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1. Introduction

1.1 Ocean Carbon Cycle

Carbon is an important element in various biogeochemical cycles and plays a
significant role in the biotic and abiotic processes in the ocean. Oceans act as a
massive storage system for carbon, substantially greater than the atmospheric and
terrestrial systems. Oceanic carbon can exist in various forms, mainly, dissolved
inorganic carbon (DIC), dissolved organic carbon (DOC), particulate inorganic
carbon (PIC) and particulate organic carbon (POC), and sometimes in Colloidal
forms. Studies have revealed that these organic and inorganic forms mostly exists in
an approximate ratio of DIC:DOC:POC = 2000:38:1 [about 37,000 GtC DIC
(Falkowski et al., 2000; Sarmiento and Gruber, 2006): 685 GtC DOC (Hansell and
Carlson, 1998) and 13 to 23 GtC POC (Eglinton and Repeta, 2004)]. Ever since the
industrial revolution, the global oceans are considered to have drawn down nearly
40% of the anthropogenically produced carbon dioxide (CO,) and so, oceans are
regarded to be the major sink of atmospheric CO, (Khatiwala et al., 2013). The
Southern Ocean (SO) alone, is estimated to account for nearly 20-40% of this oceanic
CO; uptake (Gruber et al., 2009; Takahashi et al., 2012; Khatiwala et al., 2013)
thereby playing a significant role in global carbon cycle and climate change. The
transfer of CO, from the atmosphere to the oceans and ultimately into the sediments,
involves the combined effect of two major mechanisms, namely the solubility
pump/physical pump and the biological pump and the efficiency of these two pumps
determine the long term storage and export of carbon in the ocean depths (Sarmiento
and Toggweiler, 1984; Volk and Hoffert, 1985). While the solubility pump

concentrates on the drawdown of atmospheric carbon via air-sea exchange by
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dissolution of gases into the oceanic system and is strongly influenced by the
hydrographic features and physical processes in the region. On the other hand, the
biological pump regulates the CO, fixation by phytoplankton and the conversion of
inorganic carbon to organic carbon and its transfer to the ocean interior. There is
always a continuous exchange of CO, between the atmosphere-ocean-biosphere
system, during dissolution, photosynthesis, upwelling and degassing processes.
Strong winds can favour divergence causing upwelling that brings DIC and nutrient
rich waters to the surface, and to an extent support degassing of CO, to the
atmosphere. The upwelled waters may be aged/ older waters and have higher DIC, a
result of remineralisation of organic matter and dissolution of biogenic CaCOs;

(Sarmiento and Gruber, 2006; Bopp et al., 2017) (Fig. 1.1).
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Figure 1.1: Ocean carbon cycle, representation of the biologicél‘and physical

(solubility) pump in the ocean (Adapted and modified; from Bopp et al., 2002).

2|Page



However, the increase in atmospheric CO; has led to a question as to “Will the
ocean continue to drawdown atmospheric CO; at the same rate?”” and also “How will

this continuous CO, drawdown influence the biological pump efficiency?”

1.2 Biological Pump

The term pump was coined decades ago, with reference to the movement of
carbon from the surface to the ocean bottom against the concentration gradient (Volk
and Hoffert, 1985). A major fraction of the CO; that enters the deep ocean is through
phytoplankton input pathways, and hence ‘biological pump’ plays a major role in the
process of sequestration of atmospheric CO, (Smith and Comiso, 2008; Arrigo et al.,
2008). From the fixation of inorganic carbon into particulate organic matter (POM)
during photosynthesis to its transformation via trophic processes in the ocean, a suite
of physical processes like circulation, mixing, upwelling, etc., assist the transport of
organic matter, along with the gravitational settling of POM aggregates that act
collectively to sequester carbon into the ocean (Ducklow et al., 2001; Siegel et al.,

2016).

The first and foremost step of the biological pump is the synthesis of the
organic (soft tissue) and inorganic carbon (hard skeleton) compounds by
phytoplankton in the photic waters of the ocean water column. Primary productivity is
the main process by which CO, is fixed into organic matter (OM) through
photosynthesis, by phytoplankton, in the presence of light and nutrients.
106CO, + 122H,0 +16HNOs+H;PO, > (CH,0) 106(NH3)16HsPO, + 1380,
Photosynthetic production by phytoplankton is the base of oceanic food-web, and
plays a significant role in the carbon cycle by partitioning carbon between the ocean

and atmosphere, thus disconnecting it from direct air-sea interaction (Behrenfeld et
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al., 2006; Mcgillicuddy et al., 2007). The efficiency of the oceanic biological carbon
pump is largely dependent on the trophic structure of the marine food-web comprising
of phytoplankton, zooplankton and the microbial loop that takes part in mobilizing the
carbon in the oceanic system (Azam et al., 1983; Smetacek, 1999). Carbon in its
organic form and the respiratory CO,, produced in deep waters, can remain away
from contact with the atmosphere for varied time periods, from months to several
years, depending on the chemical form of carbon and the depth of its existence in the

ocean (Zhang et al., 2018) (Fig. 1.2).

<GB == S
phototrophic mixotrophic phototrophic
eukaryotes eukaryotes prokaryotes 2
aerobic
photoheterotrophs

10 yrs
to surface

- 5 protozoa

s ry
N

7 viruses

100 yrs
to surface

heteljoitrgphlc
bacteria

and archaea M C P

1000 yrs
to surface

BIOLOGICAL CARBON PUMP

Figure 1.2: Schematic depiction of the carbon cycling via the biological pump in the
ocean. The linkage of Microbial Loop and Microbial Carbon Pump (MCP) in the
Biological Carbon Pump (BCP), and the time scale representing the return of respired
CO; to the surface, from different depths of the ocean (adapted from Zhang et al.,

2018).
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The POM formed via photosynthesis is a fundamental component of the biosphere, it
is ubiquitous, abundant and forms an essential component of the biogeochemical
cycles. POM acts as a crucial link between the classic food-web and the microbial
loop in oceanic systems, thus a vital component in the carbon export to the ocean
depths, as well as other elemental cycles (Gordon and Gofii, 2003; Duforet-Gaurier et

al., 2010).

1.3 Particulate Organic Matter (POM)

POM accounts for a very small fraction of the total organic matter in the
oceans, but it is a very important fraction in transporting organic components from the
surface/source of formation to the deeper waters and finally sinking to the sediments
(Volk and Hoffert, 1985; Boyd and Trull, 2007). On an average, almost 97-99% of the
POM is remineralized by grazing or decomposition in the upper water column
(mesopelagic) and a very small portion (1-3%) reaches the bottom sediment
(Buesseler, 1998; Honjo et al., 2008). The quality, composition and transformation of

POM determine the efficiency of export of carbon through the water column.

1.3.1 Composition of POM

POM constitutes of diverse components of different sizes and can include
living organisms like phytoplankton, bacteria, virus, to fecal pellets of grazers
(zooplankton) and other larger organisms, as well as dead and detritus matter
(Valkman and Tanoue, 2002; Lee et al., 2004). POM varies in its physical structure
and biochemical composition depending on the source of formation, ambient

conditions and the transformation process altering the POM characteristics (Menzel
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and Goering, 1966). Biochemical composition of POM in ocean waters mainly
comprise of carbohydrates, proteins, lipids formed from the combinations of
monosaccharaides, amino acids and fatty acids respectively, along with other
uncharacterised organic matter. The chemical composition of POM in oceans is
highly variable, and studies have reported various factors like light intensity, nutrient
availability, the phytoplankton community, and also the grazing community have an
influential role in determining the composition of POM (Kuenzler and Ketchum,
1962; Menzel and Ryther, 1964), and further modulate the transformation and export

of carbon.

1.3.2 Factors influencing the POM composition and transformation in oceans

Several processes like repackaging, degradation, aggregation, interaction
between the suspended and sinking POM, are responsible for the transformation of
POM and determining the quality and quantity of POM exported to the depths of the
ocean (Lee, et al., 2004; Tsukasaki and Tanoue, 2010). Some of the controlling

factors are as mentioned below.

Phytoplankton community: The biomass and community of the phytoplankton
determines the chemical composition of the initial POM formed in the photic waters.
However, the biomass and phytoplankton community is determined by the
environmental conditions (light, temperature, nutrients, etc.) of the ambient waters.
The phytoplankton community being the base of the marine food web, the size and
the nutritional value of the phytoplankton community, determines the type of trophic
structure, especially the grazing community and also contributes by influencing the
carbon export flux of the oceanic regime (Finkel et al., 2010; Deppler and Davidson,

2017; Basu and Mackey, 2018).
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Zooplankton Grazing: Studies have indicated that zooplankton grazing is the
initial stage of transformation of POM by the consumption of phytoplankton in the
marine systems. The community selective grazing and partial breakdown or complete
engulfment of organism determines the resultant organic compounds (Cowie and
Hedges 1994; Wakeham et al., 1997; Lee et al., 2000). Zooplankton also contributes
to aggregation/repackaging of POM by the uptake of smaller particles, and further
excreted as sinking fecal pellets. Zooplankton is also responsible for the vertical
transport of POM below the mixed layer, during the process of its vertical migration
within the water column. A change in the zooplankton biomass and composition can

regulate the composition and sinking rate of the fecal pellets.

Microbial action: Microbial activity significantly contributes to POM
transformation by breakdown/degradation of dead organisms (Legendre and Le Févre,
1995; Ewart et al., 2008). Microbial colonies can also be responsible for the formation
of new POM by colonising the particles and aggregation of DOC (King and White,

1977, Burd and Jackson, 2009), resulting in altering the POM composition.

Aggregation and disaggregation: Exchange between sinking material,
suspended particle and dissolved organic matter via aggregation /disaggregation and
solution/dissolution alter the POM composition. The magnitude of particle
aggregation and disintegration control the particle size and in-turn the settling velocity
of POM. This process has a significant impact on the residence time and composition
of organic matter in the water column and thus the efficiency of remineralisation
during the transit (Hill, 1998; Sheridan et al. 2002). Studies have revealed that the
particle size have a role to play in the level of degradation and the particle flux

(Abramson et al., 2010; Rontani et al., 2011), as larger particles will exit the water
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column as sinking particles with higher settling rate, thus exposed to the ambient

environmental conditions for a shorter time period.

1.4 Importance of POM studies

It is of utmost importance to study the biochemical characteristics of POM as
it play a significant role in understanding the extent of transformation that the OM can
undergo due to heterotrophy and associated transformation processes prior to reaching
the sediments, as the quality and size have a major role in determining the extent of
carbon exported to the ocean depths and sediments (Hayes, 1993; Guo et al. 2003).
Also, the elemental composition of POM in the water column varies based on
remineralisation of POM by various factors/ processes, resulting in a difference in the
C:N and N:P which are often used to understand the remineralisation of POM
(Redfield, 1958; Li and Peng, 2002; Martiny et al., 2013). More recently, the study of
organic matter to its molecular level and knowing its isotopic composition has been a
useful tool to determine and elucidate pathways of the resultant POM and understand
the ambient conditions at the time of formation of POM (Wada et al., 1987; Lara et
al., 2010). Secondly, since POM is heterogenous in nature it would lead to selective
preservation and altering its chemical composition (Cowie and Hedges 1994;
Wakeham et al. 1997), thus the chemical characteristics of the remnant POM will give
an idea of the dominant biogeochemical processes (degradation/remineralisation) in
the oceanic regime. The isotopic ratios are not much affected by processes like
photochemical degradation or structural modification as other biomarker molecules
and therefore are useful in POM studies in the marine systems (Hedges, 1992;

Raymond and Bauer, 2001).
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1.4.1 Stable isotopes as a proxy for POM studies

Stable isotopes are often used as a tool to understand the biogeochemical
cycling of POM and to deduce the source, transport, transformation and the processes
controlling the distribution and fate of OM in the marine environment (Gordon and
Goiii, 2003; Zhang et al., 2014). Stable isotopic ratio of carbon (§"*Cpowmy) is largely
influenced by the conditions prevailing at the time of carbon fixation, as various
factors including temperature, pCO,, availability of nutrients, phytoplankton
community structure, etc., determine the isotopic fractionation of carbon in POM
(Popp et al., 1989; Laws et al., 1995; Bidigare et al., 1997; Gruber et al, 1999). The
source of carbon and the varied forms of carbon utilized by the phytoplankton
community during primary production also influence the 8"*Cpowm), as the existence of
mixotrophic and heterotrophic plankton may support the assimilation of dissolved
organic compounds unlike autotrophs which would prefer COy(aq) and other
inorganic forms (Hayes, 1993; Bentaleb et al., 1998). On the other hand, 815N(po|v|) is
used to study nitrogen related processes involved in production and cycling of organic
matter, like the form of nitrogen uptake (Liu and Kaplan, 1989; Reynolds et al., 2007)
organic matter remineralisation (Wada et al., 1987; Macko et al., 1994) and other

processes associated with the nitrogen cycle.

1.5 Importance of studies in the Southern Ocean

The SO, has often been considered as a sink of carbon (Gruber et al., 2009;
Takahashi et al., 2009). However studies have implied that certain regions in the SO
can also act as the source of carbon, via CO, outgassing (Takahashi et al., 2009;

Lenton et al., 2013). Also, the efficiency of SO as a sink is weakening, and is
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influenced by the seasonal effect (Meltz, 1991; Meltz et al., 2009). The efficiency of
the Indian sector of the SO (ISSO), as a strong or weak sink is strongly dependent on
the environmental factors at a particular time instance (Prasanna et al., 2015; Shetye,
2015). The complexity in the environmental setting of the 1SSO, suggests that
physical factors have a significant role in a change of the biological community
structure and the biogeochemical cycles. The hydrographic features like fronts, gyres
and eddies in the ISSO, stimulate the ejection of nutrients and can trigger
phytoplankton blooms or a change in the phytoplankton community (Soares et al.,
2020). These hydrography stimulated changes in the biological processes play a role
in the POM formation and also influence the vertical transport of particles out of the
euphotic waters (McGillycuddy et al., 1998; Sweeney et al., 2003; Gorsky et al.,

2002).

Although the ISSO is a region of great importance for its role in the global
carbon cycle and climate change, and studies carried out with respect to the air-sea
exchange and the physical pump, the region is yet understudied with regard to the
carbon dynamics and biological pump. One of the main reasons is likely the logistic
difficulties in approaching the region for sample acquisition. In the last decade the
studies in this region are increasing on a gradual scale. However, the region is
understudied and needs a better understanding, especially with regard to the biological
pump, and its response to the changing environmental conditions, influencing the

carbon export, etc.
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1.6 Literature Review

Identifying the characteristics and distribution of POM in ocean is a key
component in the study of ocean carbon cycle and other biogeochemical processes.
Several studies on POM have been carried out in the global waters using different
tracers as tools. The SO being a complex, dynamic system the variability in the
biogeochemical processes and the carbon dynamics strongly influences the global
climate changes. Some of the studies in the other sectors of the SO and the ISSO are

mentioned below.

1.6.1 POM studies in the Southern Ocean

Studies using the natural abundance of stable isotopes of carbon and nitrogen
in POM were initiated decades ago. This proxy was used to address the
biogeochemical structure of the food web in Antarctic waters by Wada et al. (1987).
Later Fischer (1991), studied the variation of stable isotopic composition in
phytoplankton, surface sediments and sinking particles from sediment traps, and
implied high respiration in the benthic waters responsible for enrichment in *3C at the

sediment-water boundary.

Kennedy et al. (2002) carried out POM studies in Antarctic sea ice, over a
wide area in the Weddell sea. The study suggested POM is highly variable in sea ice,
also the nutrient supply and demand play a major role on biomass, and has a critical

role in the complex sea ice ecosystem.

A study by Lara et al. (2010) was carried out to understand the characteristics
of suspended POM in South West Atlantic using stable isotopes of carbon and

nitrogen. This study implied that different oceanic regions across the south west

11| Page



Atlantic waters have different factors, like temperature, nutrients and community

structure, influence the POM isotopic characteristics of the region.

Berg et al. (2011) tried to understand the variation in the isotopic composition
of carbon and nitrogen in an iron fertilized eddy in the Antarctic Polar Front of the
Atlantic sector of SO. The study speculated that carboxylation, nitrogen assimilation,
substrate pool enrichment and community composition could have been the
contributing factors to the gradual increase in 613C(pOM) associated with phytoplankton

biomass.

Stable isotopic ratio of carbon (613C(pOM)), has been used as a tool to
understand the factors influencing the composition of surface and sediment trap
derived POC (Henley et al., 2012), and proposed a shift in the diatom assemblage
influence the isotopic composition. The study also suggested the influence of a

seasonal effect on the POM composition.

Studies on POM in ocean surface waters of Prydz Bay, Antarctica (Yin et al.,
2014, Zhang et al, 2014) have indicated that the dissolved CO, concentration,
nutrients and biological properties including ice cover and sea ice melting have a role

to play in POM dynamics and in determining the isotopic composition of POM.

In general, the POM studies in SO have suggested that isotopic ratios of
carbon in POM (8"*Cpom)) are sensitive to different environmental variables like
temperature, CO,, nutrients availability, as well as phytoplankton variables like cell
size, shape and growth rate (Popp et al., 1998; 1999; O’Leary et al., 2001; Lourey et

al., 2004).
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1.6.2 Previous studies in the Indian sector of the SO

Previous studies in the Indian sector of SO (ISSO) have indicated that, the
different fronts have distinct hydrographic features (Anilkumar et al., 2006) and
different food web dynamics (Jasmine et al., 2009). Studies also illustrated the
variability in the nutrient concentration, nutrient uptake rates and biological
productivity (Pavithran et al., 2012; Gandhi et al., 2012) are significantly different
across the different oceanic fronts and zones including a few studies addressing the
cross frontal variability of carbon dioxide in the ISSO (Shetye et al., 2012; 2015).
Although POM is an important component in the biogeochemical cycles, and more so
in the global carbon cycle, very little is known about the nature, distribution and fate

of POM, especially the ISSO which include limited studies on the POM dynamics.

Earlier isotopic studies of POM in the ISSO were restricted to the Crozet
basin, the Subantarctic regions (Kaehler et al., 2000), the Southern Ocean south of
Australia, (Lourey et al., 2004) and Leeuwin Current (LC), off Western Australia
(Waite et al., 2007). These studies largely focussed on the trophic structure, food web
structure and influence of total CO, (tCO,), eddies and nutrients on the isotopic
composition of POM. Moreover, to the best of our knowledge, there is very little
information about the distribution of §"*Cpomy and 8">Npowy in the ISSO (Francois et
al., 1993). However, most of the previous studies in 1SSO, were restricted to the
surface waters or involved sediment traps (Henley et al., 2012) and very few address

the water-column dynamics of POM.

As an attempt to fill in the void of lacking POM studies in the ISSO, the
present doctoral research has attempted to study POM biogeochemistry in the 1ISSO

with the objectives as mentioned below. This study was also an attempt to gain a
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better understanding of the variability of POM across the different fronts in the SO, as
well as the factors influencing the chemical and isotopic composition of POM and the

transformation of POM within the upper water column.
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1.7 Objectives

e Characterisation of particulate organic matter in the water column of

oceanic regimes.

e Factors influencing the variability of chemical and isotopic composition of

particulate organic matter in the ocean.

e To understand the fate of particulate organic matter its

decomposition/remineralisation within the water column.
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2. Study area and Methodology

2.1 Study Area: Geographical location and hydrography
2.1.1 Southern Ocean

Southern Ocean (SO) has a significant role in the global ocean circulation and
climate change. It accounts upto nearly 21% of the world ocean surface. The SO
encompasses the Antarctic continent (Fig. 2.1), and forms the largest water body that

spans globally connecting the three major oceanic basins (Séférian et al., 2012).

30°W & .
~ South Atlantic Ocean Africa

America

Australia

150°E

Figure 2.1: lllustrates the study area, with the frontal structure encompassing the
Antarctic continent, also demarcating the zones and the surrounding continents (figure

plotted using Quantarctica).
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The SO also includes the largest oceanic current, the Antarctic Circumpolar
Current (ACC) driven by the strong westerlies, and play a crucial role in transporting
volumes of water, heat, nutrients and salts, globally and influencing the global
biogeochemical cycles (Deacon, 1933; Pollard et al., 2002; Boyd and Ellwood, 2010).
The SO is influenced by diverse physical processes, including sharp temperature
gradient, strong ocean currents, high wind speeds, and extensive sea ice cover,
making the region highly dynamic (Rintoul and Naveira Garabato, 2013). This region
experiences strong seasonal changes like sea-ice formation and ice-melt, causing
freshening of waters and further influencing the biological productivity of the region.
The SO is a region for the formation of different water masses, and contribute to the

thermohaline circulation, and associated transport of various components.

2.1.1.1 Indian sector of the Southern Ocean

The Indian sector of the Southern Ocean (ISSO) is defined as a region
between 40°S to the Antarctic coast (~69°S) and 20°E to 150°E. Unlike the Atlantic
sector, the ISSO is bound by landmasses in the north. Further, the ISSO include two
major islands, the Crozet Island and the Kerguelen Island, which play a significant
role in influencing the biogeochemistry of the region. Also, the strong wind and
current induced mixing and northward transport of both seawater and solutes from its
source in the Antarctic shelf and are the key features to the supply of nutrient and
oxygen rich waters from the south to the mid-latitudes (Deacon, 1933; Jacob et al.,
1996). Moreover, SO shows large scale meridional changes in temperature and
salinity, resulting in the formation of various oceanic fronts including the Subtropical
Front (STF), Sub Antarctic Front (SAF) and Polar Front (PF) (Orsi et al., 1995;
Belkin and Gordan, 1996) (Fig. 2.1). Additionally, the unique features of the 1ISSO

include: the PF split into two, namely the PF-I and the PF-I1 and it also includes the
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Agulhas Return Front (ARF), fed by the Agulhas current that is retroflexed by the
ACC and merge with the STF at some locations in the ISSO (Lutjeharms and van
Ballegooyen, 1988; Anilkumar et al., 2006 & 2014). The different oceanic fronts are
characterised by specific hydrographical features that regulate the biochemical
process and food-web dynamics of these frontal regions (Sokolov and Rintoul, 2002;

Jasmine et al., 2009).

2.1.2 Hydrography and biochemical characteristics of different Fronts

The STF is a zone of transition from warm, nutrient depleted subtropical
waters to cold, nutrient rich Subantarctic waters, with the oligotrophic subtropical
gyre, north of the STF. This region is highly influenced by mesoscale eddies,
responsible for the redistribution of nutrients and other inorganic and organic
components (Boyd et al., 1999; Jullion et al., 2010). Another feature of the STF is the
high, but patchy, primary productivity, and the abundance of micro and
mesozooplankton (Llido et al., 2005; Jasmine et al., 2009). South of STF is the SAF,
this is a region of significant temperature stratification (Pollard et al., 2002). The
stratification influenced nutrient gradient in this region is responsible for a succession
in phytoplankton community (Deppeler and Davidson, 2017). The physico-chemical
conditions of the SAF, favours the growth of smaller size phytoplankton and
microzooplankton (Jasmine et al., 2009; Boyd et al., 2016). The PF, mostly extends
beyond 50°S to the Southern boundary (SB), associated with low temperature. The PF
is nutrient replete, known to become more productive during the austral summer,
which is likely due to the availability of sunlight, the influx of micro and macro
nutrients, contributed by ice melt (Gandhi et al., 2012; Sabu et al., 2014; Triparthy et

al.,, 2015). The environmental conditions of this region mostly support larger
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phytoplankton like the diatoms, which is the dominant phytoplankton community

during austral summer (Naik et al, 2015; Mishra et al., 2017).

2.1.2.1 Mesoscale Eddies

The SO, especially the ARF and the STF is highly dynamic in-terms of the
existence of ubiquitous feature like mesoscale eddies. The ARF is a region subject to
enhanced eddy shedding and meandering (Machu and Gargon, 2001; Machu et al.,
2005), resulting in the presence of numerous eddies in the ARF and STF region.
Mesoscale eddies are often associated with exchange of various biochemical
components like nutrients, salts, etc. due to associated hydrographic processes like
upwelling and downwelling (McGillicuddy et al., 1998; Llido et al., 2005; George et
al., 2018). Furthermore, the nutrient influx into the euphotic water column influence
the phytoplankton community and biogeochemical processes of the eddy influenced

regions (Kolasinski et al., 2012; Wang et al., 2018).

