1970s [IPCC, 2007]. The frequency of
extreme precipitation, however, has increased over most areas [Bates et
al., 2008]. Different climate models agree with a consistent increase in
precipitation at higher latitudes and parts of the tropics during the 21%
century [Bates et al., 2008].

The Arabian Sea constitutes the north-western part of the Indian
Ocean. Its uniqueness is the influence of seasonally reversing
monsoonal wind forcings on the biogeochemical cycling, a characteristic
which has attracted scientists worldwide to carry out biogeochemical
studies. However, the primary focus during major scientific programs
such as Joint Global Ocean Flux Studies (JGOFS) has been the open
ocean with limited attention to the coastal ecosystems [e.g.,
Madhupratap et al., 1996; McCarthy et al., 1999; Watts and Owens,
1999; Sambrotto, 2001; Kumar et al., 2010; Gandhi et al., 2010]. Like
many other oceanic basins, hydrographic settings of the coastal
Arabian Sea may also display increase of SST, higher freshwater
runoff and decreased surface salinity, stronger stratification and

changed ratios of macronutrients.
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Observations suggest a statistically significant increasing trend of
positive SST anomaly over the tropical Indian Ocean along with
significant increases in frequency and intensity of extreme monsoon
rain events in central India, a source of freshwater to the coastal

Arabian Sea and Bay of Bengal [Goswami et al., 2006].

Given the importance of the Arabian Sea as a biogeochemical system
and its potential to undergo changes due to warming, it is prudent to
examine the N and C uptake capabilities of its pelagic community
under different temperature-salinity To explore the above-mentioned
aspects, a mesocosm study simulating different temperature and
salinity conditions was conducted on natural pelagic microbial
community from the coastal waters of the Arabian Sea, a tropical
basin. This work formed a part of this study with the main objective to
understand potential changes in N uptake capabilities of
phytoplankton community of the coastal Arabian Sea, when subjected
to different temperature-salinity conditions; we have attempted to
mimic the temperature and salinity range predicted by different

climate models.

6.1 Study area and experimental set up

Mesocosms are large tanks in which culture experiments can be
performed in large volumes of sample which would help to mimic the
environment to a better extent. Figure 6.1 shows the mesocosm set up
used for the present study. For the whole study, sixteen mesocosms,
each containing 1000 L of seawater, were used to simulate four
different conditions with four replicates for each condition. The
conditions simulated were (1) ambient temperature - ambient salinity
(28°C-35), (1) ambient temperature-decreased salinity (28°C-31), (ii1)
increased temperature-ambient salinity (31°C-35), and (iv) increased

temperature-decreased salinity (31°C-31). Henceforth, for the purpose
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of discussion, these conditions will be referred as mesocosms 1 to 4,

respectively [Figure 6.2].

e i

Figure 6.1: Mesocosm tanks in the laboratory for stimulation

28°C, 35PSU 28°C, 31PSU

experiments.

31°C, 35PSU 31°C, 31PSU

Figure 6.2: Temperature and salinity conditions set during the
experiment in mesocosm tanks. Salinity is given in practical salinity

unit (PSU)

The experiment was performed near Mangalore, central west coast of
India [Figure 6.3]. Seawater collected from the adjoining beach
(12°47'024" N, 74°51'192" E) was transported to the mesocosm facility
and transferred in a common reservoir (20,000 L). Before releasing it

into each mesocosm tank through a network of interconnected pipes,
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seawater was filtered through 0.5 pm sand filters and simultaneously
ozonated to eliminate living microorganisms. After filling with 1000 L
of filtered and ozonated seawater, all tanks were inoculated with
equivalent volumes of phytoplankton inoculum collected from 1

nautical mile away from the shore.
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Figure 6.3: The location in the coastal Arabian Sea from where sea
water was collected for the Mesocosm study

The inoculum was collected using plankton net of 10 um mesh size
during a single episode in the first week of December 2011. Inoculation
was followed by two day period of gradual increase in temperature and
decrease of salinity to avoid any sudden physical and metabolic shock
on inoculated microorganisms. The manipulation was done step-wise
by increasing the temperature and decreasing the salinity,
respectively, every 6" hours during acclimatization. In mesocosm set
up for increased temperature (31°C), a set of 4 underwater heaters
were placed to attain the same. Mesocosm with ambient temperature
were also provided with a set of heaters to ensure a constant water

temperature (28°C). The lowering of salinity, from 35 to 31, was done
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by slowly extracting previously calculated volumes of seawater from
the mesocosms through submerged plankton net, not to lose or damage
any cells, and thereafter adding equivalent volume of sterilized fresh
water. In the end, all mesocosms had the final volume of 1000 L. and
the equal biomass of phytoplankton cells. Water temperature and
salinity were 1identical among the four replicates within each

mesocosm, 1nitiating the subsequent sampling period.