2.2 Methods and Materials
2.2.1 Sampling Strategy

The major focus of this study is in the ISSO. Based on the hydrographic
properties the study region beyond 40°S was divided into different fronts and zones
namely: the Subtropical Frontal Zone (STFZ), Subantarctic Frontal Zone (SAFZ) and
Polar Frontal Zone (PFZ). The ISSO is yet understudied due to logistic constraints
and need more investigations for a better understanding of the biogeochemical
processes of the region.

For the current study seawater samples were collected from 7 discrete depths

(0, 10, 30, 50, 75, 100, 120) using Niskin bottles mounted on a CTD rosette. Surface
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water samples were also collected from the Tropical Indian Ocean (TI1O) for a
comparative understanding of the two contrasting oceanic regimes of the Indian
sector; one being the warm, saline TIO waters and the other regime characterized as
the cold, less saline SO waters. Samples were collected across the fronts in the ISSO
during austral summer 2012 and 2013 during two different SO expeditions as below:
Austral summer 2012

Seawater samples were collected on-board RV Sagar Nidhi during the SO expedition
(SOE-06) in December 2011-January 2012. Samples were collected from 9 locations
from 40°S to 53°S. Six locations at the STFZ, one location at the SAFZ and two
locations at the PFZ (Fig. 2.2). Additionally at 11 locations, surface samples were
collected in the TIO.

Austral summer 2013

Seawater samples were collected on-board RV Sagar Nidhi during the SO expedition
(SOE-07) in January-February 2013. Samples were collected from 11 locations from
40°S to 56°S. Three locations at the STFZ, one location at the SAFZ and seven
locations at the PFZ (Fig. 2.2). Also, surface samples were collected from 12

locations in the TIO.
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Figure 2.2: Study area map with station locations overlaid on the sea surface
temperature (monthly average SST, derived from MODIS aqua); black circles with

white border are sampling locations during austral summer: (a) 2012 and (b) 2013.

2.2.2 Sample Analysis

The samples for this study were collected with utmost precaution to avoid any
contamination during sample collection, transport and storage of samples. An

overview of the scientific methods, techniques and the instruments used for this study

is illustrated as a schematic flowchart (Fig. 2.3).
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Figure 2.3: Schematic representation of the sample processing and analytical

techniques used for this study.

2.2.2.1 Hydrographic Data

Hydrographic data, mainly the temperature and salinity, at all the sampling

depths and locations were obtained from CTD (Seabird Electronics Sea Cat 21)

mounted on a CTD rosette. The different fronts were demarcated based on the

temperature, salinity indicators as described in Anilkumar et al. (2006 & 2014) (Table

2.1).
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Front Temperature Salinity
Agulhas Return Front | 19-17°C, at the surface 35.54-35.39 at surface
(ARF)
Subtropical Front 17-11°C, at surface 35.35-34.05 at surface
(STF)
SAF1: 11-10°C, at SAF1: 34.0-33.85 at surface
SubAntarctic Front surface SAF2: ~33.85 at the surface south
(SAF) SAF2: 7-6°C, at of SAF1
surface
Polar Front-1 (PF-1) 5-4°C, at the surface 33.8-33.9 at the surface
Polar Front-11 (PF-II) 3-2°C at the surface 33.8-33.9, at the surface
Southern Antarctic Temperature Salinity Maximum >33.74
Circumpolar Current maximum >1.8°C
Front (SACCF)
Southern Boundary of 1.5°C isotherms
ACC (SB)

Table 2.1: Frontal demarcation in the ISSO based on the criterion given in Anilkumar

et al. (2006 & 2014).

2.2.2.2 Dissolved Oxygen (DO)

Sub-samples for DO were collected carefully, directly from Niskin sampler,
into a 125 ml glass bottles before any other samples being collected. Care was taken
to avoid any air bubbles while sampling, and the bottle was allowed to overflow to
avoid bubble trapping. The samples were quickly fixed with Winkler’s A and
Winkler’s B. The precipitate was allowed to settle and later, acidified with 50%
sulphuric acid, and 50 ml of the acidified sample was accurately measured and titrated
against sodium thiosulphate following Winkler’s method (Grasshoff et al., 1983)

using an auto-titrator (Metrohm 865- Dosimat Plus, Switzerland).
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2.2.2.3 Total Carbon dioxide (tCOy)

Sub-samples were collected in 60 ml glass bottles and treated with 0.3 ml of
saturated mercuric chloride. Later, 25 ml of the sample was injected into the
Coulometer-acidification module system and acidified with 3 ml of 8.5%
orthophosphoric acid. The gaseous CO; released was trapped into the reaction cell
containing ethanolamine and photometrically back-titrated using a coulometer (Model
5015, U.I.C. Inc., USA). Calibrations were carried out using a certified reference
material (CRMs, Batch #104) supplied by A. Dickson (SIO, University of California,
USA) and also using pre-weighed and dried Na,COs. Also acid blanks were carried
out prior to analysis and deducted from the samples. The overall precision and

accuracy of the analyses were < 2 pM.

2.2.2.4 Nutrients

250 ml of seawater sample were collected for the analysis of Nutrients (nitrate,
nitrite, ammonia, phosphate, silicate). The samples were preserved at -20°C until
analysis. Prior to analysis, the samples were thawed and analysed at room
temperature, following the standard colorimetric analysis procedure by Grasshoff et
al. (1983). The seawater samples were analysed using autoanalyser (Model: Skalar
Analytical San++ 8505 Interface v3.05, Netherland). Specific standards as defined in
Grasshoff et al. (1983) were used to calibrate the auto-analyzer for each nutrient
(nitrate, nitrite, ammonia, phosphate, silicate). Frequent baseline checks were made
and the drift during analysis also considered using standard. The standard deviation

for all nutrients analysed was +1%.
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2.2.2.5 Particulate organic carbon (POC), Nitrogen (PN) and the stable isotopes of

carbon (52*C) and nitrogen (5°N) in Particulate organic matter samples

Five liters of seawater subsamples was collected in acid-cleaned plastic
carboys and filtered through 0.7 um pore size Whatman GF/F filters. The filter papers
used for POM studies were pre-combusted at 450°C for 4 hrs. Post filtration, the filter
paper samples were stored at -20°C until analysis. Prior to analysis the filters were
decarbonated by exposing to fumes of HCI for 12 h in a desiccators, to remove the
inorganic carbon component and dried completely to remove all the moisture before
being packed tightly in tin cups for the analysis of POC, PN and stable isotopic ratios
(8"°N and §*°C) of POM. Analysis were carried out using, Isoprime Stable Isotope
Ratio Mass Spectrometer in continuous-flow mode coupled with an Elemental
Analyser (Isoprime, Vario Isotope Cube) (Owens and Rees, 1989). §*3C values are
reported with respect to V-PDB and 8N values are reported with respect to air N.
The reference standard used for normalizing to V-PDB and air N, scale are Cellulose
(IAEA-CH-3) & Ammonium sulphate (IAEA-N1). The ratios are expressed in per mil
notation as follows:

8N or 5C(%o) = [(R sample/R standard)—1]x1000,
where, R ="N/*N or *c/**C.
The external precisions for 8"°C and "N are £0.05 %o and +0.08 %o (1o standard
deviation) respectively, and for %C and %N are +0.29% and +0.35% (1o standard
deviation) respectively, obtained by repeated measurements of IAEA-CH-3 & IAEA-
N1 (n = 27). The obtained %C and %N values were later converted to POC (ug/L)
and PN (pg/L) using the dry weight of the particulate sample collected on the

filterpaper.
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2.2.2.6 Chlorophyll-a and Phytoplankton marker pigments

Three litres of seawater were filtered through GF/F Whatman filters
Chlorophyll-a (Chl-a). The samples were stored at -20°C until analysis. For analysis
of Chl-a, the samples (filter paper) were placed in 15 ml scintillation vials and
extracted in 10 ml of 90% acetone, at 4°C overnight. And measured by fluorometry in
a 10 cm cuvette, using Turner’s AU 10 Fluorometer (Turner Designs Inc., USA).

Calibration was carried out using standard chlorophyll-a pigment (DHI, Denmark).

The pigment analyses were carried out following the method of van Heukelem
(2002) using High Performance Liquid Chromatography (HPLC). According to the
standard practice, chemotaxonomically similar marker pigments were grouped
together and pigment indices were calculated following the method of Barlow et al.
(2007). This Diagnostic pigment (DP) index was used to assess the community
structure by confirming the significant relationship between DP and total Chl-a

(r=0.871, n=15, p<0.0001), as given in Naik et al. (2015).

2.2.2.7 Zooplankton Abundance

Zooplankton samples (vertical hauled) were collected in the upper water
column using a Multi Plankton Sampler (MPS: mouth area of 0.25 m? and mesh size
of 200-um, Hydro-Bios, Germany) during the day. The MPS was hauled up at a speed
of 0.8 m/ s, upon recovery of the samples, the catch was immediately preserved in 5%
buffered formaldehyde/ seawater solution for the species counts and identification. In
the laboratory, large and fragile zooplankton (krill and jellyfish etc.) were sorted from

the rest of the specimens. Zooplankton biomass was measured by the volume
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displacement method (ICES 2000) and expressed in ml/m®. Samples were analysed at

the laboratory at NCPOR and CMLRE.

2.2.3 Computation of physical and biochemical variables
2.2.3.1 Euphotic Depth

The vertical profiles of Photosynthetically active Radiation (PAR) were
collected using a biospherical QSP-2300 underwater PAR sensor attached to the CTD.
These profiles were used to estimate the coefficient of downwelling irradiance (Kd).

The Euphotic depth was calculated by using beer-Lambert’s equation (Kirk, 1996).

2.2.3.2 Mixed Layer Depth
The Mixed Layer Depth (MLD) in the ISSO was based on the density gradient
method. It is defined as the shallowest depth at which density gradient is greater than

0.03 kg/m?® from 10m depth (Dong et al., 2008).

2.2.3.3 Apparent oxygen utilization

The apparent oxygen utilization (AOU) was calculated as the difference of
oxygen gas solubility (Oysa)) and the measured oxygen concentration (O) in the
ocean. Oxygen gas solubility was calculated as a function of in situ temperature and
salinity and one atmosphere of total pressure (Benson and Krause, 1984) assuming
that the surface waters are near saturation.

Apparent Oxygen Utilization (AOU) = Oy(sar) — O2.

2.2.3.4 Proxies for POM studies
Various proxies associated with POM were used to understand the state of
POM, like C:N ratio, a ratio of POC/PN, was used to estimate the contribution from

fresh and old organic matter. Also, the POC:Chl-a ratio was used to understand the
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contribution of autotrophic and heterotrophic processes to the transformation of POM

across the fronts in the 1SSO.

2.2.4 Remote sensing Data

To understand the variability in SST over the study region during the study
periods, Advanced Very High Resolution Radiometer data during the observation
period was used (http://apdrc.soest.hawaii.edu). The eddies were identified using Sea
Surface Height (SSH) data derived from the delayed time Maps of absolute dynamic
topography (MADT) for the periods between November 2011 and January 2012 and
November 2012 to January 2013 from the Copernicus Marine Environment
Monitoring Service (http://marine.copernicus.eu). Geostrophic velocities were
downloaded from AVISO (http://www.aviso.oceanobs.com). Weekly mean
chlorophyll data from the satellite MODIS Aqua (https://coastwatch.pfeg.noaa.gov)

was used to understand the chlorophyll and POC variability during the study.

2.2.5 Statistical Analysis

To understand the factors controlling the POM characterization and variation
across the fronts, statistical analysis were carried out using Principal Component
Analysis (PCA) and Factor analysis. Pearson’s and Spearman’s correlation analysis
was also carried out to understand the influence of various environmental variables
and biochemical parameters. Statistical analyses were carried out using EXCEL and

XLSTAT.
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3. Spatial distribution of Particulate organic matter and the factors

controlling the POM characteristics in surface waters.

3.1 Introduction

In the Indian sector, the oceanic regime extends from the cold SO waters,
more often addressed as the ISSO, to the warm Tropical Indian Ocean (TIO) waters
towards the north, also including the oligotrophic subtropical gyre. As discussed
earlier, the ISSO extends from south of 40°S to the Antarctic coast, and experiences
large scale meridional changes in temperature and salinity, resulting in the formation
of various oceanic fronts and zones (Belkin and Gordan, 1996; Holliday and Read,
1998; Anilkumar et al., 2006), governed by different biogeochemical processes. This
oceanic regime is often considered as high nutrient low chlorophyll (HNLC) region.
These waters being relatively nutrient rich, supports diverse food-webs, including an
active microbial loop and strong microzooplankton grazing (Deacon, 1933; Jacob et
al., 1996; Jasmine et al., 2009). The strong winds and currents, and the influence of
eddies in this region favours the redistribution of nutrients and salts along with other
dissolved and particulate components in and across the fronts (Huang and Xu, 2018;

Zhang et al., 2018).

On the other hand, the TIO is fed by various water masses, like the Arabian
Sea high saline waters, Bay of Bengal waters, Indonesian through flow, tropical
surface waters, etc. (Prasanna Kumar and Narvekar, 2005; Sardessai et al., 2010). The
TIO is also bound by land masses, namely the Asian continent and the African
continent on the north and west, respectively, which influence the ocean current

patterns, nutrient redistribution and biological productivity of these waters (Burkill et
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al., 1993). The TIO also includes the south-western Indian Ocean gyre, and lies
between 10°S to 35°S that extends from Madagascar to Australia. These waters are
also known for its oligotrophic growth conditions with low and patchy biological
productivity (Jena et al., 2013).

There is limited information about the characteristics of POM and its isotopic
composition in relation to biological processes and physico-chemical changes, across
the two hydrographically different oceanic regimes of the Indian Ocean sector namely
the ISSO and TIO. The spatial variability of the elemental composition of POM and
the stable isotopic composition of carbon and nitrogen of POM across the two oceanic

regimes is discussed in this section 3.3.1.

Furthermore, the POM characteristics and the natural abundance of stable
isotopic ratio of carbon and nitrogen in the surface waters are strongly influenced by
the conditions prevailing at the time of carbon fixation. Numerous factors including
sea surface temperature, the abundance of dissolved CO,, availability of nutrients,
phytoplankton community structure and other phytoplankton related features like cell
size, determine the isotopic fractionation of carbon in POM (Popp et al., 1989; Laws
et al., 1995; Bidigare et al., 1997; Zhang et al., 2014). An understanding of the driving
forces controlling the variability of POM characteristics across the fronts in the 1ISSO
are important to improve the knowledge of carbon and nitrogen dynamics in such
scarcely studied regions like ISSO, especially with respect to POM dynamics. Section
3.3.2, addresses some of the key factors influencing the surface variability of isotopic

characteristics of POM in the highly dynamic frontal region of the ISSO.

30|Page



3.2 Results
3.2.1 Hydrography

In the ISSO a significant drop in the sea surface temperature (SST) was noted
with a decreased from 19.25 to 2.32 °C (Fig. 3.1a). The sea surface salinity (SSS)
values decreased by 1.79 meridionally (Fig.3.1b), whereas zonally the decline was ~1
(at 40 and 43°S) during 2012. However the gradient in SSS was less (0.26) during
2013. Moreover, significant variability was noted within the STF during both the
study seasons (Table 3.1 & Table 3.2) and this was mainly a result of the influence of
eddies on the hydrography of this region. In contrast, the TIO surface waters did not
show much variation in temperature and salinity and ranged from 27.66 to 29.37 °C
and 33.77 to 35.50, respectively (Fig 3.1a & b). The SSS, declined by ~0.59 across
the equator. A comparison between the two years showed that there was no significant
difference in the variability trends and the range of temperature and salinity during the

two consecutive years of study (Table 3.1 & Table 3.2)
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Figure 3.1: Latitudinal variation of (a) Temperature, (b) Salinity and (c) tCO, in the
surface waters, of the TIO and across the fronts of the ISSO during austral summer

2012 (Blue) and austral summer 2013(Red).
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Region | Latitude | SST | Salinity | tCO, NO; NH; N:P N:Si Chl-a POC PN C:N 3%Cpomy | 8°Npowmy | POC/Chl-a Dominant
M) | (uM) (M) (ng/L) (Hg/L) (Mg/L) | (m/m) (%o) (%o) phytoplankton
°C) community *
(Y%abundance)
28.65 34.56 1961 0.28 1.89 2.01 1.34 0.47 30.50 427 8.46 -26.28 -0.88 70.17 Prokaryotes
TIO | 3°N-13°S | (2821 | (34.13- | (1905- | (0.07- | (1.49- | (1.73- | (1.11- | (0.29- (18.93- (3.15- | (5.18- | (-26.82t0 | (-5.09to (35.05- (46%)
- 35.21) | 2045) | 061) | 213) | 2.30) 1.80) 0.71) 45.72) 6.97) | 12.66) | -2552) 2.45) 168.40)
29.33)
15.44 34.72 2058 5.24 1.90 4.08 5.44 0.46 51.70 10.35 6.75 -22.81 2.05 156.74 Flagellates
STFZ 40°-
43°S (11.18- | (33.81- | (2026- | (0.61- | (1.29- | (1.90- | (1.46- | (0.11- (36.88- (464- | (3.79- | (-2455t0 | (0.681t0 (62.94- (93%)
19.25) | 35.60) | 2099) | 1058) | 2.30) | 7.24) | 1214) | 1.13) 71.33) 14.88) | 14.83) | -21.40) 4.09) 324.47)
SAFZ 45°S 11.21 33.82 2069 2.73 1.82 3.19 3.71 0.81 31.44 7.54 4.86 -24.81 2.89 38.97
Diatoms
PEZ 4.26 33.82 2155 | 23.18 2.25 8.97 4.80 0.48 48.45 9.30 6.15 -25.82 0.29 106.34
50‘;5— (59%)
53°S (379- | (33.81- | (2146- | (23.00- | (1.85- | (7.05- | (3.04- | (0.34- (41.97- (7.49- | (5.77- | (-25.99t0 | (0.26t0 (88.04-
473) | 3384) | 2163) | 23.35) | 2.64) | 1089) | 657) 0.62) 54.94) 11.11) | 6.53) -25.65) 0.32) 124.65)

Table 3.1: Average values of temperature, salinity, tCO,, NOs NHz N:P, N:Si (N= NOz+NO,+NH3), POC, PN, C:N(m/m), 8"*Cpomy and
815N(pOM) POC/Chl-a and dominating phytoplankton community (% abundance) in surface samples along the cruise transect, during austral
summer 2012. Range is in parentheses.

*Dominant phytoplankton community is based on diagnostic pigment index.
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Dominant

. . SST o tCO, NO3 NH3 . Chl-a POC PN C:N Cpom "Npom phytoplankton
Region Latitude Salinity N:P N:Si POC/Chl-a i
(°C) (HM) (M) (M) (Hg/L) (Mg/L) (Mg/L) (m/m) (%o) (%o) community *
(Y%abundance)
28.73 34.49 1927 0.21 2.52 4.34 1.09 30.45 4.68 7.54 -24.21
0.22 1.06 271.24
Prokaryotes
TIO 4°N-18°S
(27.66- (33.77- (1885- (0.09- (1.94- (2.86- (0.90- (15- @.77- (6.32- (-25.24 to (53%)
(0.05-1.11) 200t04.35 | (46.98-598.26)
29.37) 35.50) 1972) 0.35) 3.11) 5.15) 1.35) 54.43) 8.42) 8.65) -22.26)
13.60
34.14 2045 10.10 171 7.25 3.38 026 92.93 10.25 10.63 -24.58 0.32 364.37
' Flagellates
STFZ 40°5-43°S | (11.24-
16.13) (33.65- (2020- (0.78- (0.99- (3.17- (1.68- 0.20039) (61.31- (8.30- (8.62- (-25.45 to (-3.07to (314.40- (51%)
) 34.99) 2073) 15.40) 2.37) 10.15) 4.46) o 113.05) 12.89) 13.82) -24.05) 3.77) 439.58)
Mixed
(29% Diatoms+
SAFZ 45°S 9.77 33.78 2047 12.22 2.55 9.12 4.38 0.67 56.53 8.65 7.62 -24.68 -0.53 84.92 39%Flagellates+
32%prokaryotes)
3.52
33.80 2101 21.47 2.61 13.30 2.57 038 51.71 7.76 7.86 -26.20 -1.19 142.85
49°S- ’ Diatoms
PFZ (2.32-
56.5°S 5.32) (33.69- (2077- (12.34- (2.07- (11.49- | (0.98- (0.31.046) (42.24- (5.34- (6.25- (-26.77to (-2.53to (102.39- (61%)
’ 33.91) 2119) 27.06) 3.10) 17.21) 5.31) o 69.95) 8.51) 9.90) -25.35) 0.15) 222.30)

Table 3.2: Average values of temperature, salinity, tCO,, NO3, NH3 N:P, N:Si (N= NO3+NO,+NHj3), POC, PN, C:N (M/M), 813C(pOM) and

815N(pOM) POC:Chl-a and dominating phytoplankton community (% abundance) in surface samples along the cruise transect, during austral

summer 2013. Range is in parentheses.

*Dominant phytoplankton community is based on diagnostic pigment index
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3.2.2 tCO,, Nutrients and Chl-a

The concentrations of tCO, increased from TIO to PF and ranged from 1885
MM to 2162 uM (Table 3.1 & 3.2). In the ISSO waters, the concentrations showed a
steady increase from 2020 uM to 2163 uM (Fig 3.1c) from STF to PF. However, in
the TIO, tCO, concentrations increased towards equator and further declined sharply

across the equator and further increased.

The ISSO surface waters displayed a strong gradient in the concentration of
nitrate across the fronts, with the lowest nitrate in STF (0.61 uM) and maximum in PF
(27.06 uM) (Table 3.1 & 3.2), especially during 2012. However the variability within
the STF was high during both the study periods (Fig. 3.2a). Unlike nitrate, the
phosphate gradient across fronts was very small (Fig 3.2b), and ranged from 1.24 uM
to 3.65 UM (Table 3.1 & 3.2). Also, the silicate concentration increased gradually by a
small magnitude from the STF to the PF (Fig. 3.2c), with a maximum at 56.5 °S often
considered as the PF-Il. The variability was quite similar for both 2012 and 2013
(Table 3.1 & 3.2). However, ammonium did not show much change in the 1ISSO

waters and varied from 0.99 to 3.1 pM.

In contrast to the ISSO, surface nutrients in the TIO were considerably low.
This region being considered as oligotrophic, the observed nutrient concentrations are
fairly justified. The nitrate was low and ranged from 0.07 to 0.61 puM (Fig 3.2a).
However, the phosphates varied from 0.70 to 1.51 uM, although a small range was
comparatively higher in 2012 (Fig. 3.2b). The silicates were also low (1.28 to 3.43

HM) in these waters (Fig. 3.2c). Unlike other nutrients, ammonium showed a wider
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variation and ranged from 1.49 to 3.11pM, and was on an average higher in 2013

(Table 3.1 & 3.2).
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Figure 3.2: Latitudinal variation of (a)Nitrate, (b)Phosphate and (c)Silicate in the

surface waters, of the TIO and across the fronts of the ISSO during austral summer

2012 (Blue) and austral summer 2013(Red).
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The N:P ratio increased from 4.08 in the STF to 8.97 in the PF in 2012, but
was comparatively higher during 2013 (Table 3.1). Moreover, in the TIO the N:P ratio
was 2.01 on an average, in 2012, but was comparatively higher in 2013 (4.34) which
is likely a result of higher contribution of ammonium to the dissolved inorganic
nitrogen. Also, the N:Si, showed a greater variation across the fronts from 1.46 to
12.14 in the STF and 3.04 to 6.57 in the PF (Table 3.1), especially during 2012, unlike
2013 which had an overall range of 0.98-5.31 across the fronts (Table 3.2). Although
the ratio was closer to 1 in the TIO with an average of 1.34 and 1.09, during 2012 and

2013 respectively, this was mainly due to the nitrate limitation in these waters.

The overall Chl-a concentration was considerably higher in 2012 throughout
the study section (Fig. 3.3a), and ranged from 0.04 to 1.13 pg/L with no specific
distribution pattern. In the ISSO, higher concentration of Chl-a was observed at STF
and SAF (Fig. 3.3a), and varied from 0.11 to 1.13 pg/L. Further north in the TIO, the
concentration remained between 0.05 to 1.11 pg/L with a maximum Chl-a
concentration of 0.71 pg/L at 4°S, during 2012. However in 2013 the Chl-a
concentration was comparatively low in both the oceanic regimes. Chl-a decreased
from 4°N towards equator beyond which it remained constantly low (< 0.2) within the
TIO (Fig. 3.3a). Also, in the ISSO the Chl-a observed was low at STF, especially in

2013, however, moderately higher in the SAF and PF (Fig. 3.3a).
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Figure 3.3: Latitudinal variation of (a) Chlorophyll-a (Chl-a), (b) POC and (c) PN in
the surface waters, of the TIO and across the fronts of the ISSO during austral

summer 2012 (Blue) and austral summer 2013(Red).

3.2.3 Characteristics of POM
POC ranged from 15 to 113 pg/L during the entire study period. Also, POC

showed a significant variation during the two study periods within the 1SSO (Fig.
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3.3b). The average POC in the TIO waters was 30.50 pg/L, which increased to 51.70
Mg/L in the STF and dropped to 48.45 pg/L in PF (Table 3.1) during 2012. Although
the POC concentration in TIO was similar in 2013, with an average of 30.45 pg/L,
and decreased towards the equator and remained moderately low, especially in 2013.
The POC concentration was significantly different in 1ISSO (Fig. 3.3b), and varied
from 92.93 pg/L in in STF, and decreased towards SAF (56.53 pg/L) and 51.71 pg/L
in the PF (Table 3.2). Also, a large scale variation was observed at STF during both
the periods (2012 & 2013), ranging from 36.88 to 113 pg/L (Table 3.1 & 3.2). The
POC contribution to POM decreased at SAF and PF during both the years of study.
The spatial variation of PN in the surface waters was similar to POC (Fig. 3.3b)
during both the periods.

Overall, in the TIO, the PN ranged from 2.77 to 8.42 pug/L (Table 3.1 & 3.2),
while in ISSO it ranged from 4.64 to 14.88 ug/L, across the fronts. Likewise, the PN
concentration was a notch higher in 2013; however, the distribution pattern remained
similar, with a higher variability in the STF and a slight decrease towards PF (Fig
3.3c).

8°Cpomy was lower (depleted) in TIO with an average of -26.28 %o during
2012, however the POM was comparatively enriched during 2013, with an average of
-24.21 %o. Likewise in the ISSO waters 8"°Cpom ranged from  -21.40 to -26.77 %o
(Fig. 3.4a), during both the consecutive years. Within ISSO, the 813C(pOM) average in
STF (-22.81 %o) was higher by ~3 %o, compared to PF (-25.82 %o) (Table 3.1) during
2012. However, the variability was comparatively less during 2013, with a gradual
depletion of 1.6 %o from the average 813C(p0M) STF (-24.58 %0) towards the PF (-
26.20%o0). Unlike 8"*Cpomy, the 8"°Npom) showed large variations ranging from (-5.09

%o to 4.35 %o) during the two study periods. 8"°Npowm) in TIO was lower, ranged from
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-5.09 to 1.08%o and -2.00 to 4.35 %o, during 2012 and 2013, respectively, and did not
show any specific pattern (Fig. 3.4b). While, in the 1SSO, §™°Npowmy Vvalues were
higher and more variable in the STF (2012: 0.68 to 4.09 %o; 2013: -3.04 to 3.77 %o)
which decreased in PF waters (2012: 0.26 to 0.32 %o; 2013: -2.53 to 0.15 %o),

implying more depletion in 2013 (Table 3.2; Fig 3.4b).
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Figure 3.4: Latitudinal variation of (a) 8"*C(pom), (b) 6™°Npomy and (c) C:N (M/M) in
the surface waters, of the TIO and across the fronts of the ISSO during austral
summer 2012 (Blue) and austral summer 2013 (Red).
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The overall C:N ratio in the ISSO, displayed a wide range, with the maximum
variability from 3.79 to 14.83 in the STF (Fig. 3.4c) during both the years. Beyond
STF, the C:N variability was comparatively less during both the periods, and the
ratios observed (Table 3.1 & 3.2) were mostly closer the reported C:N ratio of
phytoplankton. In the TIO, the average C: N ratio was 8.46, and showed a wide
variation from 5.18 to 12.66, and an average of 7.54 with a smaller range from 6.32 to

8.65 in 2013 (Fig. 3.4c) in TIO surface waters.

3.2.4 Statistical analyses
3.2.4.1 Pearson’s Correlations

The Pearson’s Correlation analysis of various physical and biochemical
variable for the ISSO was carried out during both the periods (2012 and 2013).
During both the years, SST showed a significant inverse correlation with tCO, and
nitrate. Also, 8"*C(pom) had a linear positive relation with temperature and an inverse
correlation with tCO, and nitrate. Also an inverse correlation was observed between

8°Npowm) and nitrate as shown below (Table 3.3 and 3.4).

In TIO, the Pearson’s correlations of various physico-chemical and biological
variables is illustrated in Table 3.5 and 3.6. The observed correlations among many
biochemical variables were not as significant in the TI1O as in the ISSO. However, a
significant correlation was observed between 5"°Cpomy and POC, and also 8"°Npowm
with PN, especially during 2012, along with an influence of nutrients on the POM
characteristics during 2013 (Table 3.5 & 3.6). Additionally, a significant linear
correlation between POC and PN and also §"*Cpomy 8°Npom) Was observed in the

entire study area indicating common source and the POM is of allochthonous origin.
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Variables | Temperature | Salinity | t(CO,) | Nitrate | Ammonia | Phosphate | Silicate | Chl-a | POC | PN | 8"Cpom | 8 Npomy | C:N(m/m)
Temperature 1

Salinity 0.818 1

{(CO,) -0.901 -0.587 1

Nitrate -0.928 -0.699 | 0.923 1

Ammonia -0.263 -0.075 0.135 | 0.326 1

Phosphate -0.828 -0.605 | 0.869 | 0.890 0.215 1

Silicate -0.763 -0.368 0.746 | 0.787 0.644 0.563 1

Chl-a -0.100 -0.173 | -0.258 | -0.175 0.168 -0.209 0.029 1

POC 0.182 0.315 -0.309 | -0.150 0.441 -0.193 0.078 | 0.528 1

PN 0.001 -0.180 | -0.251 | -0.006 0.392 -0.112 0.071 | 0.488 | 0.868 1

613C(pOM) 0.680 0.328 -0.787 | -0.619 -0.048 -0.555 -0.686 | 0.178 | 0.534 | 0.443 1

8" Npom) 0.574 0.426 | -0.730 | -0.792 | -0.278 -0.703 -0.576 | 0.681 | 0.423 | 0.123 | 0.507 1

C:N(m/m) 0.264 0.567 -0.088 | -0.228 0.070 -0.117 -0.052 | -0.080 | 0.367 | -0.557 0.099 0.282 1

Table 3.3: Pearson’s correlation matrix for SO region during austral summer 2012. All values in bold imply significant correlation between the

variables (significance level of alpha=0.05).
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Variables | Temperature | Salinity | {(CO,) | Nitrate | Ammonia | Phosphate | Silicate | Chl-a | POC | PN | 8°Cpomy | 8"Npom | C:N(m/m)
Temperature 1

Salinity 0.511 1

{(CO,) ~0.900 0508 | 1

Nitrate -0.836 -0.618 | 0.723 1

Ammonia -0.504 0.083 0.406 0.252 1

Phosphate -0.418 -0.539 | 0.246 0.748 0.060 1

Silicate -0.617 -0.132 | 0.509 0.724 0.373 0.393 1

Chl-a -0.313 -0.290 | 0.239 0.093 0.309 -0.033 -0.102 1

POC 0.710 0.531 | -0.627 | -0.601 -0.738 -0.471 -0.344 | -0.381 1

PN 0.749 0.734 | -0.729 | -0.846 -0.360 -0.498 -0.623 | -0.238 | 0.753 1

613C(po,v|) 0.897 0.426 | -0.872 | -0.727 -0.349 -0.145 -0.511 | -0.189 | 0.510 | 0.703 1

3" Npowm) 0.561 0.758 | -0.678 | -0.669 0.070 -0.304 | -0.271 | -0.304 [ 0.312 [ 0.730 | 0.653 1
C:N(m/m) 0.393 0.147 | -0.301 | -0.135 -0.760 -0.241 0.070 | -0.365 | 0.811 | 0.227 0.147 -0.162 1

Table 3.4: Pearson’s correlation matrix for SO region during austral summer 2013. All values in bold imply significant correlation between the

variables (significance level of alpha=0.05).
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Variables Temperature | Salinity | t(CO,) | Nitrate | Ammonia | Phosphate | Silicate | Chl-a | POC PN 8Cpom) | 8°Npomy | C:N(m/m)
Temperature 1

Salinity -0.108 1

{(COy) 0.507 0.359 1

Nitrate -0.057 -0.095 -0.222 1

Ammonia 0.274 -0.179 0.215 0.622 1

Phosphate 0.009 0.356 0.249 0.676 0.765 1

Silicate 0.175 -0.478 0.136 0.574 0.876 0.596 1

Chl-a -0.563 0.007 -0.272 -0.267 -0.615 -0.548 -0.500 1

POC 0.014 -0.035 -0.079 0.288 -0.005 -0.087 0.073 0.072 1

PN -0.090 0.641 0.424 -0.351 -0.264 -0.092 -0.442 0.195 | 0.558 1

613C(pOM) -0.345 0.035 -0.438 0.239 -0.182 -0.145 -0.136 0.255 | 0.836 | 0.288 1

615N(pOM) -0.137 0.339 0.202 -0.014 -0.274 -0.127 -0.294 0.277 | 0.574 | 0.681 0.628 1
C:N(m/m) 0.172 -0.498 -0.466 0.515 0.083 -0.113 0.253 -0.123 | 0.675 | -0.386 0.574 0.032 1

Table 3.5: Pearson’s correlation matrix for T10 region during austral summer 2012. All values in bold imply significant correlation between the

variables (significance level of alpha=0.05).
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Variables Temperature | Salinity | t(CO,) | Nitrate | Ammonia | Phosphate | Silicate | Chl-a | POC | PN 3" Cpom) | 8" Npowm | C:N(m/m)
Temperature 1

Salinity 0.126 1

t(CO,) -0.188 0.903 1

Nitrate -0.059 -0.556 | -0.508 1

Ammonia 0.294 -0.213 | -0.360 | 0.650 1

Phosphate 0.340 0.623 | 0.471 | -0.757 -0.408 1

Silicate 0.189 0.770 0.629 | -0.302 0.140 0.329 1

Chl-a -0.034 0.164 | 0.072 | -0.733 -0.611 0.704 0.049 1

POC 0.204 0.485 0.383 | -0.777 -0.701 0.855 0.037 | 0.742 1

PN 0.236 0.519 0.417 | -0.732 -0.664 0.856 0.121 | 0.700 | 0.978 1

613C(po|\/|) 0.175 0.026 | -0.176 | -0.563 -0.322 0.426 0.055 | 0.768 | 0.572 | 0.565 1

3" Npowm) 0.604 0.403 | 0.141 | -0.530 | -0.193 0.838 0.277 | 0.624 | 0.764 | 0.801 | 0.628 1
C:N(m/m) 0.115 -0.065 | -0.115 | -0.351 -0.322 0.225 -0.408 | 0.305 | 0.375 | 0.182 0.144 0.116 1

Table 3.6: Pearson’s correlation matrix for TIO region during austral summer 2013. All values in bold imply significant correlation between the

variables (significance level of alpha=0.05).
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3.2.4.2 Principle Component Analysis (PCA)-Factor Analysis

PCA-Factor analysis was carried out for the analysed environmental variables
to identify the major governing factors/processes in the two oceanic regimes.
In the ISSO the factors influencing POM characterisation was summed up into four
major factors: 1) the environmental factor or the hydrography influenced factor, that
include temperature, and availability of nutrients; 2) The tCO, abundance and
variability that influence the 813C(po,v|) of surface waters; 3) Primary productivity; 4)
Nutrient (Silicate) dependent shift in phytoplankton community. The first two
strongly controlled by physico-chemical parameters and the other two are biological
factors. A minor contribution from regenerative production and phosphate driven

production. This sum up to 70% of the factors influencing in the ISSO (Table 3.7).
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Variables F1 F2 F3 F4
Temperature 0.912 -0.190 0.056 -0.327
Salinity 0.748 -0.053 -0.078 0.076
t(CO,) -0.708 0.503 -0.187 -0.074
Nitrate -0.946 0.042 -0.184 0.103
Ammonia -0.303 0.192 0.034 0.720
Phosphate -0.604 0.403 0.021 -0.337
Silicate -0.525 -0.072 -0.283 0.505
Chl-a 0.112 0.173 0.540 0.159
POC 0.075 -0.888 0.200 -0.120
PN 0.198 -0.325 0.862 -0.046
3"Crowm) 0.697 0.021 0.438 -0.243
3" Nepowm) 0.719 0.224 0.412 -0.051

Eigenvalue 5.52 1.08 1.00 0.82

Variability (%) 45.96 8.98 8.30 6.80
Cumulative % 45.96 54.94 63.24 70.04

Table 3.7: Correlations between variables and factors after Varimax rotation: Factor

loading for ISSO region, during austral summer.

Within the TIO, biological processes were the major contributing processes followed
by hydrographical factor responsible for 74% of the factor loading. One of the major
factors being the regenerative production that is phytoplankton productivity based on
ammonia that regulates the Chl-a biomass and the POM characteristics; second being

the heterotrophic activity altering the POM concentration and variability; third is

47 |Page




hydrography driven process and the forth significant contributing process is the nitrate

driven phytoplankton community productivity (Table 3.8).

Variables F1 F2 F3 F4
Temperature 0.228 0.204 0.154 0.168
Salinity -0.117 0.369 0.659 -0.056
t(CO,) -0.315 0.081 0.884 -0.013
Nitrate 0.024 -0.307 -0.152 0.532
Ammonia 0.953 -0.119 -0.114 0.184
Phosphate -0.823 0.032 0.358 0.399
Silicate 0.834 0.168 -0.118 -0.018
Chl-a -0.695 0.463 -0.120 -0.110
POC -0.195 0.864 -0.006 0.088
PN -0.076 0.924 0.259 -0.190
3"Cpom) 0.653 0.546 -0.458 -0.211
3" Npom 0.251 0.804 0.007 0.012

Eigenvalue 3.99 3.16 1.07 0.63

Variability (%) 33.26 26.35 8.89 5.26
Cumulative % 33.26 59.61 68.50 73.76

Table 3.8: Correlations between variables and factors after VVarimax rotation: Factor

loading for TIO region, during this study.
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3.3 Discussion
3.3.1 Spatial distribution of particulate organic carbon, nitrogen and the stable
isotopic characteristics of carbon and nitrogen in the surface waters of the
oceanic regimes of the Indian sector

The two oceanic regimes are governed by different contributing factors and
processes. This is also ascertained from the PCA analysis (Table 3.7 & Table 3.8, Fig.
3.5) which displayed 2 large clusters for the ISSO and TIO observations. These
governing factors are the major variables and processes responsible in determining the

POM characteristics in the two oceanic regimes.

Observations (axes F1 and F2: 67.53 %)

e TIO
eSO

F2 (19.92 %)
o

6 -5 4 -3 -2 -1 0 1 2 3 4 5
F1 (47.61 %)

Figure 3.5: PCA analysis illustrating separate clusters for TIO, and ISSO, based on

the governing factors across the two oceanic regimes, during the study.
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The POC concentration observed in the surface waters during this study was

well within the range of the earlier POC studies carried out in the different regions

globally. Some of the earlier studies in the high latitude waters including other sectors

of SO, namely Southern Pacific Ocean (Kennedy and Robertson, 1995), Southern

Atlantic Ocean (Lara et al., 2010), Southern Indian Ocean (Bentaleb et al., 1996),

Arctic Ocean (Zhang et al., 2011), Prydz Bay (Zhang et al., 2014) were compared

with the POC observed in the current study, and was similar, except for the high POC

observed south of SB in some of the earlier studies (Fig. 3.6).
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SPO- Southern Pacific Ocean
SAO- Southern Atlantic Ocean
S10- Southern Indian Ocean
AO- Arctic Ocean

PB- Prydz Bay

TIO- Tropical Indian Ocean

ISSO- Indian sector of Southern Ocean
(upto polar Front- PFZ)

Figure 3.6: A comparative analysis of the range of POC (ug/L) concentration, in

different regions especially, high latitude waters and the current study.
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3.3.1.1 Indian sector of the Southern Ocean (ISSO)

The prevalence of high wind speeds in the ISSO and the decrease in
temperature favours strong wind driven mixing, thereby supporting higher dissolution
and increase in the concentration of dissolved gasses like tCO,. The colder ISSO
waters were also nutrient rich, especially with nitrates and silicates. A general trend
with a southward lowering/depletion of 8°C(pom) was observed from 40°S onwards,
as observed in most of the high latitude regions. The isotopic values observed in ISSO
were comparable to that observed in other high latitude studies like the South Pacific
(-27.89 to -24.47 %o), Arctic (-28.5 t0 -21.1 %) and Prydz Bay, Antarctica (-27.4 to -
19.0 %o) (Kennedy and Robertson, 1995; Zhang et al., 2011; Zhang et al., 2014). This
was mostly associated with the uptake of isotopically lighter carbon by phytoplankton
resulting in the low 613C(po,v.) in surface waters (Rau et al., 1992; Georicke and Fry,

1994, Gruber et al, 1999).

Within the 1ISSO, maximum variability in the biochemical components of the
surface waters, from nutrients to the isotopic composition of POM (613C(po|\/|) and
8"°Npom)) was observed at the STF. The STF (40°S-43°S) is an eddy prone region
(Sabu et al., 2015, George et al., 2018), causing hydrographical changes in this region,
responsible for the redistribution of nutrients and other components present in the
water. The high 8"*Cpomy and 5"°Npowm in the STF region coincided with the eddy
(cyclonic eddy) influenced locations in in this region. This was similar to an earlier
study by Kolasinski et al. (2012), that attributed this enrichment to the upwelling of
deep water nitrate. However, the 8"°Npom) values did not match exactly with the
typical 8*°N of nitrate from deep waters or new production. Furthermore, the high

variability of the available nutrients within the STF and the phytoplankton biomass
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(Chl-a) was largely responsible for the highly variable elemental and isotopic
composition (POC, PN, §"*Cpomy and 5°Npomy) of POM in these waters. The low
environmental conditions prevailing in the STF surface waters favoured the
dominance of flagellates (Fig. 3.7) during both the study periods. Flagellates,
especially the dinoflagellates, are phytoplankton known to be less discrimination
towards the available carbon species during the uptake and utilisation of carbon,
thereby making the 813C(pOM) heavier (Bentaleb et al., 1996; Bentaleb et al., 1998;
Gaul et al., 1999; Lara et al., 2010). The higher C:N ratios observed at certain
locations in STF surface waters was mostly associated with high macrozooplankton
abundance of mostly salp, pyrosoma and the mesozooplankton biomass was mostly

dominated by copepods.

u Diatom
u Flagellates

u Prokaryotes

u Diatom
u Flagellates
u Prokaryotes

Figure 3.7: Variation of the dominant phytoplankton community across the fronts in

the 1ISSO during austral summer (a) 2012 and (b) 2013
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The PF surface waters were rich in nutrients; yet, the high nutrient availability
did not match well with the moderate phytoplankton biomass, reported in terms of the
Chl-a concentration. However, the reported Chl-a, matched with the earlier reports in
the PF waters of the ISSO (Jasmine et al., 2009; Gandhi et al., 2012; Naik et al.,
2015). The N:Si ratio < 1 generally favours the dominance of diatoms community.
Although the N:Si ratio was higher, the silicate concentration was not limiting, and
favoured the growth of diatoms in these waters which is also reflected from the
diagnostic pigment study (Table 3.1 & 3.2). The low 8°Cpomy and 5°Npowm
observed in PF waters was attributed to the increased availability of tCO, and nitrates,
favouring the uptake of lighter tCO, and nutrients (Popp et al., 1989; Lourey et al.,
2004) during photosynthetic fixation of carbon and nutrients by the phytoplankton
(diatoms) community. Furthermore, the C:N ratio of POM was closer to the Redfield
ratio of plankton, especially during 2012. Moreover, the POC:Chl-a ratio in these
waters indicated the existence of fresh organic matter and the prevalence of
autotrophy (Bentaleb et al. 1998, Savoye, et al. 2003). Unlike 2012, in the consequent
year of study (2013), the C:N ratio (> 6.63) was a little higher than the Redfield ratio
of living plankton reported by Redfield (1993), and this was supported by a
significant contribution of prokaryotic phytoplankton to the system dominated by
dinoflagellates and diatoms. Also, during this period the POC:Chl-a was >100 but
mostly <200, suggesting a contribution from the heterotrophic activity (Savoye, et al.
2003) to the region and the zooplankton contribution (Venkataramana et al., 2020) in

these waters also implied from the factor analysis.
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3.3.1.2 Tropical Indian Ocean (T10)

Unlike the ISSO, the warm (avg. 28.65 °C) TIO waters, showed a moderate
variations in SSS (~ 1 psu). This decline in salinity was noted immediately below the
equator. This drop in salinity is possibly due to the effect of an increased localized
precipitation associated with presence of Inter Tropical Convergence Zone (Tiwari et
al., 2013). These waters were oligotrophic with low nutrients (Fig. 3.2a, b, & c)
especially, nitrates. However, the region witnessed moderate biological productivity,
evident from the Chl-a concentration (Fig. 3.3a) and decreased across the equatorial
waters to a minimum in the subtropical oligotrophic gyre. The major governing
processes in these waters were the biological processes, implied from the PCA, factor
loading analysis (Table 3.8). These biological processes are highly responsible for the
variation of the POM composition in this region. This is also evident from a
significant relation of POC with PN (Fig. 3.8b), 8"*Cpom) with 8"°Nrom) and (Fig.
3.8d) and also a considerably significant correlation of 813C(p0|\/|) with POC (Fig. 3.9a)

and 5™°N(rom) with PN (Fig. 3.9b).
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Figure 3.9: Spearman’s correlation of (a) 5"°Cpomy and POC; (b) 8"°Npom) and PN

in the T10O surface waters during 2012 and 2013.
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The average elemental composition of POM in the TIO waters was moderately
low and comparable, during the two consecutive years (Fig. 3.3b & 3.3c). However, it
was an irregular pattern in 2012, which matched well with the Chl-a pattern. The
8°Cpomy values in TIO waters, were within the &'°C reported for marine
phytoplankton and matched well with the &'*C values of picoplankton as reported
earlier (Rau et al.,1990; Hansman and Sessions, 2016). The surface waters of the TIO,
displayed a dominance of prokaryotic picoplankton (Table 3.1 & 3.2), which again
justifies the observed 8"°Cpomy values in this region. Picoplankton biomass is a major
contributor to the total biomass in warm, low nutrient (NO3 + NO, <1uM) (Agawin et
al., 2000), oligotrophic TIO waters. Furthermore, prokaryotic picoplankton is known
to have a small isotope fractionation during carbon fixation (Popp et al., 1998) but
preferentially incorporate lighter carbon molecules during lipid biosynthesis (Sakata
et al., 1997). However, even though the dominant community between both the years
was prokaryotic picoplankton, the ~1 %o variation within the two consecutive years of
study could likely be associated with the difference in the metabolism, and difference
in the carbon source as suggested in some of the earlier studies (Estep et al., 1978;

Goericke and Fry, 1994).

Unlike 8"*Cpom), 8"°N(pom) showed large scale variations during both 2012 (-
5.09 to +2.45 %o) and 2013 (-5 to +4 %) (Fig. 3.4b). The 6" Npomy in TIO was
significantly lower than those of marine organic matter range (3 to 12 %o) (Wada and
Hattori 1991; Maksymowska et al., 2000). However, it was apparently in the range (-4
to +5 %o0) observed by Altabet and Francois (2001) and (-3 to +7 %o) reported by
Lourey et al. (2003), in the SO region. To an extent the higher variability of 815N(Po|\/|)
can be explained by the dominance of prokaryotic picoplankton. The high surface to

volume ratio of these small organism support efficient nutrient uptake even in nutrient
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deficient conditions (Veldhuis et al., 2005). Moreover, the picoplankton community is
capable to take up different nitrogen species from nitrate to dissolved organic nitrogen
(Zubkov et al., 2003; Gracia-Fernandez et al., 2004) and also ammonia (Moore et al.,
2002), this explains the high 8" Nowmy variability in the TIO surface waters. The
simultaneous uptake of nitrate and ammonia is responsible for a higher variation in
the 615N(Po|\/|) depending on the relative uptake ammonia over nitrate which causes
large changes in the 8"°Npom) (Waser et al., 1998). These depleted 3"°Npom), could be
attributed to the uptake of N enriched ammonium (Altabet, 1988; Waser et al. 1999)
by picophytoplankton in low nitrate waters. The §"°Nowmy values closer to zero was

attributed to nitrogen fixation (Saino and Hattori, 1987).