In each mesocosm, surface light intensity was maintained at 50 pmol
photon s!m?2 using four plant-growth fluorescent light lamps
approximately 30 cm above water surface. The diurnal light cycle was
set to 12 hours. To maintain equal surface light conditions and to
prevent unwanted particles from falling in, reflective blankets were
put up above each tank with slits to facilitate air circulation. The
mesocosms were mixed by continuous aeration, and gently stirred by a
wooden stick (one for each mesocosm in order to avoid contamination
among the different treatments) 30 minutes before sampling on
alternate days. Nutrient concentrations (NOs and NH4*) in the
mesocosm water were measured prior to the start of the experiment to

ensure nutrient replete conditions for algal and bacterial growth.

6.2 Nitrogen and carbon uptake experiments

Four out of sixteen mesocosms, each belonging to different conditions,
were selected for N uptake experiments. These experiments were
performed on four days [(8th-Dec-2011)2rd, (11th-Dec-2011)5th, (13th-Dec-
2011)7th and (16th-Dec-2011)10th day] of the whole experiment period,
representing initial, peak and declining phase of phytoplankton
growth. For the convenience in discussion, these four days when
uptake experiments were conducted will be considered as first to fourth

day of experiment, with first and last day as representatives of the
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beginning and the declining phases, and second and third days as the

middle phase.

On each experiment day, water samples from each mesocosm were
collected into 1 L acid-washed polycarbonate Nalgene bottles in
duplicate for NH;" and NO3 uptake. Samples were spiked with 98+
atom% enriched Nal>NOs and 15NH4Cl to trace NOs and NH4" uptake,
respectively. Subsequent to tracer additions, bottles were incubated
inside respective mesocosm tanks for four hours. Post-incubation
samples were filtered onto precombusted GF/F filters (400°C at 4hrs)
and subsequently oven dried for mass spectrometric analysis where 15N
atom% and particulate organic N (PON) content were measured using
continuous flow stable isotope mass spectrometer (Delta V Plus)
connected to an elemental analyzer (Flash EA 2000). The coefficient of
variation in 1N atom% measurement was < 5% for NO; and NH4*
uptake samples whereas the average difference in PON measurement
of duplicate samples was < 8%. The uptake rate was calculated using

the equation of Dugdale & Wilkerson, [1986] (see Chapter 2).

6.3 Response of phytoplankton towards
temperature and salinity

In the beginning of the experiment, average NOs; and NH4
concentrations in the mesocosms were 8.4 £+ 1 uM and 2.0 = 0.5 uM,
respectively [Figure 6.4]. The slight difference in initial nutrient
concentration is due to the nutrient consumption by plankton during
acclimatization. Chl a values were low during the initial phase of the
experiment, peaked in the middle and reduced subsequently [Figure
6.5]. A day after inoculation, Chl a concentrations in all four
mesocosms were less than 5 ug 1’1, which increased to higher than 30

ug 11 during the peak days, except for mesocosm 2 (28°C-31). Diatoms
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were dominating the phytoplankton community in all mesocosms (data

not shown).
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Figure 6.4: The variation of NHs* and NOs concentrations in the
mesocosm tanks during the sampling period.
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mesocosms throughout the duration of the experiment.

6.4 Nitrogen and carbon uptake rates

20-Dec

in the four

For all mesocosms, consistent with the Chl a, the total DIN and C

uptake rates also showed similar patterns, i.e., relatively lower values

during the beginning and the end of the experiment with peaks in the
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middle. In general, the highest total DIN wuptake rate on each
experimental day was observed for mesocosm 1, maintained in ambient
conditions (28°C-35), whereas mesocosm 2 with ambient temperature
and reduced salinity (28°C-31) showed significantly lower values
compared to the other treatments. The highest total DIN uptake for
mesocosm 2 was observed on the third day of the experiment (0.13
pmol N 11 h-1), which was lower than the minimum (0.16 pmol N I-1 h-1)
observed for mesocosm 1. Increase in DIN uptake in the mesocosm 2 on
third day might be due to addition of nutrients due to remineralization
which was shown in Figure 6.6. In mesocosm 4, with increased
temperature and reduced salinity (31°C-31), total N uptake rates, in
general, were higher than the mesocosm 2 (28°C-31).
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Figure 6.6: Variations in the NOs and NH4 uptake rates in the four
different mesocosm tanks.