The C:N ratio has often been used as an indicator of freshness of organic
matter. The average C:N ratios were mostly being >6.63, however it was mostly <9 at
most of the locations, except for a few stations. This imply that although low in
productivity, the surface waters in this region was mostly autotrophic and the POM
dominated by fresh organic matter especially during 2012. It is also indicated from the
POC:Chl-a ratios that during 2012 the study locations of TIO were comparatively
having a higher contribution from autotrophic activity than in 2013, when the
heterotrophic processes had a significant contribution to the POM characterisation.
Additionally, the dominance of picoplankton in oligotrophic waters is also an
indicator of an active microbial loop as an alternate carbon pathway and heterotrophic
bacteria an important contributor to the organic carbon pool (Azam et al., 1983;
Marafion et al., 2003). Previous studies in the oligotrophic equatorial Indian Ocean
waters have suggested the contribution of heterotrophic bacterial production to the
biological production (Fernandes et al. 2008, Ramaiah et al., 2009). Selective

mineralization of POM resulting in preferential removal of nitrogen by heterotrophic
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bacteria is fairly well-known in marine environments (Eadie and Jeffrey, 1973; De
Niro and Esptin, 1977). The reported greater bacterial productivity in TIO coupled
with selective N-removal is likely responsible for the higher C:N ratio at some

locations in these waters.
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3.3.2 Factors controlling the stable isotopic composition of carbon and nitrogen
of POM in the surface waters across the fronts in the Indian sector of Southern

Ocean

The highly dynamic environmental settings of the ISSO imply that the hydrodynamics
of the region has a significant role in the biogeochemical processes regulating the
POM characteristics of surface waters. The ISSO observes a significant gradient in
temperature, dissolved gases and nutrients across the different fronts. Also, the
nutrient dynamics in this region influence the phytoplankton community structure.
These factors individually and/or in combination have a critical role in modulating the
POM characteristics in surface waters at different fronts and zones in the ISSO. The
major attributes controlling the isotopic composition of POM in the ISSO are

discussed in this section.
3.3.2.1 Sea Surface Temperature (SST)

The SST, displayed a strong gradient across the fronts and reflected a significant
correlation with §*C(powm). Although there was a correlation between temperature and
8°C(pom), the magnitude to significance was different in the consecutive years (Fig.
3.10a). Initial studies on &°Cpowmy in surface waters had related the latitudinal
variability of the stable isotopic composition of POM to temperature (Eadie and
Jeffrey, 1973; Fontugne and Duplessy, 1981). However, later it was revealed that in
the surface waters, SST has an indirect effect on the isotopic composition of POM, as
it controls the dissolved CO, and the phytoplankton carbon, thus subsequently
influencing the 8"°*Cpomy (Rau et al., 1992). This relation is mainly because the
southward drop in the SST, favours higher CO, saturation in the colder surface waters

(Fig. 3.10b). This is also supported by the kinetic fractionation of carbon at the air-sea
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interface, during CO, dissolution into the surface waters. The increased abundance of
isotopically light CO, (CO, rich with *2C) in the upper ocean is more likely to result
in a decrease in the 5'°C of the available tCO, (Quay et al., 2003) and consequently
influence the phytoplankton uptake and the resultant 5°C of POM (Francois et al.,

1993; Cullen et al., 2001).
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Figure 3.10: Spearman’s correlation of (a) Temperature with &°Cpowmy; (b)
Temperature with tCOg; (c) 813C(po,v.) with tCO; across the fronts in the ISSO during
austral summer 2012 and 2013

3.3.2.2 Total Carbon di oxide (tCO,) concentration

The availability and abundance of dissolved CO; is one of the major factors
controlling the isotopic composition of carbon phytoplankton and the resultant
813C(po,v|) in the SO surface waters (Rau et al., 1992; Francois et al., 1993). The SO

favoured by strong winds and wind driven mixing, that supports higher dissolution
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resulting in higher concentration of the dissolved fraction of CO,. A significant
relation between SlSC(pOM) and tCO, (Fig. 3.10c), imply the dependence of isotopic
composition of carbon in POM on the concentration and isotopic composition of tCO,
in the surface waters. Similar correlations (613C(po|v|) and tCO,), have been reported
earlier in the Southern Ocean (Kennedy and Robertson, 1995; Lourey et al., 2004),
Atlantic Ocean (Rau et al., 1992), Arctic waters (Zhang et al., 2011), Prydz Bay
(Zhang et al., 2014). This relation is mainly a result of the isotopic fractionation
during photosynthetic uptake by phytoplankton. Furthermore, the comparatively
weaker relation in 2012 austral summer implied that availability of dissolved CO, was
not the only major controlling factor in determining the 613C(po|v|) but also included

significant contribution from biological factors.
3.3.2.3 Nutrient Availability

The gradient in nutrients especially nitrates and silicates across the fronts in
the ISSO, is to a certain extent an attribute of temperature in the SO (Table 3.3 & 3.4).
During this study, a strong relation observed between 613C(po|v|) and nitrate (Fig.
3.11a) reflected a depletion in 613C(po|\/|) with an increase in the nutrients, especially
nitrates, across the fronts towards the PF. The relatively enriched values in low
nitrate, warmer waters reveal that, some locations were controlled by a regenerative,

nitrate depleted system (Lara et al., 2010).

Also a significant negative correlation of 815N(po,v|) and nitrate (Fig. 3.11b)
suggest the noteworthy contribution of nitrate concentration in determining the
isotopic characteristics of carbon and nitrogen in POM via biological productivity and
nitrogen uptake by the organism (Wada and Hattori, 1978). Similar relations were

reported earlier in the PF waters of SO (Altabet and Francois, 1994) and the Atlantic
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waters (Lara et al., 2010) and was attributed to the isotopic ratio of nitrate and the
fraction of unutilized substrate in the system. This is mostly a consequence of isotopic
fractionation during nitrogen assimilation, and the preferential uptake of the lighter
nitrate (**NO3) resulting in decrease in 8°Npom) in nitrate replete conditions

(Montoya, 1994; Kolasinski et al., 2012).
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Figure 3.11: Spearman’s correlation of (a) 8"*Cpomy and Nitrate, (b) §"°Npomy and

Nitrate across the fronts in the ISSO during austral summer 2012 and 2013.

3.3.2.4 Phytoplankton community

The surface water POM gets its major contribution from living organisms,
mainly the phytoplankton biomass. Therefore, the cell morphology and phytoplankton
community have a prominent role in determining the stable isotopic composition of
carbon in POM (Law et al., 1995; Popp et al., 1998). Also, the source (species) of
carbon and nitrogen taken up by the phytoplankton and the isotopic fractionation
during the metabolic process, influenced by the environmental conditions (Savoye et
al., 2003) contribute to the shaping of isotopic characteristics of POM. Fig. 3.7,
clearly indicated a shift in the dominant phytoplankton community across the fronts.

It is also illustrated that regions with low nutrients is dominated by flagellates,
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especially the STF. An earlier study by Lara et al (2010) associated the isotopically
heavier POM in the Atlantic surface waters to the dominance of flagellates. Moreover
in the present study, the observed flagellates were mostly dinoflagellates that were the
dominant phytoplankton in the STF and the SAF, and are noted to be a mixotropic
community. This phytoplankton community have assimilatory enzymes like the
phosphoenolpyruvate carboxylase and phosphoenolpyruvate carboxykinase, that is
responsible for lesser (smaller) isotopic discrimination during carbon uptake and
assimilation, resulting in heavier 613C(P0|\/|) (Bentaleb et al., 1998; Gaul et al., 1999)
that was evident in this study. Further down south in the PF, the abundance of
nutrients and other environmental conditions favour the flourishing of diatoms (Table
3.1 & 3.2). The depletion of isotopic signatures in diatom dominated PF waters, can
be attributed to the higher fractionation by diatoms due to the abundance of CO, and
the associated photosynthetic pathway (Descolas-Gros and Oriol, 1992; Law et al.,
1997). Also, the growth rate of diatoms and associated carbon demand that favour
higher fractionation during carbon uptake (Sommer, 1989; Fischer, 1991) in the
colder nutrient rich high latitude waters. Further, diatoms have the ability synthesise
lipids depleted in *C and stored in its cell (Degens et al., 1968; Sinninghe Damsté et
al., 2003). The high accumulation of lipids is a mechanism mainly for self-
maintenance and repair by the organism, especially in colder Polar Regions (Fahl and
Kattner, 1993; Thomas and Dieckmann, 2002; Sackett et al., 2013). Fucoxanthin is a
major diatom pigment, and this can contribute to the 5'*C depletion of diatoms and is
subsequently reflected in 813C(pom) (Sinninghe Damsté et al., 2003; Henley et al.,

2012). During this study, the dominance of Fragilariopsisspp., followed

by Thalassiosira spp., and Cheatoceros spp. was indicated from the microscopic
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analysis in the PFZ waters. This explains the depletion of 3°Cpowmy in diatom

dominated PFZ waters in this study.

3.4 Salient Findings

Overall, in both the regimes the POM produced was from autochthonous
sources, evident from the relation of POC with PN and 8'*Cpowmy with 3**Nrom). Also
it is ascertained from the diagnostic pigment observations that the dominant
phytoplankton community has a critical role in shaping the POM characteristics in-
terms of the qualitative, quantitative and isotopic composition of carbon and nitrogen
of the POM in surface waters across the fronts, as well as, the two distinct oceanic
regimes. It is evident from the illustrated results that physical factors like SST, wind
driven mixing and eddies play a major role in determining the isotopic characteristics
of POM in 1SSO. Higher 5™ Nomy and 8"*Cpowmy in the surface waters of the STF,
implied a significant influence of the eddies in this front. Also, the dominance of
flagellates in these waters influenced the §"Cpom), Which was attributed to their non-
discriminative uptake of C and N species available in the system. The increasing
availability of nutrients and tCO, towards the PF, favoured the growth of diatoms
beyond 50°S. As a result, enhanced isotopic fractionation during photosynthesis

resulting in the depletion of §"*C and §*°N of POM in polar waters.

Contrastingly, in the warm oligotrophic T1O waters, small scale depletion in
8°Cpomy and a wide variation of 8°Npom) was explained by the dominance of
picophytoplankton, that are less discriminative towards the uptake of nitrogen
substrate. This regenerative production is predominantly responsible for sustaining the
picoplankton biomass in these nitrate depleted waters. The role of heterotrophy in
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this region is evident from earlier studies and contributes to the variability is POM

characteristics during the two consecutive years.

From this study, the role of hydrography, nutrient dynamics and the
predominant phytoplankton community in shaping the isotopic signature of POM in
the surface waters of the two different oceanic regimes, and the variability across the

fronts in the ISSO is elucidated.
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4. Influence of Eddies on the Characteristics and Variability of
Particulate Organic Matter in the Upper Water Column of the

Subtropical Front.

4.1 Introduction

Eddies are an ubiquitous feature in the ocean that influences the ocean
circulation and the marine biogeochemical processes (Marshal and Radke, 2003;
Bakun, 2006). The SO, especially the STF region is highly dynamic with frequent
eddy activity (Lutjeharms & Valentine, 1988; Jullion et al, 2010; Sabu et al, 2015).
Eddies influence the vertical structure of the water column, and supports the transfer
of heat, salt, nutrients and other components both vertically and laterally (Sallée et al.,
2008; Ito et al., 2010). Eddies are important for nutrient transport and re-distribution,
resulting in an increase of the phytoplankton productivity and phytoplankton blooms
prompting the accumulation of chlorophyll in the overlying waters (Falkowski et al.,
1991; Allen et al., 2005; Bibby et al., 2008) and further influencing the recycling and
transport of organic matter (Bakun, 2006; Waite et al., 2007; Huang et al., 2010) in

eddy influenced regions.

Mesoscale eddies are mainly of two types; cyclonic eddies and anticyclonic
eddies. In the ISSO Cyclonic eddies (CE) are cold core and the clock-wise flow of
currents displace the isopycnals upwards inducing upwelling, consequently
supporting the influx of nutrients along with colder subsurface/deep waters into the
euphotic zone, thus promoting increased primary productivity at the center (Bidigare
et al., 2003; McGillicuddy et al., 2003; Bakun et al., 2006). In contrast, anticyclonic

eddies (ACE) are warm core, with an anticlock-wise flow of currents and depress the
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isopycnals downwards, triggering convergence of surface waters, thus causing
downwelling (Bakun, 2006). The CE and ACE behave differently and have
significantly diverse implications on the chemical variability and biological
community by altering the hydrography and associated processes (McGillicuddy and
Robinson, 1997, Bidigare et al., 2003). Studies have also indicated that eddy
dynamics mediate changes in the zooplankton community structure and behavior

(Beckmann et al., 1987; Hernandez-ledn et al., 2001; Verdeny et al., 2008).

Sweeney et al. (2003) proposed seven stages of an eddy life cycle, from eddy
intensification to the eddy decay stage, during which the eddy influenced regions are
dominated by different processes due to eddy dynamics. Commencing with the flux of
nutrients to the sustained presence of elevated macronutrients resulting in a shift of
phytoplankton community, and favor a change in the zooplankton and the export food
web (Li and Hansell, 2008; Eden et al., 2009) or the functioning of oligotrophic food
webs over time (Buesseler et al., 2008). Furthermore, in such eddy influenced regions,
heterotrophic activities play a significant role in determining the fate of the eddy
induced biological production. Higher bacterial activity, responsible for the
remineralisation of POM and DOM, may result in a reduced export flux of carbon due
to regeneration of POM within the upper water column (Legendre and Le Févre,

1995; Coppola et al., 2005).

These mesoscale features are responsible for significant changes in the ocean
dynamics, especially, the prevalence of eddies in nutrient depleted STF waters are
largely responsible for influencing the biogeochemical processes due to an alteration
in the nutrient dynamics of the STF waters (Soares et al., 2020). This chapter

discusses the role of the source of origin and the eddy dynamics over its life span on
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the POM characteristics and isotopic composition of POM in eddy influenced waters

of STF in ISSO.

4.2 Results

During both the periods of study, the vertical distribution of temperature and
salinity showed large undulations at STFZ. To understand the reason for the
undulations, satellite SST was analyzed and it was found that, a total of six eddies
were encountered in the observation regions during the study period (Fig. 4.1; Table

4.1).

50.0°E 54.0°E 58.0°E 62.0°E50.0°E S54.0°E S58.0°E 62.0°E50.0°E 54.0°E 58.0°E 62.0°E
Longitude

Figure 4.1: Sea Surface Temperature (SST) variability from the AVHRR data (a)
ACE1, (b) CE1, (c) ACE2, (d) CE2, (e) ACE3 and (f) CE3 during the observation

period.
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During 2012, observations were inside and at peripheral regions of the three
eddies that included one CE (CEL1; 40°S; 56.30°E), with a diameter of ~200 km and
two ACEs, ACE1 (40°S; 53.5°E) and ACE2 (40°S; 58.5°E) with diameters of ~250

km and 300 km, respectively (Fig. 4.1).

Similarly during 2013, the observations were carried out in CEs located at
40.26°S; 55.03°E (CE2) and 42.44°S; 58°S (CE3) having diameters of >300 km and
~250 km, respectively (Fig. 4.1), also an ACE was observed at 41.35°S; 57.45°E
(ACE3) with a diameter of ~250 km. For a better understanding and differentiate the
characteristics between CE and ACE in the STF, we combined the CEs (CE1, CE2,
CE3) and ACEs (ACE1, ACE2 and ACE3) together for discussion in the subsequent

sections.
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Age of

Eddy type _ _ Date of Front of MLD PAR DCM
Year Latitude | Longitude o o Eddy o,
(Code) Origin origin (m) | (Einstein/m</D) | (m)
(months)
Anticyclonic
2012 40°S 53.30°E 26/09/2011 STF ~4 23 66 73
Eddy (ACE1)
Cyclonic Eddy
2012 40°S 56.30°E 15/11/2011 PF ~2 18 62 50
(CE1)
Anticyclonic
2012 40°S 58.30°E 6/11/2011 STF ~2 37 ~65 75
Eddy (ACE2)
Cyclonic Eddy
2013 40.26°S 55.03°E 15/12/2012 STF ~1 24 19 53
(CE2)
Anticyclonic
2013 41.35°S 57.45°E 03/01/2013 ARF <1 63 ~27 15
Eddy (ACE3)
Cyclonic Eddy
2013 (CE3) 42.44°S 58°E 08/01/2013 STF <1 41 62 50

Table 4.1: The sampling locations of eddies along with the eddy type, date of origin, front of origin, approximate age of the eddy and the
Mixed Layered Depth (MLD), surface PAR and the Deep Chlorophyll Maxima (DCM) at the eddy locations during 2012 and 2013

austral summer.
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4.2.1 Cyclonic Eddies
4.2.1.1 Hydrography and chemical parameters

In general, the temperature in the upper 120 m at the CEs ranged from 5.03 to
15.36 °C (Table 4.2). During 2012, CE was found to be comparatively warmer
(13.63+2.32 °C) than that in 2013 (9.44+2.71 °C). Also, during both the years, a
prominent shift was noticed in the position of isotherms and isohalines in the CE
regions. At CE1, the 12 °C isotherm was displaced from deeper depths (>120 m) to
~100 m, and at CE2 and CE3, the 12 °C isotherm was displaced from deeper depths to
~30 m and surface respectively (Fig. 4.2a, b). The salinity at the CEs ranged from
33.65 to 34.90 (Table 4.2). The isohalines also showed similar variability as observed
for isotherms (Fig. 4.2c & d). The CE locations were characterized by colder and less

saline waters.
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Figure 4.2: Vertical distribution of temperature during (a) 2012 and (b) 2013; salinity

during (c) 2012 and (d) 2013.
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13.63 34.56 2571 20719 5.16 0.79 2.52 1.85 1.80 4.47 4.97 0.41 40.12 7.79 6.31 -23.14 1.51 104.9
CE1 2012 | (914 | (3425 | 2435 | 2043.1 | 229 | 067 | 205 | (170 | 123 | 342 | 320 | (021 | (2962 | (468 | (466 | (-25.51 (-0.31 (754
1536) | 3490) | 279.9) | 21407 | 1184y | 1.17) | 325 | 231y | 329 | 691y | 6.13) | 075) | 5942) | 1489) | 7.63) | -2 1T.30) 3.T9((’)) 148.2)
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Table 4.2: Column average and range of temperature (temp), salinity, DO, tCO,, NO3, NO2, NH3, POy, SiO4, N:P, N:Si (N= NO3+NO,+NHj3),

POC, PN,C:N(m/m), 8"*Cpom), 8"°Npomy and POC/Chl-a at the eddy locations during austral summer, 2012 and 2013. Range is in parentheses.
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The water mass analysis showed that the CE2 and CE3 had similar water mass
properties in the upper water column (Fig. 4.3). However at CEL1, the upper water
column was comparatively warmer than the CE2 and CE3. The analysis further
confirms that the upper water column in the CEs did not show any characteristics of
Subtropical Surface Waters (STSW). However, the deeper water of all the three CEs
showed the characteristics of Antarctic Intermediate Water (AAIW). Also, the
upwelling in the CE regions resulted the shallowing of MLD which was <18 m at

CE1 ~25 at CE2 and ~40 m at CE3.
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Figure 4.3: T-S diagram showing various water masses at the eddy locations during
the study.

The variation of the thermohaline structure at the CEs was also reflected in the
various chemical variables. In general, CE regions were rich in oxygen with a range
of 243.5 to 298.2 uM (Table 4.2). The concentration of DO in CE2 and CE3 was
higher (Fig. 4.4a) with an average of 285.9+13 uM and 286.3+8 M, respectively,

compared to 257.0+12 uM at CE1. Likewise, the concentration of nitrate was also
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high at CE regions and ranged from 2.29 to 17.75 uM (Table 4.2). However, higher
nitrate concentration was observed at the CE2 and CE3 than CE1 (Fig. 4.4b). Overall
the concentration of silicates ranged from 1.23 to 6.13 pM at the CE locations (Table
4.2), with an increase below 80 m (Fig. 4.4c). The concentration of silicate was low at
CE1 with an average of 1.8+0.9 uM, whereas it was observed to be more than double
(av. 4.01+0.8 puM) at CE2 and CE3. In the CE regions, the phosphate concentration
ranged from 0.94 to 2.31 uM (Table 4.2), and the distribution showed a subsurface
minimum at ~60 m in CE2 and CE3, whereas an increase in concentration was

noticed below 80 m in CEL1 (Fig. 4.4d).
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Figure 4.4: Vertical distribution of (a) DO, (b) Nitrate, (c) Silicate and (d) Phosphate

at the Cyclonic eddies (Blue) and anticyclonic eddies (Red), during the study.
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4.2.1.2 Chl-a and phytoplankton community

The water column variability due to CEs in the STF was reflected in the
distribution of Chl-a and phytoplankton. The overall Chl-a concentration ranged from
0.09 to 0.75 pg/L (Table 4.2), with a lower concentration at CE2 (0.09 to 0.35 pg/L).
A Deep Chlorophyll maxima (DCM) was observed at ~50 m at all the CEs, however

the DCM was more sharp and prominent at CE1 and CE3 (Fig. 4.5).

Chl-a(ugll)

Chl-a(uglt)

ACE1 CE1 ACE2 ' CE2 ACE3 CE3

Figure 4.5: Vertical distribution of Chlorophyll a (Chl-a) at cyclonic eddies and
anticyclonic eddies during (a) 2012 and (b) 2013.

Further, it was noted that the phytoplankton community distribution was
markedly different between the CEs. At CE1 >80 % contribution to the phytoplankton
community was from flagellates and the remaining contribution was from other
groups such as diatoms and prokaryotes (Fig. 4.6). Also, the contribution of diatoms
showed an increase with depth at this location (Fig. 4.6). At CE2, flagellates
contributed more than 50 % at the surface and the DCM depth, and prokaryotes were
the second major contributor to the phytoplankton community. However, the
contribution of prokaryotic phytoplankton was negligible below DCM (~ 120 m) and
the major contributing communities were the flagellates (~70 %) and diatoms (~30
%), at these depths (Fig. 4.6). Further at CE3, the flagellates contribution was ~65%
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at the surface but was negligible at DCM, and again increased to ~ 29 % at 120 m.
Contrary to flagellates, the contribution of diatoms was less (5 %) at the surface and it
increased to ~ 50 % at the DCM and again decreased to 34% at 120 m (Fig. 4.6). In
general, the Chl-a and the phytoplankton showed contrasting variability in all the

CEs.

ACE1 (0m) CE1 (0m)

ACE2 (0m) CE2 (0m) ACE3 (0m) CE3 (0m)
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ACE1 (DCM) CE1DCM) ACE2 (DCM) CE2 (DCM) ACE3 (DCM) CE3 (DCM)

ACE1 (120m)

CE1 (120m)

ACE2 (120m)
3%

CE2 (120m) ACE3 (120m) CE3 (120m)
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mDiatDP (Diatom) H#FlagDP (nanoflagellates) H ProkDP (picophytoplankton)

Figure 4.6: Dominant phytoplankton community at the surface (0 m), DCM and 120

m at the cyclonic and anticyclonic eddies observed during this study

4.2.1.3 Characteristics of POM

Like the other variables, the POC concentration was markedly different in the
CEs. Although the overall range of POC was between 29.62 to 194.19 ug/L (Fig.
4.7a), and POC decreased with depth at CE1 and CE3, unlike CE2 where the
distribution with depth was highly variable (Fig. 4.8a). Also, the concentration of
POC was lower at CE1, with no prominent variability with depth. At CEs, the PN

varied between 4.64 and 16.67 pg/L (Table 4.2). Similar to POC, the concentration of
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PN also showed a gradual decrease with depth (Fig. 4.8) at CE1 and CE3 whereas at
CE2 showed a larger variation (Fig. 4.7a & b). The "°Cpom), Was highly variable
between the CEs and ranged from -26.6 to -21.4%o (Table 4.2). The 8"°Cpom) Was
most enriched at CE1 (Fig. 4.7¢) with a significant decrease with depth from -21.4%o
at the surface to -25.5 %o at 120 m (Fig.4.8c). However, at CE2 (-25.11 to -24.06 %o)
and CE3 (-26.60 to -24.89 %) the "*Cpom) Was depleted with smaller variability with
depth. Similarly, the 8"°N(pomy ranged from -5.2 to 5.46 %o (Table 4.2), and a wide
variation was observed with depth, especially at CE2 and CE3. In contrast to the
variability at CE2 and CE3, the 8"°N(pom) decreased with depth at CE1 (Fig. 4.8d).
Additionally, at CE3 a subsurface maxima of 815N(po|v|) was observed at 50 m, and

coincided with the DCM.
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Figure 4.7: POM variability (a) POC, (b) PN, (c) C:N, (d) 8"*Cpowm), (¢) 8"°Npom and
(f) POC/Chl-a at the cyclonic and anticyclonic eddies during this study

Further, C:N ratios were examined in the CEs and observed that the overall

C:N ratio was highly variable and ranged from 4.66 to 15.8 (except for the abrupt
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high of 22.4 at CE3). The lower C:N ratios were observed at CE1 (4.66 to 7.63) and
the higher C:N values were noted at CE3 (7.14 to 22.45) (Fig. 4.7e) with a high
variability within the upper water column. The POC:Chl-a ranged from 75 to 577,
with the higher values at CE2 and CE3 (Table 11). At CE1, the POC:Chl-a ratio, was
mostly <200, while at CE2 and CE3, the POC:Chl-a ratio of POM were mostly >200

and showed high variability with a minimum value (<200) (Fig. 4.71).