Between the two mesocosms where salinity remained the ambient (35)
but temperature was increased from 28 to 31°C (mesocosms 1 and 3),
total N uptake rates did not differ significantly, particularly in the
middle of the experimental period. Individually, NH4" uptake rates
followed a similar pattern as the total DIN uptake which increased
with time to peak in the middle and decreased again at end of the
experiment [Figure 6.6]. The lowest NH4" uptake rate (0.03 pmolIN 1! h-
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1) was observed for mesocosm 2 (28°C-31). NH," uptake rates in this
mesocosm were significantly lower than those observed for other
mesocosms. The highest NH," uptake (0.32 pmol N 11 h-1) was observed
for mesocosm 3 with increased temperature and ambient salinity

(31°C-35) on the third day of the uptake experiment.

The NOs uptake rates also followed a similar trend as the NH4" and
the total uptake [Figure 6.6]. At the start of the experiment, the NO3s
uptake rates were similar for all mesocosms and increased on the
second day except for the mesocosm 2 (28°C-31), where it showed a
decrease. The highest NO3s uptake (0.23 pmol N 11 h-1) was observed
for mesocosm 1 with ambient conditions (28°C-35) on the third day of
the experiment, when NOs uptake rates for all other conditions were
significantly lower. Ammonium was the preferred substrate for
phytoplankton under all mesocosms. In the beginning, NOs uptake
contribution to the total uptake was less than 10% for all mesocosms,
except mesocosm 2 (28°C-31), where it was 20%. However, the
contribution of NOs uptake increased in the middle of the study period,
1.e., on the second and third day, to reduce again in the end. Overall,
NOs; uptake was less than 32 % of the total uptake, except for
mesocosm 1 (28°C-35), in which it was around 50 % on the third day.

Carbon uptake rates in mesocosm 2 did not show such an increase on
third day, rather it gradually decayed as the experiment progressed.
All other conditions except mesocosm 2 were observed to be favorable
for phytoplankton growth with high C uptake rates [Figure 6.7].
However, the species diversity in the mesocosm reduced except in the
mesocosm with natural conditions [Kahlon et al. unpublished], with the
survival of opportunistic species Skeletonema grevilleii. Over the study
period, total N uptake was significantly different among mesocosms (p

= 0.01). This indicates that ambient temperature and salinity
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conditions are the best suited for phytoplankton in the tropics, which is
already at its optimum environmental conditions. Any further change
in SST or SSS may alter the species abundance, diversity and potential

assimilation rates.
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Figure 6.7: The variation of carbon uptake rates in the mesocosm tanks.
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For all mesocosms, calculations for total N uptake per unit Chl a
showed an interesting pattern, with a gradual decline over time
[Figure 6.8]. High total N uptake per unit Chl a (ugN (ugChl a)1 h-1)

was observed at the start of the experiment with the highest value
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(0.35) for mesocosm 1 (28°C-35). Interestingly, contrary to the general
trend observed for other mesocosms, this value showed a slight
increase from the third (0.17) to the fourth (0.20) day for mesocosm 2,
the only increase during this study [Figure 6.8].

6.5 Controlling factors of nitrogen and carbon
uptake rates

In all mesocosms, the DIN uptake rates did not show any significant
relationship with substrate concentrations [Figure not shown], where
the average initial NOs (8.4 + 1 uM) and NH4 (2.0 = 0.5 uM)
concentrations were high. This indicates that the variations observed
during the present study are due to the modulating role played by
simulated temperature and salinity conditions on the DIN uptake rates.
Generally, the mechanism of nutrient supply and its kinetics of
utilization determines the productivity and size structure of
phytoplankton [Harrison et al., 1996], which follows concentration-
dependent uptake of dissolved inorganic DIN according to Michaelis-

Menten kinetics for enzymes [Menten and Michaelis, 1913].

But it appears that under nutrient replete tropical conditions, factors
such as temperature and salinity become important. It has been
reported earlier that kinetic relationships, such as nutrient uptake,
exhibit wide range of variability even for a given substrate and species.
These relationships can be a function of physiological state of the
phytoplankton cells, time of exposure to nutrients and environmental
factors [Glibert et al., 2012]. The present experimental results probably
favours to argue that under changing hydrographical conditions the
DIN uptake potential of coastal tropical phytoplankton may tend to

behave independently of ambient substrate concentrations.
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Significantly lower total DIN uptake rates for mesocosm 2 with
reduced salinity and ambient temperature entail important
consequences for potential DIN uptake in the coastal Arabian Sea
under increased precipitation. Total DIN uptake rates displayed an
increase when temperature was increased from 28 to 31°C, while
maintaining reduced salinity (31) condition (mesocosm 4). This implies
that elevated temperature probably favours increase in N uptake.
However, ambient condition shows higher N uptake, which probably is
due to adaptation and affinity to local environmental conditions in
which the phytoplankton lived. Overall, N uptake potential in tropical
coastal ecosystem such as during the present study, may be an
interplay between salinity and temperature conditions. While N
uptake rates tend to decrease with the reduction in salinity, slight
increase in temperature may contribute to its increase. However, as
mentioned earlier, it has also been predicted that increase in
temperature may be adverse for the growth of phytoplankton in
tropical regions [Thomas et al., 2012]. In such a case, the thermal niche
width, the temperature range over which growth rate is positive,
remains to be carefully explored. Thomas et al. [2012] showed a wide
range (approximately 22°C to 32°C) optimum temperatures for the
growth of phytoplankton strains from the same geographical region

where the inoculum was collected for the present experimental study.

A few studies show the effect of salinity and temperature stress on DIN
uptake rates. A limited number of studies from estuarine ecosystem
have observed the relationship between uptake rates and salinity [e.g.,
Middelburg & Nieuwenhuize, 2000; Mulholland et al., 2003]. In a
completely different salinity range (0.03-10.5), higher DIN uptake has
been observed for higher salinity waters in a sub-estuary of the

Chesapeake Bay despite lower NOs and NH4" concentrations compared
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to fresher waters [Mulholland et al., 2003]. A similar trend has been
observed in the Cochin estuary, a tropical ecosystem on the southwest
coast of India, during the pre-monsoon [Bhavya et al., 2015]. This
appears to show that salinity has a role to play in modulating DIN
uptake rates, however the exact biological mechanisms for the same

are presently not understood.

Independent of mesocosm conditions, NH," was assimilated in
preference to NOs and the primary production appears to be mainly
supported by ammonium based regenerated N. It is important to note
that the ambient NO3s concentration during the present study was
more than that of NH4". This observation is consistent with other N
uptake studies from the open Arabian Sea [McCarthy et al., 1999;
Sambrotto, 2001; Kumar et al., 2010]. The preference for reduced or
recycled forms of N such as NH," is well known in aquatic
environments [e.g., Dugdale and Goering, 1967; McCarthy and Eppley,
1972; Glibert et al., 1982] due to the higher energy requirement for the
assimilation of NOgs [McCarthy and Carpenter, 1983].

Although contribution of NOs to the total uptake increased during the
middle phase of the experiment compared to the beginning and the end,
it remained lower than the NH4  uptake throughout, except on the
third day for mesocosm 1 [Figure 6.6]. It appears that some physical or
biological controls were limiting NOs utilization despite the high
primary productivity, which has been observed in the open Arabian
Sea as well [McCarthy et al., 1999]. Inhibition of NOs uptake in the
presence of NH4" could be one of the reasons for lower NO3™ uptake, a
commonly observed feature in the world oceans [e.g., Glibert et al.,

1982; Harrison et al., 1987; McCarthy et al., 1999].

Although the extent of inhibition is much more variable, the inhibition

1s potentially greater under nutrient replete conditions and the least
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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. Yet
another reason could be higher than required addition of 15NH4" tracer
during the experiment, which could also trigger artificial stimulation of
NH," uptake [Watts and Owens, 1999]. However, during the present
study, the addition of NH4* was not large enough to stimulate the
artificial uptake, evident by very low correlation (r2~0.006) between the
percentages of NH4" addition relative to ambient and NH4" uptake
rates for all mesocosms. One more reason for NO3 underutilization
could be iron and silicon limitation [Landry et al., 1997] but the ranges
of iron [Measures and Vink, 1999] and silica [Morrison et al., 1998]
concentrations in the Arabian Sea, especially in the coastal area, are

greater than the known limiting values.