POC (ug/L) PN (ng/L)
50 100 150 200 250 0
0 — ; 0 -
20 — 20 —
_40— 40 —
E ¥s E
£60 | £ 60 —
‘aeo \ \" (=%
@ 1.y [ .
O g 0o
100 — 100 — =
120 - 120 -
S13C p oy (Yee)
-28 27 26 25 24 23 22 -21 6
0 — 0 —
20 — 20 —
.40 ] 40 —
E | = ]
%GD — %_60 =
a, | S
80 - ! O 50
100 8 100
120 - 120 -

®—@® CE1 ——l CE2 &——aA CEZ @——@ ACE1 ll——l ACE2 &—A ACE3
Figure 4.8: Vertical distribution of POM characteristics in the upper 120 m water

column: (a) POC, (b) PN, (c) 8"*Cpomy, (d) 5 N(powm, at the CEs and ACEs.
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4.2.2 Anticyclonic Eddies
4.2.2.1 Hydrography and chemical parameters

The temperature in the ACE regions ranged from 14.02 °C to 19.28 °C (Table
4.2) with a downward displacement of isotherms. The 16 °C isotherm was pushed
down to >120 m at the ACE1, while at ACE2 and ACE3 it was displaced to ~50 m
and ~70 m respectively (Fig. 4.2a, b). The salinity at ACEs ranged from 35.0 to 35.6
(Table 4.2), and showed a downward displacement of isohalines (Fig. 4.2c, d). It was
observed that the warmer and saline waters were pushed to deeper depths in the ACE
regions. The water mass analysis showed the presence of STSW in the upper water
column (200 m) in the ACEs. The AAIW was observed below 900 m in all the ACE
regions. The downward movement of STSW in the ACE regions was also evident in
the water column (Fig. 4.3). It was also observed that the MLD was deeper at ACE3

(~63 m) compared to ACE1 (~23 m) and ACE2 (~37 m).

In ACE regions, the DO concentration ranged from 216.9 to 288.8 uM (Table
4.2) and a subsurface maxima (260 uM) was observed at ~50 m at the ACE1 and
ACE?2 (Fig. 4.4a). However, at ACE3 the subsurface maximum was not observed and
the concentration of DO decreased with depth (Fig. 4.4a). The concentration of nitrate
ranged from 0.09 to 6.86 UM in ACEs (Table 4.2), with the lowest concentration
observed at ACE1 (0.09 to 1.89 uM), However, at the ACE2 and ACE3 the nitrate
concentration was higher below ~75 m (Fig. 4.4b). Likewise, the silicate
concentration in the ACEs ranged from 1.58 to 5.73 uM (Table 4.2) and increased
with depth below ~75 m (Fig. 4.4c). It was noticed that the silicate concentration at
ACE3 (2.34 to 5.73 uM) was comparatively higher than ACE1 (1.65 to 3.09 uM) and
ACE2 (1.58 to 3.76 uM). The phosphate ranged from 1.02 to 1.61 uM (Table 4.2) in

the ACEs with a minor increase (~0.2 puM) within the upper waters at ACE1 and
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ACE2 (Fig. 4.4d), compared to ACE3, however, within the column the phosphate

distribution was uniform.

4.2.2.2 Chl-a and phytoplankton community

The Chl-a concentration at ACEs was reported in the range of 0.04 to 0.91ug/L
(Table 4.2), and was lower at ACE3. A well-defined DCM was observed at ~75-80 m

at ACE1 and ACEZ2, however it was not very prominent at ACE3 (Fig. 4.5).

The diagnostic pigment analysis, showed a strong variation in the phytoplankton
community in the upper 120 m. At ACE1, the contribution of flagellates was ~46 % at
surface and ~86 % at DCM and decreased thereafter to ~68 % at 120 m. Conversely,
the contribution from the prokaryotes showed an opposite trend with a decrease from
surface to DCM with contribution of ~39 % and ~9 % respectively, and further
increased to ~ 32 % at 120 m. However, the contribution of diatoms in the ACE1 was
small (~15 %) at surface and decreased to 120 m (negligible) (Fig. 4.6). At ACE2, the
contribution of flagellates was consistent within the upper 120 m, with an abundance
of >85 %. The contribution of diatoms was higher than the prokaryotes at all the
observational depths (0 m, DCM, 120 m) of ACE2 (Fig. 4.6). Contrastingly at ACE3,
a shift in the dominant phytoplankton community was observed with the dominance
of flagellates (55 %) at the surface, to the dominance of diatoms (79 %) at 120 m. It
was also observed that the contribution of flagellates and prokaryotes decreased with
depth and the contribution of prokaryotes was negligible at 120 m, converse to the

diatoms that increased with depth (Fig. 4.6).
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4.2.2.3 Characteristics of POM

The overall range of POC concentration in the ACEs was from 15.1 to 104.4
Mo/L (Table 4.2; Fig 4.7), and the POC concentration decreased with depth (Fig. 4.8).
Unlike ACE1 and ACEZ2, the column variability of POC at ACE3 was much higher,
with a sharp decrease from 104.4 pg/L (surface) to 29.5 pg/L (120 m). Similarly, the
concentration of PN decreased with depth at all the ACEs, with a range of 1.47 to
12.89 pg/L. The PN concentration was lower at ACE2 (avg. 3.53+£2.13 pg/L) with a
larger variability within the upper 120 m (Fig. 4.7b). The 613C(pOM) at ACEs ranged
from -27.86 to -22.50 %o (Table 4.2) and decreased with depth. The 813C(pOM) was
comparatively depleted (-25.80+1.55 %.) at ACEl (Fig. 4.7c) than ACE3 (-
24.15%1.08 %o). Unlike 8"°Cpowm), the 8 Npomy was highly variable at all the ACEs
and it ranged from -3.62 to 4.39 %.. The maximum enrichment of " Nomy Was
noted at ACE2 with large variability with depth. Further, the column distribution at
ACE1 and ACE2 were similar (Fig. 4.7d) and showed an increase in >N contribution
to POM possibly responsible for an enrichment of 815N(po,v|) with increase in depth

(Fig 4.8).

Additionally, the observation of POM characteristics showed that the C:N ratios
were between 4.28 to 14.83 (with high values of 21.88 at ACE2) (Fig. 4.7e). At
ACEL, the column distribution was uniform with an average of 5.88+0.87 and
comparatively lower than the C:N ratio observed at ACE2 (13.37+6.6 having high
variability) and ACE3 (9.5+1.8). Additionally, the observed POC:Chl-a, at ACEs
varied from 22.9 to 448.3 (Fig. 4.7; Table 4.2) and showed a decrease with depth at
ACE1 and ACE2. The observed POC:Chl-a, was also consistently <200 at these two

regions, in contrast to the ACE3.
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4.2.3 Statistical Analysis

Based on factor analysis and principle component analysis using Physico-
chemical parameters and the POM characteristics it was derived that although all the
six eddies were significantly different in the factors controlling the POM
characteristics. Furthermore, a similarity matrix analysis based on Pearson’s
correlation coefficient was classified by a hierarchical agglomerative clustering based
on the major physico-chemical variables and the stable isotopic composition of
carbon and nitrogen, showed the ACE and CE clustered out as separate branches at
~97 % (Fig. 4.9). While the surface waters displayed a significant difference in the
characteristics of CEs and ACEs with separate branches (87 %), DCM and 120 waters

shared considerable similarity.
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Figure 4.9: Hierarchical cluster analysis of the eddy waters at Surface, DCM and
120m, calculated from water physico-chemical variables and POM isotopic

characteristics 5°Cpomy and 5 Npowm.
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Also, significant grouping of the surface waters separate from the other depths
(DCM and 120m) was at ~76 % similarity level (0.76). Further, the dendrogram
displayed the CE3 and ACEZ2, branch out separately from the CE surface water and
ACE surface water clusters respectively, implying that these two locations share
distinct features different from that noted at the other two CEs and ACEs respectively

(Fig. 4.9).

4.2.3.1 Cyclonic eddies

Statistical analysis using Pearson’s correlation coefficient, suggested that
overall temperature, nutrients and phytoplankton community had a significant role
along with heterotrophic activity on the POM characteristics in CE influenced waters.
This was implied from the positive linear correlation of 813C(po|v|) with temperature
and salinity (Table 4.3) and an inverse correlation with nitrates and silicates and C:N
ratio (Table 4.3). Also, 8"°Npom displayed a positive linear correlation with Chl-a,
suggesting the role of phytoplankton biomass and community on the 815N(po,v|)
signatures (Table 4.3).

Moreover, the factor analysis implied that at CE upwelling driven
hydrographic changes, especially the role temperature in influencing the chemical
variables, like dissolved gases (DO, tCO,) was one of the main factors at the CEs. The
second important factor was regeneration of inorganic nutrients like ammonium,
phosphate and nitrites. Additionally, the influx of nitrates and silicates that regulate
the biological productivity and essentially the prevailing phytoplankton community
structure was another contributing factor that had a significant role in controlling the

POM dynamics at the CE locations (Table 4.4).
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Temperature | Salinity DO NO; | Nitrite | Ammonia | Phosphate | Silicate | Chl-a | POC PN 8°Cpom | "°Npowmy | C:N | POC:Chl-a | AOU

Temperature 1

Salinity 0.517 1

DO -0.872 -0.745 1

NO; -0.658 -0.717 0.750 1

Nitrite 0.073 0.568 -0.438 | -0.278 1

Ammonia -0.047 0.607 -0.199 | -0.198 | 0.642 1

Phosphate 0.457 0.198 -0.463 | -0.147 | 0.350 0.356 1

Silicate -0.811 -0.714 0.746 0.743 -0.180 -0.287 -0.257 1

Chl-a 0.424 0.305 -0.286 | -0.221 | -0.110 -0.101 0.048 -0.462 1

POC -0.069 -0.568 0.235 0.221 | -0.488 -0.717 -0.207 0.329 -0.062 1

PN 0.112 -0.429 0.130 0.078 | -0.373 -0.570 -0.293 0.104 0.105 0.606 1

3Cpom) 0.611 0.564 -0.565 | -0.578 | 0.213 0.251 0.059 -0.616 0.158 -0.429 0.185 1

"N rowm) 0.330 0.176 | -0.267 | -0.194 | -0.095 -0.114 0.080 -0.217 | 0540 | 0233 | 0.112 0.121 1

C:N -0.162 -0.450 0.230 0.224 | -0.382 -0.507 -0.051 0.327 -0.109 0.847 0.107 -0.663 0.222 1

POC:Chl-a -0.320 -0.654 0.391 0.326 -0.365 -0.524 -0.262 0.543 -0.539 0.830 0.546 -0.363 -0.115 0.652 1

AOU -0.326 0.379 -0.153 | -0.116 | 0.661 0.495 -0.034 0.217 -0.367 | -0.380 | -0.471 -0.033 -0.192 -0.20 -0.105 1

Table 4.3: Pearson’s correlation matrix for bio-chemical variables at Cyclonic eddy (CE) locations during 2012 and 2013. All values in

bold imply significant correlation between the variables (significance level alpha=0.05).
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Variables F1 F2 F3 F4
Depth 0.936 0.343 -0.039 -0.018
Temperature -0.887 0.119 0.411 0.173
Salinity -0.095 0.549 0.595 0.412
DO 0.807 -0.324 -0.327 -0.261
tCO, 0.709 0.454 -0.096 -0.339
Nitrate 0.393 -0.218 -0.663 -0.515
Nitrite 0.016 0.970 -0.053 0.182
Ammonia 0.214 0.960 0.082 0.160
Phosphate -0.368 0.748 -0.006 -0.293
Silicate 0.605 -0.221 -0.674 -0.227
Chl-a -0.271 -0.178 0.942 0.087
3"°Cpom -0.394 0.180 0.251 0.866
3" Npowm) 0.085 -0.161 0.490 0.405
C:N 0.048 -0.400 -0.371 -0.445

Eigen value 6.32 3.51 1.59 0.75

Variability (%) 45.11 25.06 11.37 5.36
Cumulative % 45.11 70.17 81.53 86.89

Table 4.4: Principle factor Analysis for bio-chemical variables at Cyclonic eddy (CE)
locations during 2012 and 2013.

Although the major controlling factors/processes were common at the CE influenced
locations, the intensity of the impact of these factors are likely to vary at the three CE
locations that were considerably different from each other. Especially, CE1 was

significantly different from CE2 and CE3, that were considerably similar in the
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dominant biological processes influencing the POM characteristics and the variability

of 3"°Cpom) and 5"°Npowm at these locations.

4.2.3.2 Anticyclonic eddies

Statistical analysis using Pearson’s correlation coefficient displayed
significant positive relation between 513C(pOM) and POC, PN, ammonium and also an
inverse correlation with Chl-a (Table 4.5). Likewise, 815N(pOM) displayed a positive
correlation with DO and Chl-a. It also had an inverse correlation with nitrate and
silicate (Table 4.5). Also, the POC and PN correlation was comparatively more
significant than that observed at the CEs. These features suggest the role of
heterotrophic activity and regenerated production on the POM characteristics at the

ACE influenced regions.

Moreover, the factor analysis performed on POM characteristic variables like
83Cpom), 5°N(pom), POC, PN, C:N ratio and other physico-chemical properties at the
ACE influenced locations implied four major factors influencing the POM dynamics
at the ACE. One of the main factors was the hydrographic change due to eddy
currents, which influence of inorganic components mainly the nitrates and silicate and
tCO,. Secondly, the heterotrophic activity in the ACE influenced waters. Another
important factor to be considered is the influence of advective mixing, implied from
the salinity and nutrients association and lastly the role of phytoplankton biomass and
community variability in influencing the POM characteristics at the ACEs (Table

4.6).
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Variables Temperature | Salinity DO Nitrate | Nitrite | Ammonia | Phosphate | Silicate | Chl-a | POC PN Cpom | 6"Npomy | C:N POC:Chl-a | AOU
Temperature 1

Salinity 0.498 1

DO 0.084 -0.048 1

Nitrate -0.731 -0.172 -0.429 1

Nitrite -0.343 -0.602 | -0.302 | 0.351 1

Ammonia -0.303 -0.495 | 0.050 | 0.195 0.305 1

Phosphate -0.054 0.596 0.107 | -0.024 | -0.655 -0.252 1

Silicate -0.519 -0.158 -0.494 0.846 0.606 0.198 -0.221 1

Chl-a -0.181 0.063 0.187 | -0.349 | -0.163 -0.200 0.314 -0.361 1

POC 0.109 -0.588 | 0.192 | -0.203 | 0.243 0.509 -0.364 -0.182 | -0.245 1

PN 0.383 -0.440 | 0.150 | -0.471 | 0.251 0.140 -0.425 -0.317 | -0.188 | 0.739 1

35Crom) 0.194 -0.415 | 0.356 | -0.125 | 0.031 0.499 -0.460 -0.183 | -0.460 | 0.713 | 0.488 1

"N rowm) 0.124 0.079 0.518 | -0.640 | -0.424 -0.107 0.468 -0.717 | 0.639 | 0.151 | 0.256 -0.041 1

C:N -0.422 -0.052 | 0.059 0.405 | -0.094 0.311 0.221 0.138 0.059 | 0.113 | -0.519 0.218 -0.046 1

POC:Chl-a 0.124 -0.256 -0.217 0.242 0.347 0.313 -0.446 0.253 -0.771 | 0.525 0.404 0.406 -0.514 -0.045 1

AOU -0.599 -0.077 -0.665 0.842 0.522 0.032 -0.055 0.871 -0.127 | -0.311 | -0.370 -0.451 -0.550 0.099 0.122 1

Table 4.5: Pearson’s correlation matrix for bio-chemical variables at Anticyclonic eddy (ACE) locations during 2012 and 2013. All

values in bold imply significant correlation between the variables (significance level alpha=0.05).
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Variables F1 F2 F3 F4
Depth 0.880 -0.387 0.101 0.164
Temperature -0.892 -0.349 0.161 -0.237
Salinity -0.118 -0.462 0.847 0.005
DO -0.319 0.803 -0.087 0.339
tCO; 0.720 -0.261 0.530 0.078
Nitrate 0.906 0.046 0.058 -0.399
Nitrite 0.081 -0.224 -0.905 -0.090
Ammonia -0.043 0.958 -0.093 -0.080
Phosphate 0.208 0.111 0.721 0.349
Silicate 0.913 -0.078 -0.150 -0.371
Chl-a -0.136 -0.092 0.136 0.786
3"Cpom) -0.403 0.701 -0.082 -0.583
3" Nepom) -0.508 0.189 0.297 0.680
C:N 0.342 0.841 0.210 -0.005
Eigenvalue 4.82 3.51 2.78 1.45
Variability (%) 34.40 25.05 19.83 10.37
Cumulative % 34.40 59.46 79.29 89.65

Table 4.6: Principle factor Analysis for bio-chemical variables at Anticyclonic eddy

(ACE) locations during 2012 and 2013.

Similar to CEs, even though the major factors/ processes responsible for changes in

the POM characteristics were common at the ACE influenced regions, there was a
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considerable difference at the ACE1, ACE2 and ACES3, implied from the statistical
analysis of different physico-chemical and biological variables and the POM

characteristics.

4.3 Discussion
4.3.1 Eddy characteristic features

The analysis of OSCAR data showed the presence of six eddies in the STF
during the years 2012 and 2013. Also, the eddies observed in 2013 were found to be
stronger than 2012 as evident from the magnitude of the surface currents in the study

region. The detachment of CEs from the mean flow was evident at ~ 40°S during both

the years and 42° 44'S & 58°E in 2013 (Fig. 4.10).

11 Jan 12

36°S

40°S

44°S

48°S

52°S
40°E 44°E 48°E 52°E 56°E 60°E 64°E 40°E 44°E 48°E 52°E 56°E 60°E 64°E
—>12m/s

s Latitude

6°S 26 Jan 13 31Jan 13
14
e ] o /
40°S = .\‘/ ,*'\\\\j 3} A

‘,..
3 s
X L S
6 -
—

44°s

48°S

52°S
40°E 44°E 48°E 52°E S56°E 60°E 64°E 40°E 44°E 48°E 52°E 56°E 60°E 64°E
Longitude

Figure 4.10: OSCAR (5-day average) surface currents variability in the study region
during 2012 and 2013 during the study period.
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The magnitude of the surface current at the CE2 and CE3 was strong (> 1 m/s) than
the CE1 (<0.5 m/s). Likewise, the surface current at ACE2 and ACE3 was stronger
(> 1 m/s) than ACE1 (<1 m/s). The ARC and STF merged region has been identified
as the highest mesoscale variability in the entire SO (Lutjeharms & van Ballegooyen,
1988) due to the baroclinic instability of the mean currents at this region (Wells et al.,
2000). Also, Zhu et al. (2018) reported that the region around the ARF is an area
where the eddy kinetic energy transfer, from the mean flow to the eddies is most
prominently. The eddy generation due the instability of the mean flow was visible in

the surface current data during our period of study (Fig. 4.10).

Further, based on daily SSH, it was confirmed that the observation of CE1 was
carried out at the eddy center. Also, the tracking of CE1 suggested that this eddy was
~ 3 months old at the time of sampling (Table 4.1) and had evolved from the south of
STF (Fig. 4.11b). Similarly, CE2 sampling was done at the center of the eddy.
However, this was a newly generated eddy, approximately 1 month old (Table 4.1)
and originated in the STF (Fig. 4.11d). Compared to CE1 and CE2, the CE3 was <1
month old, with its origin in the STF, however this sampling location was at the eddy

periphery (Fig. 4.11f).

The ACEs observed in 2012 were much older at the time of observation
compared to the ACE observed in 2013. The SSH analysis showed that the ACE1 and
ACE2 were ~ 3 to 4 months old at the time of study (Table 4.1), evolved within the
STF (Fig. 4.11). However, the observation locations, ACE1 and ACE2 were made at
the center and periphery respectively. Whereas, ACE3 was originated in the ARF
(39°S) and evolved, moving towards the STF (Table 4.1) and noted to be <1 month, at

the time of observation (Fig. 4.11).
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Figure 4.11: SSH variability and the trajectory of (a) ACEL, (b) CE1, (c) ACE2, (d)

CEZ2, (e) ACE3 and (f) CE3.

The observed MLD at the CE locations was shallower compared to the ACEs
during the period of study (Table 4.1). This was due to the eddy driven upwelling and

downwelling process occurred in the study region (Bakun, 2006).

4.3.2 Biogeochemical processes controlling the POM characteristics at cyclonic
eddies

The observed lower temperature in the CEs mostly coincided with higher
nutrient concentration, which was due to the upward flux of cold, nutrient rich
subsurface/deeper waters into the surface layer (McGillicuddy et al., 1998; Bidigare et
al., 2003; Kolasinski et al., 2012), influencing the biological productivity and POM
characteristics. During this study, it was observed that the POC concentration and the

8'3Cpom) characteristics were considerably different at the three CEs. The influx of
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nutrients to the euphotic waters played a significant role in the variability of 813C(p0[\/|)
in the STF. The higher 3"*Cpomy were generally associated with warmer temperature
and lower nutrient concentration indicated from the significant correlations of

§'°Cpomywith nutrients and temperature at this region (Table 4.3).

The 5"°C(pom) at CE1 was enriched in **C (-22 %o), especially upto the DCM
depth (Fig. 4.8). This was likely due to the increase in primary productivity, as a
result of supply of nutrients due to eddy pumping to the euphotic waters. The
enhanced productivity is often associated with an increase in the CO, demand, and
smaller fractionation (Canuel et al., 1995) during phytoplankton uptake which favors
the enrichment of 8"°Cpom) at CE1. Moreover, these waters were dominated by
nanoflagellates (mostly dinoflagellates) (Fig. 4.6), which contains the enzymes PEPC
(phosphoenolpyruvate  carboxylase)  and PEPCK  (phosphoenolpyruvate
carboxykinase), that can result in higher 813C(po,v|) (Descolas-Gros and Oriol, 1992).
The smaller fractionation and lesser discrimination among the available carbon forms
during photosynthetic uptake (Bentaleb, et al., 1998) contribute to the high 813C(po|v|)
observed. Additionally, this enrichment of 813C(po,v|) may be a response of
regenerative processes and available ammonium supporting the biological
productivity in low nitrate waters (Lara et al., 2010). It was evident from the
biochemical variables that the CE1, was a region with contribution from regenerative
processes. Also, the concentration of ammonium was higher at this location and

showed a significant inverse correlation with 8*Cpomy and 5™ Npowmy (Fig. 4.12a & b).
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Figure 4.12: Spearmen’s correlation of (a) 8130(po|v|) and ammonium, (b) 815N(po,v|)

and ammonium at CE1.

This suggests the role of ammonium concentration to the biological
productivity and thus the POM characteristics, at this location with low nitrates.
Furthermore, the average of C:N ratio at CE1 (6.3), was closer to the Redfield’s ratio
(6.63) of fresh and growing phytoplankton cells (Laws et al., 2001), suggesting the
presence of phytoplankton growth at CE1, which was evident in the satellite Chl-a
(Fig. 4.13). Further, the CE1 was approximately 3 months old at the time of
observation (Fig. 4.11) which suggests that this eddy was at a decaying phase during
which the biological response is moderate with a sustained column production. The
observed age of the CE1 and the governing biochemical processes implied that a
recycling/ regenerative system prevailed in the CEL, also indicated from the factor

analysis.
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Figure 4.13: Weekly (6th to 13th January 2012) mean surface chlorophyll imagery

derived from MODIS Aqua.