6.6 Conclusions

Our results indicate that under nutrient replete coastal conditions
salinity and temperature are important in modulating the assimilation
rates of the pelagic microbial community and thereby affecting the pool
of inorganic nutrients. The lower N and C uptake rates in the
decreased salinity and ambient temperature condition indicate the
negative effect of osmotic stress on plankton community. This points
towards the likely decreasing primary productivity in future if salinity

decreases with higher precipitation.
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Chapter 7

Summary and scope for future work

The finding of the present study provides important insights to the
biogeochemical research of the Cochin estuary and the coastal Arabian
Sea. The study reveals the major consequences of anthropogenic
activities and climate change on the N and C cycling in these
ecosystems. The highlights of the present study are summarized below.

7.1 Nitrogen dynamics in the Cochin estuary and the
coastal Arabian Sea

e DIN uptake rates in the Cochin estuary is highly influenced by
anthropogenic nutrient loading.

e The existence of diazotrophs and their ability to fix N2 in nutrient
replete conditions has been identified in the Cochin estuary.

e The results show that the relative abundances of N and P
controls DIN uptake and N3 fixation rates in the Cochin estuary
rather than their individual concentrations.

e The optimum DIN uptake rates in the estuary is observed at a
TN:TP close to the Redfield’s ratio (16:1).

e The highest value of Ns fixation is observed at the station with a
low TN:TP ratio, where P was not a limiting factor.

e DIN assimilation at the nearshore station in the coastal Arabian
Sea was found to be influenced by the estuary.
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7.2 Carbon dynamics in the Cochin estuary and the
coastal Arabian Sea

e The 13C (NaHCOs3) labeling technique is not the best suited
method for primary productivity measurements for aquatic
environments with high COg .4 concentrations

e Primary production in the Cochin estuary was found to be

optimum, when the TN:TP ratio was closer to the Redfield ratio.

7.3 Nitrogen and carbon isotopes as tracers of carbon
dynamics and the marine food web

e Based on the mixing curve approximation, respiration seems to

dominate in the Cochin estuary and coastal Arabian Sea.

e The study also confirms that the coastal Arabian Sea continues

to be a major source of CO2 to the atmosphere.

e The 813C and 65N of the zooplankton show an enrichment of

1.5—4 %o relative to POM.

e The first C and N isotopic flow in marine food chart up to
primary consumers in the coastal Arabian Sea has been

constructed.

7.4 Response of marine phytoplankton to the future
temperature and salinity conditions

e Under nutrient replete coastal conditions, salinity and

temperature modulate N and C assimilation rates.

e Lower N and C uptake rates in decreased salinity and ambient
temperature conditions indicate the negative effect of osmotic

stress on phytoplankton.
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e The results also point towards the decrease in primary
productivity in future when salinity decreases with increasing

precipitation.
7.5 Scope for future work

e The role of relative abundances of N and P in the nutrient
replete Cochin estuary is the major highlight of the present
study. A detailed culture experiment with varying N and P
concentrations and salinity is recommended for the better
understanding C and N assimilation processes in the nutrient

rich environments.

e The presence of diazotrophs and their ability to fix N2 was
identified in the present study using !*Nz bubble method.
Comparison of bubble method and newly developed dissolution
method should be performed in the estuarine and coastal

environments, to improve the N budget of these environments.

e Individual analysis of isolated N2 fixing species under varying
nutrient and salinity conditions could be performed to
understand species wise response to the changing nutrient and

hydrographic conditions.

e The rates of many N pathways in the Cochin estuary and the
coastal Arabian Sea are not investigated so far, particularly the
anaerobic processes such as denitrification and anammox.
Experiments using 1N tracers could be performed to understand

the rates of N loss from these ecosystems.

e  Our study reported the underestimation of primary productivity

while using NaH13COgs labelling technique in the high pCOg2
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environments. It is highly recommended to use both 13CO2 and
NaH13COsto estimate the potential primary productivity in such

COg supersaturated environments.

During the present study, 3!3Cpic is used as a proxy to
understand the sources of DIC and processes in the estuarine
and coastal environment. A detailed study in multiple stations is

required to reveal the complexity of estuarine C dynamics.

The present study attempted to construct the flow of C and N
isotopes in the marine food web up to primary consumers. More
studies are needed on the isotopic composition and its
enrichment in higher trophic levels in the Cochin estuary and
the coastal Arabian Sea. A detailed monthly measurement of
815N and 6!3C in various trophic levels could be performed to
understand the marine food web thoroughly, which would help

in marine conservation and management.

Smaller size phytoplankton and heterotrophic bacteria are
known to play a significant role in N uptake. Hence, the
response of bacteria and picoplankton under such simulated
conditions as during the present study warrants attention in
future. Also, the extent of dissolved organic N as an alternative
source of N was not considered in this study and could be a

component of N uptake in future studies.
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