In the case of CE2 and CES3, the influx of nutrients due to eddy pumping was
much higher than CE1, however, it was not reflected in the distribution of Chl-a. In
the present study the low response of phytoplankton was probably due to a time lag
between the initial influx of nutrients to the euphotic zone and its uptake. It was
observed that CE2 and CE3 were newly generated with an approximate age of one
month. This indicates that these eddies were at the initial stage of its life cycle,
dominated by strong upwelling of subsurface/deeper waters (Sweeney et al., 2003).
Further, the surface waters at CE2 and CE3, were dominated by nanoflagellates
similar to CE1, but the contribution from picophytoplankton was considerably higher
than at CE1. The observed low Chl-a and phytoplankton biomass has been attributed
to the dominance of small sized phytoplankton at these eddies (Jasmine et al., 2009;
Mishra et al., 2020; Venkataramana et al., 2020). Also the 813C(pOM), at the CE2 and
CE3 was depleted (avg. -24.5 %o) compared to CE1. The lower 8" Cpowmy Was possibly
due to the strong upwelling of subsurface waters which can also bring partially
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degraded POM from deeper waters to the surface layer. Additionally, the higher C:N
ratio and higher POC:Chl-a (Fig. 4.7), suggested the presence of older, partially
degraded refractory POM, rich in *3C or probably a contribution from heterotrophic
processes (Coban-Yildiz et al., 2006) in the water column. This explains the higher
(~twice) concentration of POC and PN observed at the CE2 and CE3, even though the

Chl-a concentration was lower at these regions.

However, the surface waters at CE3 were comparatively colder than CE2, and
also a prominent DCM was observed at ~ 50 m of CE3, unlike CE2. This increase in
phytoplankton biomass at ~50 m could be due to a shift in the phytoplankton
community at the DCM depth which comprised of nearly equal contribution from
diatoms and picophytoplankton (Fig. 4.6). Further, even though the POM attributes
(C:N ratio, POC:Chl-a ratio and 8"°Npom) values) were more variable and a notch
higher compared to CE2 (Fig. 4.7), these properties affirmed the observation at CE3
was at an early phase (Kolasinski et al., 2012). Even though CE2 and CE3 were
almost similar in age and origin, there are differences in the biological
processes/activity. This may since the CE3 was at the periphery of the eddy while
CE2 location was at the centre (Fig. 4.1). The strong currents at the outer periphery of
the eddies favours higher biological production (Sabu et al., 2015; Brannigan, 2016)

hence the variability of POM characteristics.

Overall the POM properties (C:N, POC:Chl-a) at the DCM was similar to
fresh POM, suggesting higher autotrophic activity at this depth (Hoffmann et al.,
2006). Further, the 8"°Npowm) at the DCM depth was also enriched, with the maximum
enrichment at CE3 and a significant positive correlation of °N@pom) and Chl-a,

further ascertains the prevalence of growing phytoplankton cells at the DCM.
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In general, the three CEs observed at STF in the present study were different
in their biogeochemical responses and POM characteristics which can be attributed to
the significant difference in the age of these eddies at different phases of its life cycle.
Previous studies have revealed that the origin and stage of the eddy life cycle have a
significant role in the biological pattern (Sweeney et al., 2003; Jose et al., 2014). This
study implied that the eddy dynamics also influence the POM dynamics in the photic
waters. Hence it can be postulated that the physical processes such as age, intensity
and origin of the eddy at the STF, may play a significant role in influencing the local

biogeochemical processes and the POM characteristics

4.3.3 Biogeochemical processes controlling the POM characteristics at Anticyclonic
eddies

The observed ACEs in the present study were low in nutrients and increased
gradually below ~75 m. Also, the ACEs were associated with comparatively lower
POC and PN than the CEs. In spite of the low nutrients, a prominent DCM was
observed at ~75 m, especially in ACE1 and ACE2. Also, the euphotic depths at ACE1
and ACE2 were deeper and observed at ~85 m and ~80 m respectively; unlike at
ACE3. This suggested that the depth of the DCM at these locations was dependent on
the nutrient concentration and the light availability. Earlier studies have explained the
relation between the light and the DCM (Liu et al., 2018) due to the adaptation of
phytoplankton to increased nutrients and the light intensity (Gieskes et al., 1978;

Hickman et al., 2012).

The 5"°N@pom) was enriched at ACE1 and ACE2, especially at DCM which

was attributed to an increase in phytoplankton productivity. The 8"°Nowm) is primarily
(POM)
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dependent on the isotopic ratio of the nitrate present and the degree of its uptake in the
water column (Altabet and Francgois, 1994; Montoya, 1994). At the DCM, the
presence of actively growing phytoplankton and low nitrates, could result in the
dominance of N rich nitrate available for uptake, which favors the enrichment of
815N(p0M), This was indicated from the significant positive correlation of 815N(p0M)
with Chl-a and inverse correlation with nitrates (Table 4.5). Further, the 3"*Cpowm)
depleted gradually with depth below the DCM at these two ACEs suggesting the role
of degradation in altering the POM properties responsible for the lower 613C(po,v|)
below the DCM (Eadie and Jeffrey, 1973; Harvey et al., 1995; Kolasinski et al.,

2012).

Additionally, the ACE1 was warmer with least concentration of nitrates than
the other ACEs, this resulted in the low Chl-a concentration with significant
contribution from prokaryotic picophytoplankton (~30 %) above the DCM. Similar
scenario has been reported in nutrient depleted warm oligotrophic waters (Agawin et
al., 2000). Also, the POC:Chl-a ratio above DCM was >200, suggesting the
contribution from heterotrophic processes (Savoye et al., 2003). However, at the
DCM the C:N ratio (~6) and POC:Chl-a ratio (<100) suggested a major contribution
from fresh organic matter and phytoplankton to the POC which also indicates the
dominance of autotrophic processes at this depth (Maksymowska et al., 2000; Savoye

et al., 2003).

Moreover, the C:N ratio was higher than the Redfield’s ratio of
phytoplankton, and was highly variable at ACE2 (Fig. 4.7). This was likely due to the
abundance of macrozooplankton like Pyrosoma and Salps in the surface waters of this

region, implying the effect of grazing. This also suggests a significant contribution
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from the fecal matter of this grazing community to the POM (Caron et al., 1989),
responsible for the higher C:N ratios observed at ACE2. Another possible factor
contributing to the high variability in POM characteristics at ACE2 was, that this
location was at the periphery of an aged ACE (Fig. 4.1; Table 4.1), and under the
influence of eddy-wind interactions. The higher variability of C:N within the upper
water column was due to the complex dynamics of ACE2 location (Soares et al.,

2020) altering the POM characteristics.

Furthermore, at ACE3 the §*C(powmy was the most enriched compared to the
other two ACEs (Fig. 4.7), and also showed lower Chl-a. However, the correlation of
8°Cpomy Wwith nitrate and Chl-a (Table 4.5) implied the nitrate dependent
phytoplankton growth at ACE3. Additionally, the correlations of 815N(P0|\/|) with
nitrates and Chl-a (Fig. 4.14a & b), and the inverse relation of nitrate with Chl-a (Fig.
4.14c), suggests the sustenance of phytoplankton biomass under low nutrient
conditions (Chen et al., 2004). It was also noted, that the contribution of the diatom

community was higher at ACE3.
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Figure 4.14: Spearmen’s correlation of (a) 815N(po,v|) with nitrate, (b) 515N(po|v|) with

chlorophyll and (c) Nitrate with chlorophyll at ACES3.

Additionally, it was observed that the C:N ratio and POC:Chl-a ratio increased
with depth and was accompanied with a decrease in POC, implying a contribution of
detrital matter to POM or the prevalence of heterotrophic processes (Savoye et al.,
2003; Coppola et al., 2005) relative to autotrophy below the DCM. This is also
supported by a positive correlation of 813C(po,v.), with POC, and an increase in AOU
corresponding to the decrease in POC at this region, implying the impact of increase

in respiration/heterotrophic activity (Omand et al., 2015) beyond the DCM.

Overall, although, the hydrographic features and chemical variables at CE3

and ACE2 were quite distinct and different, there was a little similarity in the column
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variability of POM properties, at CE3 and ACE2. Perhaps this could be because both
these sampling locations were at the eddy periphery of CE and ACE, respectively.
Although the age and origin of these two eddies were different, these sampling
locations were associated with the dynamics of eddy boundary processes. The CE3
had a significant influence from the eddy-eddy interaction and supported by
submesoscale mixing at the edge of the eddy (Gaube et al., 2015; Brannigan 2016).
While, ACE2 was associated with eddy-wind mixing that cause undulations and
changes in the nutrient dynamics, impacting the biology (McGillicuddy, 2016; Soares

et al., 2020) and POM characteristics at eddy periphery.

4.4 Salient Findings

The prevalence of eddies had a significant influence on the thermohaline
properties, and the nutrient availability in these regions. Further, the nutrient
variability and column stability influenced the dominant phytoplankton community,

and POM characteristics.

The POM characteristics, its isotopic signatures (8"*Cpomy & 8°Npom)) were
significantly different at the CEs and ACEs and also at the centre and periphery of the
eddy. Overall, the enrichment of 3"*Cpowmy at the CEs was the most at CE1 surface
waters, unlike the 8°Npowm) that was most enriched at the DCM of ACEs. Although,
the hydrographical features at CE3 and ACE2 were different, the similarity in the
POM properties was attributed to the eddy-eddy interaction and eddy-wind interaction
that influenced the nutrient dynamics and the POM characteristics via the response of

the biological community.
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Further, the observed eddies were at different stages of the eddy-cycle. In
2012 the eddies were at a later phase, mainly at a maturity phase, unlike 2013 when
the eddies were at its initial phase of the eddy life cycle, that was responsible for a
shift in the phytoplankton community and the variability in POM characteristics. This
study ascertains that the origin/source of the eddy, its age and the different phases of
the eddy life cycle are very critical in determining the POM characteristics in the STF.
This also have an important role in determining the functional food web structure and

the fate of POM at the eddy influenced regions like STF.

101|Page



5. Dynamics of POM in the upper ocean across the Fronts in the

Indian sector of the Southern Ocean

5.1 Introduction

Oceans contain large amount of OM and exists as, DOM and POM forms that
play an important role in the global carbon. The quality and quantity of POM in
oceans are largely dependent on the column stratification, light intensity, nutrient
availability, phytoplankton community (Kuenzler and Ketchum, 1962; Menzel and
Ryther, 1964; Menzel and Goering, 1966). Heterotrophic organisms including the
zooplankton also play a crucial role in determining the elemental composition of
POM (Crawford et al., 2015; Talmy et al., 2016). The different biogeochemical
processes can alter the carbon and nitrogen content of POM (Schneider et al., 2003).
The 1SSO being a dynamic region due to seasonal changes and short-term events,
which may greatly impact the qualitative and quantitative properties of POM (George

et al., 2018; Huang et al, 2018; Soares et al., 2020).

Studies in the ISSO have shown that the composition and transformation of
POM vary largely across the fronts (Soares et al., 2020a) due to changes in the
environmental conditions leading to its export or remineralisation (Omand et al.,
2020). The depth of remineralisation is also important in the sequestration and
redistribution of carbon and nutrients in the upper water column (Kwon et al., 2009;
Segschneider and Bendtsen, 2013). Hence, the changes in the POM characteristics
produced in the surface waters, is significantly related to its origin and the alterations

in the water column (Tremblay, et al., 2014).
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Understanding the variability of POM across the different fronts is very
important to quantify the biogenic carbon fluxes in the oceanic environment, as
addressed in this chapter. Since there are limited studies on POM dynamics with the
column of the ISSO, section 5.3.1 of this chapter address the upper column variability
across the fronts of the ISSO and the dominant trophic process in these frontal
regions. Further the next section (5.3.2) attempts to understand the major factors
contributing to the column transformation of POM and the frontal variability of POM
characteristics. This chapter also address the possible fate of POM, with respect to
POC-fluxes and the remineralisation of POM in section 5.3.3, in an attempt to
understand the efficiency of the oceanic biological pump. And the next section (5.3.4)
tries to elucidate the driving forces responsible for the inter-annual variability of POM

dynamics across the frontal regions of the ISSO.

5.2 Results

5.2.1 Hydrography and nutrients

There was a sharp gradient (~19 to 2 °C) in the water-column temperature
from STFZ to SAFZ and PFZ with an increased cooling (0.4 °C) in the PFZ water
column, especially during 2013 (Fig. 5.1a & b; Table 5.1 & 5.2). The upper water
column was comparatively warmer during 2012 than 2013. Further, the isotherms
within the STFZ showed undulations during both the years of study, and were more
intense during 2013 (Fig. 5.1b), probably due to the fact that this region is prone to
frequent formation of both cyclonic and anti-cyclonic eddies. Likewise, the gradient
in salinity also showed a decrease from the STFZ (avg. 34.60+0.71) to the PFZ (avg.

33.84+0.07), (Table 5.1 & 5.2).
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Similar to isotherms, undulations in the isohalines was observed at the STFZ
during both the years (Fig. 5.1c & d). It was also observed that the waters were
fresher at SAFZ (33.8) and almost similar to PFZ (33.7-33.9) (Fig. 5.1d) during 2013.
Overall the water column was fresher during 2013 compared to 2012. Also, the
observed MLD deepened towards the PFZ (Table 5.3). Dissolved oxygen generally
ranged from 217 to 339 uM (Table 5.1 & 5.2) during the study periods. In the STFZ,
DO (217 to 304 uM) exhibited a large variation (Fig 5.1e & f), especially during
2013. Also, DO increased gradually southwards along SAFZ (241 to 292 uM) where
the DO within the water-column was more uniform than the other regions, beyond
which, the oxygen levels became highly saturated (306 - 339 uM) at the PFZ (Fig.
5.1e & f). Further, the AOU increased with depth and was higher below the euphotic
depth across all the frontal regions. It was also observed that the AOU was a notch

higher during 2013 austral summer (Table 5.1 & 5.2)
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Figure 5.1: The variability of Temperature (a, b); Salinity (c, d) and the concentration
of dissolved oxygen (DO) (e, f) in the upper 120 m water-column, across the different

fronts of the ISSO during austral summer 2012 and 2013.
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Temperature . DO |NO; |[PO, |SiO, | NH; _ < | Chl-a | POC | PN 13 8"Npom | C:N _ AOU
. o Salinit N:P N:Si 6°C POC:Chl-a

Region (°C) Y @My | @M) | @My | @My | @m) (Mg/L) | (Mg/L) | (ug/L) (%f:)o“”’ (%o) (uM)

Sub- 5.8 3382 | 225 | 009 | 118 | 088 | 085 | 1.6 | 1.0 | 005 | 151 15 -27.8 -0.7 3.1 22 -10.6

Tropical - - - - - - - - - - - - to to - - to

Frontal 19.3 3560 | 304 | 2010 | 256 | 549 | 325 | 9.0 | 140 | 119 | 746 | 16.6 214 4.4 21.8 366 28.2
Zone

(STFZ) (13.6 (34.78 | (259 | (6.80 | (1.67 | (235 | (1.94 | (48 | (43 | (0.48 | (63.0 | (6.7 (-24.5 (1.8 (7.2 (108 (4.9

+3.7) +0.66) | +22) | #5.81) | £0.37) | £1.29) | £0.47) | #2.3) | £3.3) | £0.31) | #15.5) | #3.6) +1.8) +1.5) | £3.8) +80) +11.2)

Sub 11.6 3466 | 241 | 203 [ 118 | 119 [ 165 | 32 [ 27 [ 007 [ 21.3 | 402 -26.2 2.9 4.2 26 0.1

Antarctic - - - - - - - - - - - - to To - - To

Frontal 14.5 3496 | 256 | 1137 | 175 | 492 | 230 | 81 | 38 | 081 | 368 | 7.55 -24.8 4.1 5.6 202 31.2
Zone

(SAFZ) (13.4 (34.89 | (249 | (5.68 | (1.15 | (267 | (203 | (5.3 | (33 | (0.48 | (319 | (6.3 (-25.5 (3.4 (5.1 (78 (13.7

+1.39) +0.10) | +6) | £3.97) | £0.24) | +1.65) | £0.27) | +1.2 | 0.5) | £0.29) | #5.0) | *1.1) +0.6) +0.4) | +0.5) +70) +13.9)

2.2 3373 | 306 | 15.01 | 179 | 280 | 1.12 | 70 [ 1.19 | 0.07 | 312 5.8 -28.3 2.9 33 59 -3.2

- - - - - - - - - - - - to to - - to

Polar 5.3 3392 | 328 | 2846 | 365 | 2581 | 3.60 | 12.7 | 7.18 | 0.67 | 549 | 167 -24.0 2.2 10.2 269 24.1
Frontal

Zone (4.2 (33.80 | (316 | (20.47 | (2.37 | (7.76 | (202 | (9.9 | (38 | (0.45 | (413 | (9.2 (26.5 (-0.0 (6.1 (109 (7.7

(PFZ) +0.8) +0.05) | +5) | #3.54) | £0.45) | #5.0) | £0.62) | #1.7) | +1.8) | £0.17) | +7.3) | #3.1) +1.0) +1.4) | +1.4) +51) +7.6)

Table 5.1: The range and average (in parenthesis is the column average) of temperature, salinity, DO, NO3, POg, SiO4, NH3, N:P, N:Si,
Chl-a, POC, PN, §"*Cpom) 6"°Npomy, C:N (M/M), POC:Chl-a, and AOU within the upper water column at the different fronts during

austral summer 2012.
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Temperature - DO |NO; | PO, |SiO, | NH; ) .« | Chl-a | POC PN 13 3 Npom) | ~. . AOU
. o Salinit N:P N:Si 6°C C:N | POC:Chl-a
Region (°C) Y@My | M) | @My | M) | M) (Mg/L) | (Mg/L) | (Hg/L) (%fff“’” (%o) (uM)
Sub- 5.0 33.65 217 0.78 0.94 2.34 0.81 3.2 1.2 0.04 29.5 3.3 -26.6 -5.2 6.5 93 -5.7
Tropical - - - - - - - - - - - - to to - - to
Frontal 16.3 35.42 298 | 17.75 | 2.20 6.13 280 | 187 | 5.4 075 | 1942 | 16.7 -22.5 5.4 22.4 517 31.9
Zone
(STFZ) (115 (3424 | (269 | (10.27 | (1.44 | (3.87 | (1.88 | (9.1 | (3.3 | (0.28 | (78.2 9.3 (-24.8 (0.4 (9.9 (285 (6.5
+3.8) +27.2) | #27) | 5.8) | £0.40) | £1.07) | #0.52) | +4.3) | #1.3) | +0.16) | +42.9) | +3.8) +0.9) +2.9) +3.6) +148) +11.6)
Sub 7.0 33.78 281 | 1222 | 1.64 3.56 107 | 84 | 41 0.29 20.9 3.6 -25.7 -4.1 5.1 79 15
Antarctic - - - - - - - - - - - - to to - - to
Frontal 9.7 33.83 292 | 16.78 | 2.07 | 4.65 340 | 104 | 4.6 0.67 | 1214 | 115 -23.8 -0.5 13.5 212 11.4
Zone
(SAFZ) (9.3 (33.79 | (284 | (14.45 | (1.89 | (4.01 | (229 | (93 | (44 | (0.44 | (53.2 (8.9 (-24.5 (-2.7 (7.2 (108 (45
+1.0) £0.02) | +4) | +1.4) | £0.17) | £0.34) | £0.85) | +0.7) | £0.2) | £0.14) | +25.7) | +2.7) +0.6) +1.2) +2.8) +47) +3.4)
0.4 33.69 319 | 11.46 | 1.30 3.73 1.87 | 105 | 0.69 | 0.08 24.8 4.2 -27.3 -4.9 5.6 54 -7.3
- - - - - - - - - - - - to to - - to
Polar 4.9 33.97 339 | 27.04 | 230 | 4027 | 352 | 149 | 6.20 | 1.11 80.5 14.7 -24.8 15 11.9 374 33.2
Frontal
Zone (3.0 (33.84 | (327 | (21.74 | (1.89 | (186 | (262 | (13.3 | (2.2 | (0.43 | (524 (8.8 (-25.8 (-2.0 (7.1 (152 (6.7
(PF2) £1.3) £0.06) | +4) | +45) | £0.31) | £11.6) | £0.49) | +1.0) | £1.7) | £0.31) | +14.4) | +2.8) £0.72) *1.7) +1.5) +96) +10.2)

Table 5.2: The range and average (in parenthesis is the column average) of temperature, salinity, DO, NO3, POg, SiO4, NH3, N:P, N:Si,
Chl-a, POC, PN, §"Cpom) 6"°Npomy, C:N (M/M), POC:Chl-a, and AOU within the upper water column at the different fronts during
austral summer 2013.
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Station | Front | Latitude | Longitude | ED | MLD | DCM Station Front Latitude | Longitude | ED | MLD | DCM
No. (°S) (m) No. (°S) (m)
(°E) (m) | (m) (°E) (m) | (m)
2012 austral summer 2013 Austral summer

1. 40 58.5 50 37 62 1. 40.4 55.06 63 24 55
2. 40 56.5 46 18 45 2. STFZ 41.6 57.7 59 63 50
3. 40 53.5 76 23 68 3. 42.7 58.5 54 41 55
4. SThe 43 53.5 54 36 50 4. SAFZ 45.0 57.6 43 86 60
5. 43 56.5 58 29 30 5. 49.6 57.5 54 57 65
6. 43 58.5 34 39 35 6. PF 50.7 50.5 56 66 70
7. SAFZ 45 58.5 40 48 52 7. - 51.4 51.6 56 106 100
8. 50 57.5 53 105 82 8. Pre 52.4 48.1 74 76 75
9. Pre 53 57.5 44 90 88 9. PE 56.6 57.7 55 71 70
10. u 56.5 54.7 74 100 98

Table 5.3: The Euphotic Depth (ED), Mixed Layer Depth (MLD), and the depth of the Deep Chlorophyll Maxima (DCM), identified at

the different locations across the fronts during the two consecutive austral summer studies in the 1ISSO.
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All the macronutrients (nitrate, silicate, phosphate) remained low in the STFZ, which
increased gradually towards PFZ. Overall, the nutrients were comparatively higher
during 2013 than 2012 (Fig. 5.2 a-f). Nitrate showed a patchy distribution in STFZ
(0.09 - 20.10 puM), and SAFZ (2.03 to 16.78 uM), but there was a ~10-fold increase in

the PFZ waters (11.46 to 28.46 uM) (Fig 5.2 a & b; Table 5.1 & 5.2).
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Figure 5.2: The column variability in the concentration of nitrate (a, b); silicate (c, d)
and phosphates (e, f) in the upper 120 m water-column, across the different fronts of

the ISSO during austral summer 2012 and 2013.

In general, the concentration of silicates increased from the STFZ with high

variability (0.88 to 6.13 pM) and SAFZ (1.19 to 4.92 uM) to a maximum in the PFZ
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(2.8 t0 40.27 uM) during both the periods (Fig 5.2 ¢ & d), especially during 2013. The
concentration of phosphate, however, did not show any significant variation across
these fronts. The average concentration of phosphate was 1.6+ 0.4 uM; 1.7+0.3 uM
and 2.0+£0.5 puM at the STFZ, SAFZ and PFZ, respectively, indicating a small

increasing gradient towards PFZ during this study (Fig. 5.2 e & f).

5.2.2 Quality of POM

The concentration of POC was lower (15.1 to 74.6 pg/L) during 2012 compared to
2013 (29.5 to 194.2 pg/L) in the STFZ (Table 5.1 & 5.2). Both POC and PN were
highly variable during both years (Fig. 5.3a, b), though POC decreased below the

depth of DCM.
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Figure 5.3: The column variability in the concentration of POC and PN in the upper
120 m water-column, across the different fronts of the ISSO during 2012 (a, c¢) and

2013 (b, d)
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Further in the SAFZ, the POC was consistently low during both the years, with a
range of 21.3 to 36.8 ug/L and 28.8 to 121.4 pg/L, respectively during 2012 and
2013. However, in the PFZ the POC ranged from 31.2 to 54.9 ug/L and showed very
little column variability during 2012 (Fig. 5.3a) and varied from 24.8 to 80.5 ug/L
during 2013 (Fig. 5.3b).

Similar to POC, the overall concentration of PN ranged from 1.5 to 16.7 pg/L
and 3.3 to 16.7 pg/L across the fronts during 2012 and 2013, respectively, with
maximum variability in the STFZ (Table 5.1 & 5.2). Although the overall range of PN
was quite similar during both the periods, it was noted that the overall PN was higher
during 2013 and the concentration decreased with depth in the upper water column
(Fig. 5.3c & d). It was observed that during 2012, PN concentration was higher in the
PFZ (Fig. 5.3c), but during 2013 the higher PN was observed at the STFZ, and the

low concentration at PF-I1 in the PFZ (Fig. 5.3d).

During this study, the overall 613C(po,v.) ranged from -28.3 %o t0 -21.4 %o in
2012 and -27.3 %o to -22.5 %o in 2013 indicating its relative enrichment during 2012
(Fig 5.4a & b). 613C(po,v.) showed maximum variability in STFZ (-27.8 to -21.4 %o)
followed by SAFZ (-26.2 to -24.8 %) and PFZ (-28.3 t0 -24.0 %0) during 2012 (Table
1). During 2013, §"°C(pomy was almost consistent with 2012, and the concentration
was higher at STFZ (-26.6 to -22.5 %), it was depleted towards the south from SAFZ
(-25.7 to -23.8 %o) and PFZ (-27.3 to -24.8 %0). (Table 5.2). Additionally, 613C(po,v.)

showed a gradual decrease with depth (Fig 5.4a & b).
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Figure 5.4: The upper (120 m) water column variability of §"Cpomy and the

8°Npowm) across the different fronts of the I1SSO during 2012 (a, c) and 2013 (b, d)

The overall variability of 815N(pOM) was comparatively lower during 2012 (-0.7

to 4.4 %o) than 2013 (-5.2 to 5.4 %.) and showed a decreasing gradient towards PFZ

(Fig 5.4c & d). The maximum variability of 5"°Npom) was observed in STFZ (-5.2 to
(POM)

5.4 %o), also the enrichment of 3“Ngpowmy was higher at the STFZ during 2012.

8" Nepowmy showed a consistent depletion from STFZ (1. 4£2.2 %) to SAFZ (0.4 3.3

%0) and PFZ (-1.1 2.1 %), and the lowest 5"°Npomy Was observed during 2013 at the

PF-11 (~56°S). High 815N(pOM) values were observed at DCM depths especially, within

the STFZ (Fig. 5.4c), which decreased below DCM.
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The C:N ratio showed wide variability in STFZ (3.1 to 22.4) followed by
SAFZ (4.2 to 13.5) and PFZ (3.3 to 11.9). The C:N ratio was generally high during

2013 (Fig 5.5a, b), especially in STFZ water column.
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Figure 5.5: The variation in the C:N ratio and the POC:Chl-a ratios in the upper
water-column (120m), across the different fronts of the ISSO during 2012 (a, ¢) and

2013 (b, d).

Further, the POC:Chl-a ratio was also higher during 2013 (54 to 517)
compared to 2012 (22 to 366), except for some exceptional vales. POC:Chl-a ratio
showed high variation within the STFZ (22 to 517) compared to the other two frontal
(SAFZ and PFZ) regions (Fig. 5.5¢, d). In the STFZ, the POC:Chl-a ratio was low at
the DCM depth. Additionally, the higher POC:Chl-a ratios observed in PFZ were

mainly the locations sampled beyond 56°S, which is referred as PF-11 in the ISSO.
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5.2.3 Chl-a and Phytoplankton Community

The Chl-a concentration varied from 0.04 to 1.19 pg/L and was comparatively
higher during 2012 than 2013 (Fig. 5.6a & b). Chl-a exhibited significantly high
variability in the STFZ (0.04 to 1.19 pg/L), during 2012 (Fig. 5.6a). Further south, it
varied from 0.07 to 0.81ug/L at SAFZ and 0.07 to 1.1 pg/L at PFZ and showed a
prominent DCM at STFZ and SAFZ between ~ 50 - 75 m, especially during 2012
(Fig. 5.6a) and was mostly relative to the MLD (Table 5.3). In general, Chl-a,was

higher at the PFZ, especially during 2013 (Fig.5.6b), except at PF-I1 (~56°S).

Chl-a (ug/L)
T o @ 1.2

1 2 3 4 5 678 9| 4
| Ll | [t 2 &4
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Frontal Regions Frontal Regions

Figure 5.6: The distribution Chlorophyll-a (Chl-a) in the upper 120 m water-column
across the different fronts of the ISSO during austral summer 2012 (a) and 2013 (b).

Based on the Pigment analysis, it was noted that there was a significant shift in
the phytoplankton community across the fronts from the STFZ to the PFZ.
Nanoflagellates were the dominant community in STFZ a small contribution from the
diatom and picophytoplankton community during 2012 (Fig. 5.7a), though diatoms
contributed in the deeper depths was considerably higher during 2013 (Fig. 5.7d). At
the SAFZ, the flagellates dominated, with an increase in the contribution from the

diatoms with depth, during 2012 (Fig. 5.7b). However during 2013, flagellates
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dominated only in the surface waters, beyond which, a mixed community appeared
with substantial contribution from diatoms and pico-phytoplankton (Fig. 5.7¢). In the
colder PFZ, diatoms were the dominant community throughout the water column
during both years, though a significant contribution from picoplankton was indicative

of a shift in the phytoplankton community during 2013 (Fig. 5.7 ¢ & f).

2012

_a) STFZ b SAFZ <) PFZ
o |EER 79% 52 10% 89% 120
30 Ol 3% 87% 172 59% 40%
E E E
< 75 B8 78% 79| 23% 68% 9% JEEE 66% 34%
Q Q o
a a a
100 |30 75% B 100 100 68°% 32%
120 |EXS 79% Y 120 100% 120 64% 36%
2013
; 9 STFZ e) SAFZ f) PFZ
o |3 64% 29% [ 17% 69% 14% 0 51% STh 12%
30 48% 38%  14% 30 47% 23%  30% SR 63% 16% 21%
£ £ <
< 75 |HED 55% o < s 33%  20% 47% £75 49% ey By
Q Q [
@ 1 o ] 2
2 400 38% 51% 11% I 78% 11% 11% JRRIU 73% 18% 9%
120 |EEED 70% B 12 48% 2% 3% 120 Ak % 16%
’ = Microphytoplankton ® Nanophytoplankton m Picophytoplankton
(Diatom) (Flagellate) (Prokaryotes)

Figure 5.7: The distribution of percentage abundance of the dominant communities of
phytoplankton, in the upper water column (120m), at the different frontal regions of the
ISSO during 2012 (a, b, c) and 2013 (d, e, f)

5.3 Discussion
5.3.1 Upper water-column variability of POM characteristics and the trophic
dynamics across the fronts of the ISSO

5.3.1.1 POM biogeochemistry in the STFZ

The STFZ is a warmer and low-nutrient region (Fig. 5.1 & 5.2) influenced by
the subtropical gyre in the north. The oligotrophic subtropical gyre (Jena et al., 2013)
combines with the nutrient rich cooler waters coming from the south (Boyd et al.,
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1999) to bring in substantial variability in the POM characteristics and

biogeochemical processes of STFZ (see Chapter 4).

During both years of study, the STFZ waters was enriched in 813C(pOM) (Fig.
5.4), probably as a result of the dominance of nanoflagellates (Fig. 5.7). Studies have
suggested that this phytoplankton community is adapted to low-nutrient (nitrate and
silicate) environment, leading to an enrichment of 813C(po,v|) (Bentaleb et al., 1998;
Gaul et al., 1999; Lara et al., 2010). The presence of flagellates, a mixotrophic
phytoplankton community, suggests that a heterotrophic food web is operational in
the STFZ (Archer et al., 1996; Sherr and Sherr, 2007). Furthermore, a contribution
from picophytoplankton (Fig. 5.7) during 2013, also indicated the existence of a
microbial loop in the region (Jasmine et al., Venkataramana et al., 2020). The high
C:N ratio ( ~9.9 ) during 2013 could be indicative of the partially degraded organic
matter rich in **C supporting heterotrophic activity (Coban-Yildiz et al., 2006). This
could also be a reason for the comparatively lower 8*Cpomy Observed below the
DCM during 2012. The POC:Chl-a ratios (100-200) observed in the STFZ (Fig.
5.5d) during 2013 could have been derived from detrital matter/partially degraded
POM bDbrought from the subsurface via eddies pumping (Zeitzchel, 1970;

Maksymowska et al., 2000; Coppola et al., 2005).

The C:N ratios were high (8-16) with maximum variability at 40°S and
53.30°E of STFZ during 2012, higher than the Redfield’s ratio for plankton/fresh
organic matter (6.63). Although a direct explanation to this is not available, salps and
pyrosoma were predominant at this location, suggesting grazing effect of the POM.
The C:N ratios of salp faecal material, irrespective of the size and species of the

organism may vary between 7.3 to 24.1 (Caron et al., 1989). This suggests the
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possible contribution of these voracious grazers to the heterotrophy in these waters,
signifying the role of grazing and repackaging in the alteration of POM composition
in the upper water column, thus regulating the food web dynamics in STFZ
(Perissinotto et al., 2007) and cycling of POM. Additionally, the higher POC:Chl-a
ratio (100 - 200) indicated the prevalence of heterotrophic activity in this region
(Leblanc et al.,, 2002; Savoye et al., 2003). Moreover, the abundance of
microzooplankton with dinoflagellates and ciliates in these waters, suggest the
dominance of heterotrophs supporting the co-existence of a microbial loop along with

the classical food web in this region, as proposed by Jasmine et al (2009).

The POM characteristics showed a distinct inter-annual variability in the
STFZ with significant increase in the POC:Chl-a ratio and corresponding reductions
in the POC, PN and the 3"*C(pom) values below DCM, that was just above the base of
the photic depth. This coincided with an increase in AOU below the DCM depth,
suggesting that an increase in respiration/remineralisation consequently was
responsible for the changes in the POM quality (Omand et al., 2015) below DCM.
This also indicate that partial degradation has led to the depletion of 613C(pOM) in POM
due to the removal of **C rich compounds (Eadie and Jeffrey, 1973; Harvey et al.,
1995; Kolasinski et al., 2012) below DCM in STFZ. All the above observations
confirm the predominance of heterotrophic processes in the STFZ, especially in the
eddy influenced regions and below the DCM, whereas autotrophic processes were still

dominant in the waters above the DCM, upto the euphotic depth.
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5.3.1.2 POM biogeochemistry in the SAFZ

The SAFZ, is a region located between warm STF and cold PF, and is often
considered as a transition zone exhibiting distinct gradients in temperature and
nutrients. However, at times, SAFZ behaves as an HNLC region, due to the lack of
solar irradiance and low iron content (Martin et al., 1990; Dubischar and Bathmann,
1997). During the current study also, the nutrients in SAFZ (nitrates and silicates)
were higher than in the STFZ, which supported an enhanced growth and a shift in the
phytoplankton community structure. Although the dominant phytoplankton
community was flagellates in the top of the mixed layer, the contribution of diatoms
increased with depth, and was the dominant phytoplankton community in the
subsurface during 2012. However, it was not the case during 2013, when the surface
waters were dominated by flagellates, while the subsurface had a mixed community
composed of diatoms and picoplankton (Fig. 5.7). The nutrient concentrations in the
mixed layer and light intensity could be the factors responsible for the shift in
phytoplankton community as a result of adaptation of phytoplankton (Hickman et al.,

2012), which can change the POM characteristics.

The distribution of nutrients and phytoplankton community followed
considerably different patterns at SAFZ and STFZ. However, the POC and PN
decreased with depth with increasing AOU below the euphotic depth, similar to that
observed at the STFZ. Thus, indicating the role of photosynthesis in the upper water
column and respiration in deeper depths (Omand et al., 2015). Additionally, the
abundance of prokaryotic picoplankton and microzooplankton also indicate the
existence of an active microbial loop, supported by secondary production (Marafién et

al., 2003; Venkataramana et al., 2020), and contribute to the alteration of POM
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characteristics (Azam et al., 1983; Fenchel, 2008) in SAFZ water column, during
2013. Furthermore, the higher 813C(pOM) during this period could also be attributed to
the shift in the phytoplankton community in the region during the two years. The
moderate decrease of 5"°Cpom) and §°Npowmy during both the years could possibly be
a resultant of the respiration-remineralisation processes within the upper water
column (Eadie and Jeffrey, 1973; Kolasinski et al., 2012). The more or less similar
characteristics of POM in the SAFZ and STFZ imply that autotrophy was the major
activity in the surface layers, whereas heterotrophy was dominant below the DCM at

these frontal regions.

5.3.1.3 POM biogeochemistry in the PFZ

PFZ is a typical high nutrient zone, while the persistent winds might have
favoured the deepening of the mixed layer in this region. There was a 5 to 10-fold
increase in the nutrient concentrations (NOj3: 23.18 uM, SiOy4: 6.35 puM) during the
present study. The strong winds further increased the oxygen levels and other
dissolved gases in the surface waters via higher air-sea interactions, and the presence
of Antarctic Surface Waters (AASW) in this region contribute to the presence of
higher dissolved gases in the PFZ waters. However, the comparatively low §™*Cpom
values could be due to the increased uptake of lighter carbon isotope (**C) by
phytoplankton via fractionation during photosynthesis due to relatively higher
nutrients and dissolved gases in the cold in polar waters (Checkley and Miller, 1989;
Gruber et al., 1999; Mino et al., 2002). The §'*C content of phytoplankton is often
found to be lower than the '*C of the inorganic carbon assimilated by phytoplankton

(Hayes, 1993). In the present study, the 8*3C content of DIC of surface waters was -
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1.48 £0.12 %o, while its content in the source CO, was proposed to be 9.22 +0.26 %o
(Prasanna et al., 2015). The 5"*C(pom) observed in the PFZ (-28.30 to -24.00 %)
during the study was matching well with the 613C(po,v|) values reported for higher

latitudes (O’Leary et al., 2001; Lourey et al.,, 2004; Lara et al., 2010).

Studies have shown that the cell size and dominant phytoplankton community
are the major factors determining the quality of POM 813C(po,v|) signatures (Popp et al.,
1998; 1999; Henley et al. 2012). Diatoms were identified as the dominant
phytoplankton community during this study (Fig. 5.7). The 613C<p0M) values are found
to be very low (depleted) in the diatom-dominated, cold, nutrient replete Antarctic
waters, depending on the species abundance (Wada et al., 1987; Henley et al., 2012)
and the growth rates in (Sommer, 1989; Fischer, 1991) and lipid accumulation

(Sackett et al., 2013).

Moreover, the POM collected from the PFZ contained higher POC and PN
compared to the STFZ and SAFZ, though Chl-a was highly variable and did not
follow the same trend. Further, the 5"°Cpomy and 8"°Npom) was comparatively more
depleted along with low C:N and POC:Chl-a ratios, in the PFZ (except PF-II
locations). These lower values can be attributed to the abundance of diatoms (>65%)
in PFZ, which have an affinity for a higher uptake and storage of nutrients, mainly
nitrates (Lomas and Glibert, 2000; Martiny et al., 2013), especially in nutrient rich
regions like the PFZ. Conversely, the combined contribution of flagellates and
prokaryotic picophytoplankton (~ 50%), and the uptake by these communities could
be the reason for difference in the C:N ratios in the PFZ during 2013. However, the
C:N and POC:Chl-a ratios observed during both the years were having signatures of

freshly formed POM (except in PF-1l, ~ 56°S), suggesting the predominance of
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autotrophic ~ processes  prevailing in  the PFZ  (Zeitzchel, 1970;
Maksymowska et al., 2000; Savoye et al., 2003). This evidently shows that PFZ is a
region where autotrophic process plays a significant role in determining the POM

characteristics during austral summer.

Overall the STFZ and the SAFZ showed a predominance of heterotrophic
processes, especially below the DCM, while the prevalence of autotrophy in the
euphotic depth was significant. However at the PFZ the predominance of autotrophy
and the role of biological community in the upper 120 m water column was evident

from this study.
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5.3.2 Factors influencing the distribution and transformation of POM

characteristics across the fronts of the ISSO

There are several hydrographical and biological processes that influence the
POM composition and variability within the water column and across the fronts as
mentioned in the earlier section. These factors/processes may eventually favour
transformation the POM via repackaging, aggregation, degradation/remineralisation,
and determine the fate of POM, with regard to its export to greater depths of the ocean
(Lee at al., 2004; Tsukasaki et al., 2010). Some of the factors controlling these

transformation processes are discussed below.
5.3.2.1 Role of Nutrients

As discussed in the earlier chapters, the influence of nutrients on the POM
characteristics across the fronts is highly significant. The present study observed that
the variations in nitrates and silicates was very high in the water column at the STFZ
and SAFZ (Fig. 5.2 a-f). This influenced the POM quality via a change in the
phytoplankton biomass and community structure (Martiny et al., 2013). Reduced light
intensity and iron stress can influence the sensitivity to nitrate uptake (Glibert and
Garside, 1992), further reflected in the isotopic signatures (5°Cand &°N) of
phytoplankton and the POM (Altabet, 1988; Montoya et al., 1990; Lara et al., 2010).
In nutrient limited waters like STFZ, where the nitracline was sharp, 815N(pOM)
showed a higher variability in the upper water column. This can be due to less
discrimination during nitrate uptake, and subsequent uptake of the residual nitrate
(enriched in *°N) in a nitrogen limited environment (Ostrom et al., 1997). It is also
possible that under such low nitrate conditions, other forms of nitrogen like ammonia
also contributed to the primary production, and the POM composition and its isotopic

122 |Page



characteristics (Zubkov et al., 2003; Gracia-Fernandez et al., 2004), which was

observed in the STFZ during this study.

5.3.2.2 Influence of biological processes
5.3.2.2. a. Phytoplankton biomass, community and DCM

The overall phytoplankton biomass (in terms of total Chl-a) was high in the
PFZ (except for a low in PF-11) in 2013 (Fig. 5.6a & b) as compared to that in STFZ
and SAFZ. A well-defined DCM, observed during this study, especially in the STFZ
was an important factor determining the POM characteristics in the photic waters.
This feature was mostly due to the adaptation of phytoplankton to optimum depths for
maximum growth (Beinfang et al., 1982; Parslow et al., 2001). Factors like light
intensity, nutrient availability and the dominant phytoplankton thriving in the region
also contribute significantly towards maintenance of such a prominent DCM (Cullen,
1982; Parslow et al, 2001). During this study, the DCM was mostly located at the base
of the euphotic zone (Table 5.3), where the light intensity was optimum for
phytoplankton growth (Nielson and Hansen, 1959). Studies have shown that DCM
can also be formed along the upper boundary of the temperature minimum layer
(Tripathy et al., 2015). The present study ascertains the role of ML in determining the
depth of DCM with a significant linear positive relation between the DCM depth and
MLD (Fig. 5.8a), which was overlying the MLD in the PFZ (Table 5.3). Furthermore,
the deepening of the DCM in the PFZ was probably caused by diffused light intensity

and nutrient availability.

123 |Page



120 100
a) b)
80 A *
90 - oy
E
£ g 60
= 60 A =
8 8 40
s ®
& J (8]
s 30 = 20
[
o r=0.777
r=0.854
0 ; . ; 9 ' ' ;
0 30 60 90 120 9 30 60 90 120
Mixed Layer Depth (m) Depth of DCM (m)
100
c)
80 - .
=
E 60 -
S
S 40
®
9
= 20
.
L r=0.803
0 T T T
0 30 60 90 120

Mixed Layer Depth (m)

Figure 5.8: Spearman’s correlation of (a) depth of Deep Chlorophyll maxima (DCM) and
Mixed Layer Depth (MLD); (b) column Integrated Chl-a (IC) upto the DCM and the

depth of DCM; (c) Column Integrated Chl-a (IC) upto the MLD and depth of MLD;

The integrated Chl-a (IC) was high when the DCM was deep (Fig. 5.8a), while
POC peak was mostly coinciding with DCM or was just overlying the DCM depth
(Fig. 5.3). The low (=50 ) POC:Chl-a ratio was suggestive of the presence of fresh
OM (living plankton cells) at this depth. A similar finding from the frontal region of
the NE Mediterranean Sea has been attributed to the phytoplankton size and its
sinking rate in the upper water column (Edigar et al., 2005). Moreover, the POM,
when retained in the DCM depths is susceptible to increased grazing and microbial
remineralization (Abdel-Moati, 1990; Gomi et al., 2010) due to the higher residence

time. The DCM can also act as a barrier in the vertical transport of POM under
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stratified conditions, which decreased the POC and PN below DCM during the
present study (Fig. 5.3). The POM accumulated in DCM is often released when the
stratification breaks due to hydrographic events, consequently releasing nutrients and
dissolved organic matter to the surrounding waters for utilisation (Abdel-Moati, 1990;
Ediger and Yilmaz, 1996). This suggests the strong coupling of DCM-MLD (Fig.
5.8b) in regulating the POM composition, transformation and distribution in the upper

water column.

Also, there was a shift in the phytoplankton community across the fronts.
While STFZ and SAFZ were composed of mixed phytoplankton community, mostly
dominated with flagellates, PFZ was always dominated by diatoms (Fig. 5.7). There
were also wide variations in the contribution from the major contributing
phytoplankton communities in these regions. The role of a shift in the phytoplankton
community is evident in the significant variation in the POM characteristics and its

isotopic composition as described in in the earlier chapter (3.3.2.4).

5.3.2.2. b. Zooplankton abundance and community composition

The size and community of zooplankton have great influence in the structuring
of food web dynamics and can control the transformation and flux of POM via
zooplankton grazing (Lee et al., 2000; Perissinotto et al., 2007) in the marine
ecosystem. During this study, macro zooplankton (salp and pyrosoma) were present in
the STFZ region during both the periods (Fig. 5.9a & b). The role of macro
zooplankton in the cycling of POM has already been explained in the previous section
(5.3.1.1). Further, copepod were the dominant contributors to the zooplankton

community at all the three frontal regions and also during both the periods (Fig. 5.9).
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However, the other contributing zooplankton groups were a little different during the
two periods. While 2012 observed a contribution from chaetognath, pteropod,
ostracod in addition to salp and copepod (Fig 5.9a), during 2013, there was a

considerable contribution from appendicularians, with chaetognath, salp and copepod

(Fig. 5.9b).
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Figure 5.9: The distribution of percentage abundance of the dominant groups of
zooplankton, in the upper mixed layer (ML) and below mixed layer (BML) at the

different frontal regions of the ISSO during 2012 (a) and 2013 (b).

Additionally, it was noted that the STFZ also had a high abundance of small
copepods (Venkataramana et al., 2020) along with a significant contribution from
ciliates (AshaDevi et al., 2020) and pico-phytoplankton, indicating the presence of an
active microbial loop, which was also evident from the POM characteristics,
especially the POC:Chl-a values. Earlier studies have indicated that the STFZ is a
region supporting the co-existence of a microbial loop and a classic food web
(Jasmine et al., 2009; Venkataramana et al., 2020). A parallel study during the same
period has also attributed the role of eddies in determining the dominant pathways

that exist in this regime, and suggested the cross-linkage of a microbial loop and the
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classic food web in the eddy influenced waters of the STFZ (AshaDevi et al., 2020).

Further south, at the PFZ the zooplankton biomass was having mainly contribution

from copepods (Fig.5.9), and a considerable contribution from numerous, identified

and unidentified zooplankton groups. Earlier study (Venkataramana et al., 2020), has

revealed that the size of copepods increased southwards and the PFZ composed of

larger copepod species.

Moreover, the dominance of large size copepod may have been the reason for

the high zooplankton biomass in the PFZ during the present study (Fig. 5.10a & b).

This region was found to sustain increased grazing rates due to high zooplankton

biomass contributed by the dominance of large copepods (Pavithran et al., 2011, Pillai

et al., 2018). This implies that despite a major contribution from as autotrophic

processes and the dominance of diatoms, the role of zooplankton grazing has a

significant role in the cycling of POM in the PFZ.
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Figure 5.10: The variation in the Zooplankton biomass at the three frontal regions of

the 1ISSO during austral summer 2012 (a), and 2013 (b).
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5.3.2.2. c. Heterotrophic activity

Besides the contribution from mixotrophic dinoflagellates, and grazing effect
of zooplankton, processes like microbial respiration also contribute significantly to
the heterotrophic processes in the upper water column. POM degradation due to
microbial respiration and remineralisation are important processes (Blain et al., 2002;
Ewart et al., 2008) especially, below the photic depth. However, the microbial
diversity was found to be influenced by eddies and currents in the SO
(Venkatachalam et al., 2017). During this study, a significant correlations for AOU
with POC and 6"3Cpomy was found in the STFZ and SAFZ, especially below DCM
during 2012 (Fig. 5.11 a & b), suggesting respiration to be an important process in the

transformation of POM (Omand et al., 2015).
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Figure 5.11: Spearman’s correlation of AOU with POC (a); AOU with 813C(po|v|) (b)

and POC with 8"*Cpowmy (C) , at the STFZ during austral summer 2012
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Additionally, Heterotrophic activity was evident from the high (> 200)
POC:Chl-a ratio in the STFZ and also at the PF-I1 (~56°S) region (Fig. 5.5b) during
2013 (Maksymowska et al., 2000; Leblanc et al., 2002). This study ascertains the low
export fluxes from STFZ were low due to an efficient remineralisation of OM in the
upper water column (Coppola et al., 2005; Robinson and Ramaiah, 2011). These
findings also suggest that the heterotrophic activity towards POM transformation

processes was lower in the PFZ, except for the region around ~56°S in PF-II.

Collectively, it can be said from this study that factors such as nutrient
availability, phytoplankton biomass and community, and the heterotrophic community
(zooplankton and other heterotrophs) strongly influence the POM cycling
(composition and transformation) in the photic water column across the fronts in the
ISSO. Besides, the present study also found that hydrographical factors also have a
critical role in determining the community structure in this frontal regime, which are

addressed in the following section.

5.3.2.3 Influence of hydrography on the POM cycling across the fronts

One of the most significant hydrographical factors influencing the
biogeochemical processes and POM cycling across the fronts in the ISSO is the strong
thermal gradient (Fig. 5.1). The influence of temperature as a controlling factor has
been described in the earlier chapter (Ch. 3) for surface waters. However, the thermal
gradient down the water column also has remarkable influence on the phytoplankton

community and other biogeochemical processes.

129 |Page



5.3.2.3. a. Eddies

Eddies, being an ubiquitous feature of the SO, especially the STFZ in the
ISSO. The high variability in the POM composition in the STFZ during this study can
be attributed to the numerous eddies formed and dissipated in the sampling region
(Fig. 4.11). As discussed in the earlier chapter (Ch. 1V), it is evident that most of the
locations were at the core or the periphery of CEs and ACEs in the STFZ. Eddy
driven upwelling and advection processes played a significant role in changing the
hydrography and the nutrient levels in the STFZ (Sweeney et al., 2006, Sabu et al.,
2015, Soares et al., 2020). These alterations were responsible for inducing a shift in
the biological community (McGillicuddy et al., 1998; Kahru et al., 2007; Waite et al.,
2007) that can be elucidated in the elemental composition and isotopic characteristics
of POM in the STFZ (Berg 2011; Kolasinski et al., 2012). The present study also
postulated the role of the age of the eddy and its eddy cycle stage along with its region
of origin to play a significant role in the POM characterisation in the STFZ by altering
the various biogeochemical processes in these waters (as explained in Ch. 4). Further
south the influence of eddies was considerably low at the SAFZ, and almost

negligible at the PFZ during the two periods.

5.3.2.3. b MLD

The shoaling and deepening of the MLD also play a significant role in
influencing the productivity and community structure of phytoplankton (Riebesell et
al., 2007; Li et al., 2012), which further determine the composition and fate of POM,
especially in high latitude oceans. The deepening of MLD can have an adverse effect
on the biological productivity at higher latitudes, as it reduces the availability of light

for phytoplankton (Venables and Meredith, 2014), depending on the season and
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location. However this study was carried out during austral summer, during which,
there was sufficient availability of light and macronutrients for the phytoplankton
growth. During the study, STFZ region was characterised by low nutrient
concentrations, the deepening of the mixed layer at ACEs influenced regions may
result in limitation of macronutrients over a longer time period. However, this low
nutrient condition was favourable for the proliferation of nano and pico-

phytoplankton (Ishikawa et al., 2002).

Furthermore, the strong winds and waves (turbulent mixing) are mainly
responsible for the deepening of MLD in ISSO. During this study, wind induced
MLD deepening was evident in PFZ (Table 5.3) leading to an increase in the
integrated Chl-a in the mixed layer of the water column, and showed a linear positive
correlation (Fig. 5.8c), corroborating the influence of MLD on the biological
productivity, and more evidently the depth of DCM (Fig. 5.8b). Additionally,
stratification and column stability also determine the type of phytoplankton that
proliferates in the given oceanic condition (Clarke et al., 2008). The deeper MLD with
abundant macronutrients and optimum light favoured the enhanced growth of

siliceous diatoms in the PFZ during the study periods (Fig. 5.7).

Above mentioned are some of the major factors contributing to the variability
and transformation of POM, in the upper water column across the fronts of the ISSO.
These factors also play a significant role in determining the fate of POM and

efficiency of the biological pump in these frontal regions.
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5.3.3 Fate and cycling of POM across the fronts in the ISSO

The two major processes (other than the gravity based sinking) that determine
the efficiency of the biological pump are the export and remineralisation of POM.
Both processes can regulate CO; sequestration for a longer period and regeneration on
a shorter time scales. Model studies have suggested higher transfer efficiency at low
latitudes and a low transfer efficiency at high latitudes (Henson et al., 2012; Guidi et
al., 2015), though there are contradictions to these postulations (Marsay et al., 2015;
Weber et al., 2016). Studies suggest that factors such as temperature, stratification,
oxygen and community structure play a significant role in determining the fate of
POM (Devol et al., 2001; Klass and Archer, 2002; Francois et al., 2002) including its
export of POM out of the water column and remineralisation of POM with the

regeneration of nutrients and inorganic carbon to the water column.

5.3.3.1. Export fluxes of POC

It has been estimated that nearly 80% of the organic matter is exported from
the euphotic zone via sinking (Hansell, 2002). POC flux for this study was estimated
based on the empirical equations provided in earlier studies and depended on the
primary productivity, POC concentrations and depth (Suess, 1980; Pace, 1987). Here,

we have used VGPM data and in-situ data for flux estimates.

The estimated export fluxes of POC out of the euphotic waters were found to
be high in SAFZ and showed a flux of ~160 mgC/m?/day (2012) and 105 mgC/m?/day
(2013), followed by STFZ, ranging from 28 to 138 mgC/m?/day, except for a high of
190 mgC/m?/day observed at 43°S in 2012 (Fig. 5.12a), that is influenced by eddies

and 40 to 60 mgC/m?/day in 2013 (Fig. 5.12b). Further south at the PFZ the POC flux
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estimates out of the euphotic depth ranged from 36 to 59 mgC/m?/day during 2012
and 9.7 to 33 mgC/m?/day during 2013. However, below 120 m, the estimates of
export fluxes of POC were significantly different during both the periods. It was
observed that the POC fluxes were high in PFZ (2012: 4 to 4.5 mgC/m?®day and
2013:1.8 to 4.7 mgC/m%day) followed by SAFZ (3.0 mgC/m?/day and 4.3
mgC/m?/day, in 2012 and 2013, respectively). At the STFZ, the POC export flux
estimates were comparatively higher during 2013 (4 to 4.5 mgC/m?/day) unlike 2012

(0.8 to 2.4 mgC/m?/day) (Fig. 5.12a & b).
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Figure 5.12: Particulate organic carbon (POC) flux out of the euphotic depth (green)
and out of 120m (red) across the fronts of the ISSO, during austral summer 2012(a)
and 2013 (b).

Overall the POC export flux out of the upper 120 m was < 10 % of that
estimated in the euphotic waters. During 2012, higher POC export was at the PFZ,
while during 2013, the POC export fluxes increased in the CE influenced locations
and in PFZ (Fig. 5.12b), though it was lowest in PF-II. Earlier studies have reported
the possibility of low export flux from STFZ (Coppola et al., 2005; DeVries and
Weber, 2016), except the upwelling regions, which is also evident in this study.

Further, model studies have suggested temperature, oxygen and phytoplankton size to
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be important in determining the export fluxes and the transfer efficiency out of the
water column (Van Mooy et al., 2002; Marsay et al., 2015; Weber et al., 2016). The
low POC fluxes observed at the STFZ especially during 2012 were possibly due to the
regenerative processes, below the euphotic depth. Also, the overall temperature in the
water column was warmer in the STFZ especially during 2012. Additionally, the
biological community structure was comparatively different during the two periods
(Fig. 5.7 & 5.9). Studies have indicated that the structure of the food web is a crucial
factor that determines the availability of labile organic matter (Lam et al., 2011,
Wilson et al., 2012) that will control the long term sequestration of carbon into the

ocean depths.

5.3.3.2 Remineralisation of POM within the upper water column

The remineralisation studies in the ocean depends on the regenerated nutrients,
oxygen utilisation and nutrient stoichiometric ratios based on Redfield’s equation
(Redfield, 1958; Martiny et al., 2013). This Redfield’s ratio of nutrients was used here
to study the process of remineralisation in the region. The estimates suggest that the
regenerated nutrients increased below the euphotic depth, also suggesting its

negligible contribution in the surface layers (Fig. 5.13a-d).

During 2012, the regenerated nutrients (nitrogen and phosphorus) were high in
SAFZ, followed by STFZ and PFZ (Fig. 5.13a-d), indicating a relatively higher
regeneration via remineralisation at STFZ and SAFZ. However, during 2013 the
regenerated nutrients increased at some locations in PFZ and STFZ (ACE influenced

locations), with a least value at SAFZ (Fig. 5.13a-d).
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Figure 5.13: Variation of regenerated phosphate (P) and regenerated nitrogen (N),
above the Photic depth (0-PD) and below the photic depth (PD-120m), across the

fronts of the ISSO during austral summer 2012 (a,c) and 2013 (b,d).

The increased regenerated nutrients corresponding with high N:P ratios below
euphotic depth supports an active remineralisation process in these waters. Further,
the locations with high remineralised nutrients below the photic waters showed low
POC export fluxes out of the 120 m water column, except at the SAFZ, this can
possibly be attributed to the biological community structure, especially the
phytoplankton community. Regenerated N was always higher than regenerated P and
remained similar across the fronts, mainly due to the faster breakdown of nitrogenous
compounds, also reflected in the C:N ratios. Further, there was a significant inverse
correlation between the POC and the regenerated nutrients suggesting that breakdown
of POC by the oxidation is a major process that release inorganic nutrients below

euphotic depths.
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Overall, the POC export flux estimates and the regenerated nutrients together
suggest that the generally low export fluxes of POC in STFZ and at some locations in
PFZ (PF-11, during 2013) were possibly due to high remineralisation below the
euphotic depths during this study. Earlier studies have also shown that low export flux
of POC in the STFZ may be caused by high remineralisation in the upper water
column due to microbial activity (Robinson and Ramaiah, 2011). Recent studies have
shown that temperature play an important role in determining the export fluxes, as
warmer waters enhance the process of remineralisation to reduce the POC export
levels (DeVries and Weber, 2016). This is evident in this study, where the high
remineralisation in STFZ has resulted in a low POC flux below 120 m and the colder

PFZ waters had higher POC fluxes.
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5.3.4 Inter-annual variability of POM characteristics and fate in the

ISSO

Inter-annual variability in the oceanic carbon cycling is found to have a
significant global effect, mainly due to the thermohaline circulation and associated
hydrography. The inter-annual variation in the biological productivity and the
community structure influence the POM characteristics and the overall carbon cycle
during the study. Some of the factors responsible for the inter-annual variability of

POM are addressed in this section.

5.3.4.1 Temperature

A study by Johnston and Gabric (2010) postulated that SST and Southern
Annular Mode (SAM) induced changes in the environmental conditions can lead to
high growth of certain phytoplankton during consecutive years and thus indirectly

have a role in the POM variability.

The state of SAM can favour strong winds that support enhanced vertical
mixing, thus supplying subsurface nutrients to the surface waters and influence the
biological response (Sengupta and England, 2006). These factors may have
contributed to the inter-annual variability in primary productivity and the biological
community structure, that directly influence the POM characteristics and variability
(Popp et al., 1998; Lara et al., 2010). The AVHRR derived SST imagery and the in-
situ data showed that the surface waters and the mixed layer was warmer during 2012

compared to 2013 (Fig. 5.14a & b).
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Figure 5.14: Spatial variability of Sea Surface Temperature (SST) across the fronts of

the ISSO during January 2012(a) and 2013 (b).

5.3.4.2 Sea surface freshening by sea-ice

The sea-ice spread was comparatively higher during 2012 than 2013 (Fig. 5.15
a & b) suggesting that an increased ice melt may have led to the freshening of the
waters in the study region during 2013.
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Figure 5.15: Variability of sea ice cover across the fronts of the 1ISSO, during January

2012 (a) and 2013 (b).
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Satellite derived SSS (Fig. 5.16a & b) evidently shows that there was moderate
freshening by low saline waters during 2013. This suggests the role of sea ice cover
on the inter-annual variability in the productivity patterns (Johnston and Gabric,

2011), thus influencing the POM dynamics.
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Figure 5.16: Variability of Sea Surface Salinity (SSS) across the fronts of the 1SSO,

during January 2012(a) and 2013(b)

5.3.4.3. Influence of winds and MLD

Both the re-analysis data and the in-situ data indicated a deepening of MLD
towards the polar region during both the years (Table 5.3). The deep MLD has severe
implications on the light intensity and can alter the Chl-a based biomass and
phytoplankton community (Fauchereau et al., 2011) which influence the POM cycling
(Lara et al., 2010; Soares et al., 2020). Further, the MLD in PFZ was relatively deeper
during 2012 than 2013 (Fig. 5.17a & b), which probably lead to an inter-annual
variability in the Chl-a (Fig. 5.6) and POC concentrations between the two

consecutive years. In contrast, the MLD was deeper in STFZ during 2013. The
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variability in the MLD was evidently a result of the stronger winds in the STFZ

during 2013 and at the PFZ during 2012 which became more intense southwards (Fig.

5.17¢ & d).
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Figure 5.17: Variability of Mixed layer depth (a & b) and Wind speed (¢ & d) across

the fronts of the ISSO, during January 2012 and 2013.

5.3.4.4. Micro and Macro nutrients

An essential micronutrient that controls the primary productivity and
phytoplankton growth in the ISSO is iron (Moore et al., 2007). The freshening of the

surface waters of PFZ in ISSO by sea-ice melt during 2013 possibly introduced
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significant influx of iron, as evident from the NOBM derived re-analysis data (Fig.

5.18a & b).
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Figure 5.18: Spatial distribution of dissolved Iron, in the study region of the ISSO for

the period of Jan-Feb in 2012(a) and 2013(b), (re-analysis data derived from NOBM).

It has been shown that iron limitation and low light intensities can
substantially result in high sensitivity of the phytoplankton towards nitrate uptake
(Glibert and Garside, 1992) influencing the primary productivity and further
production of POM. Changes in the nutrient stoichiometry can also influence the
quality of POM by supporting different phytoplankton community and/or causing a
shift in the dominant phytoplankton community (Ho et al., 2003; Martiny et al.,
2013). During the two years, there was a significant difference in the nutrient
concentrations across the fronts. The high nutrients in the STFZ during 2013 were
caused by the intense eddy pumping, which was weak during 2012, mainly a result of
the age and different stages of the eddy during the two years (Sweeney et al., 2013).
There was also a sharp nitracline in STFZ during 2012, which contributed to the
increased biological production with different POM characteristics. However,
although at the SAFZ the nutrient abundance did not vary much, the nutrient
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concentrations increased in the PFZ during 2013, possibly due to strong wind-driven

mixing.

5.3.4.5. Phytoplankton Community

The cumulative effect of environmental factors during the two study periods
was responsible for the variation in the chlorophyll concentration and a shift in the
phytoplankton community (Wright et al., 2010; Mishra et al., 2020). The re-analysis
data from NOBM implied that although the dominant phytoplankton community did
not vary much during both the years, there was significant difference in the abundance
of the communities and the contribution from different phytoplankton groups. Thus,
the contributions of Coccolitophore, Chlorophytes and Cyanobacteria were much

higher in the STFZ during austral summer 2012 (Fig. 5.19a, b).

Figure 5.19: Spatial dlstrlbutlon of different phytoplanktoncommunltles across the
fronts of the 1ISSO for the period of Jan-Feb in 2012(a) and 2013(b), (re-analysis data

derived from NOBM).
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However, the mixed phytoplankton community in SAFZ remained almost identical
during both years. Further in the PFZ, had a higher abundance of diatoms during 2013
likely due to the variability in the column stability and increase in nutrients. The
variation in chlorophyll (Fig 5.20a & b) and a shift in phytoplankton community is

reflected in the small scale variability in POM concentration (Fig. 5.21¢ & d).
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Figure 5.20: Spatial distribution of Chl-a in the study region of the ISSO, for the
period of Jan-Feb 2012 (a) and 2013 (b), (re-analysis data derived from NOBM).
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Figure 5.21: Spatial distribution of POC across the fronts of the ISSO, for the period
of January 2012 (a) and 2013 (b), (re-analysis data derived from MODIS).
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The above illustrations suggest that apart from the primary factors (biochemical
processes), there are some secondary factors (hydrographical features), which
together control the inter-annual variability of the POM characteristics and fate in the

upper water column during the two consecutive periods of study.

5.4 Salient Findings

This chapter illustrates that heterotrophic processes were predominant in the
STFZ were largely influencing the POM characteristics and cycling within the upper
water column, especially during 2012. Further, the co-existence of a microbial loop
and a classic food web in the STFZ has led to an increased remineralisation of POM
and has considerably reduced the export fluxes of POC out of the upper 120 m in this

frontal region.

The predominance of a mixed phytoplankton community in SAFZ supported
autotrophy in the photic waters and heterotrophy below the euphotic depth. Even
though, the POC flux out of the euphotic zone was the highest at the SAFZ, the
efficiency of remineralisation varied during the two periods and substantially

increased the export fluxes at SAFZ below 120 m, during 2013.

However, in PFZ, autotrophy was the dominant process, while the role of
heterotrophy (regenerated nutrients) also was quite significant below the euphotic
zone, especially during 2012 which reduced the POC export flux at 120 m. However,
a comparison of the two periods showed that the POC export fluxes were maximum in
the PFZ during 2013. Also, the POC export flux in the upper water column was

considerably the highest at the PFZ among the three frontal regions studied.
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Overall, the changes in POM characteristics, its transformation and fate across
the fronts, were a result of the alterations in the nutrients, phytoplankton, zooplankton
and heterotrophic activities in the 1SSO. Additionally, some of the secondary factors
like temperature, eddy, mixed layer, etc., also have indirect influence on the
efficiency of biological pump across the frontal regions of ISSO, causing a
considerable inter-annual variability in the POM characteristics and export fluxes,

thus the efficiency of the biological pump in the highly dynamic ISSO.
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6. Summary and Future Prospective

6.1 Summary

The SO is often considered as a sink of CO, and support the long-term
sequestration of carbon out of contact with the atmosphere. However, due to the
variability in the hydrography and biogeochemical processes across the frontal
structure of the 1SSO, only some regions of the ISSO act as a sink, while some other
regions can act as a source of CO,, which vary over different years (Shetye, et al.,

2015; Prasanna et al., 2015).

This thesis tried to address the POM dynamics in context to the variability in
the composition of POM, its flux or remineralisation at the different frontal regions of
the ISSO, which are very important processes that determine the long term
sequestration of carbon into the ocean. This study used in-situ data collected from the
ISSO, a region from which sparse in-situ data of biochemical variables is available,
due to the difficulty in accessibility of the region, also owing to the harsh conditions

of the ISSO.

The elemental and isotopic composition of carbon and nitrogen, observed in
the ISSO, matched with the earlier reports in the other sectors of the SO. However,
the POM characteristics observed in the oceanic regime north of the 1ISSO, that is, the
oligotrophic TIO waters, were considerably different and the region was dominated
by heterotrophy and regenerated production. Further, it was indicated from this study
that in the POM characteristics in the surface waters of the 1ISSO, varied across the
fronts and the isotopic signatures of carbon and nitrogen depleted southwards from

the STFZ to the PFZ. This variability in the isotopic signatures was mainly a result of
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isotopic fractionation, during the uptake by phytoplankton, due to the higher
availability of nutrients and tCO, towards the PF, and also a significant role of

temperature and the dominant phytoplankton community.

This study also addressed the role of eddies in influencing the POM
characteristics at the STFZ, which is an eddy prone region, with numerous cyclonic
and anticyclonic eddies formed or meandered to the region. Moreover the eddy
dynamics associated changes in the thermo-haline structure of the water-column had a
considerable role in the redistribution of nutrients and other organic and inorganic
components. This was responsible for a shift in the dominant phytoplankton
community and the food-web structure. Overall, the isotopic signatures (613C<pOM) &
8"Npowm) of POM, were more enriched in the surface waters at cyclonic eddies
compared to anticyclonic eddies. It was further revealed from this study, that eddy
properties like the type of eddy (cyclonic or anticyclonic), region of origin of the eddy
and the age of the eddy which determines the phase of the eddy life cycle play a
crucial role in determining the POM variability, transformation and fate of POM at

the STFZ.

The POM characteristics observed, suggested the co-existence of microbial
loop alongside a classic food-web and the predominant contribution of heterotrophic
processes towards the transformation of POM characteristics within the upper water-
column of the STFZ. Also, the role of autotrophy in the euphotic waters and
heterotrophy below the photic waters was evident in the transformation of POM
characteristics in the STFZ and SAFZ waters of the ISSO. Further south, at the PFZ
the predominance of autotrophy resulting from the abundance of inorganic

components and colder temperatures that favoured the dominance of diatoms,
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contributed to the variability of POM characteristics and isotopic signatures in the

upper water column.

Another important finding from this study revealed that the efficiency of the
biological pump varied at the different fronts of the ISSO. Moreover, even though the
atmospheric drawdown of carbon via primary productivity was high, and the amount
of POC exported out of the euphotic waters was high at the STFZ and the SAFZ, the
export of carbon out of the upper 120 m was very low, due to greater remineralisation,
implied from the regenerated nutrients. However, at the PFZ the export flux out of the
upper 120 m was considerably higher than the other two fronts (STFZ, and SAFZ),
eventhough there was regeneration of nutrients below the euphotic waters of this
region. However, the estimated export flux of POC at 120 m, was < 10% of the total

POC flux at the euphotic depth of the water column.

This study also suggested significant inter-annual variability in the
transformation and flux of POM out of the upper water column. Factors like the
variability in temperature, sea-ice cover, depth of the mixed layer and column stability
along with eddy and water-mass effect had a critical role in the interannual variability
of POM in the ISSO. The afore mentioned factors are responsible in triggering a shift
in the dominant phytoplankton community and influencing the biological process, the
zooplankton community structure and the food-web dynamics across the fronts within
the upper water column, during the two consecutive austral summers. All these factors
collectively played a significant role in the variability of POM composition and the
transformation and fate of the POM produced in the euphotic waters at these frontal

regions of the 1SSO.
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The study provides important information on the biogeochemical processes
across the fronts and the POM dynamics with regard to the biological pump.
However, this region needs more detailed and long term in-situ studies for a better
understanding of the efficiency of the biological pump and the remineralisation of
POM for estimating the carbon sequestration and carbon cycle for a better
predictability of the global climate variability and changes due to the processes in the

ISSO.

6.2 Future Prospects and Scope for Further Studies

Future research for a better understanding of the transformation and fate of
POM should include time series studies that would help to reveal the biogeochemical
processes with higher clarity. Long-term monitoring of highly dynamic areas is of
utmost importance for simplification of the complex inter-linked processes involved
in the POM transformation, its sinking and long term sequestration. Long term time
series studies, will also help to elucidate the process of remineralisation and formation
of the inorganic and organic nutrients and carbon, and its exchange through the
oceanic system. Also, the role of microbial processes in determining the efficiency of
the biological pump needs to be given more importance, as the 1SSO still have limited

studies in this aspect.

Additionally, sediment trap studies are important for the estimation and
understanding of the POM dynamics especially for the quantification of the flux of
sinking particles. The success of these efforts of deployment of sediment traps and
retrieval in the near future which will be a good means to achieve a better

understanding of the POM dynamics throughout the year and also during different
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seasons. As the ISSO is logistically unapproachable during winters, sediment traps are
very important to give direct estimate of the downward POC flux in the ISSO, which
cannot be estimated by models, which are mostly biased to short term events, and
often overestimates, due to negligence of certain important links of the food web

structure.

Also, a detailed study of the molecular and biochemical composition of POM
of suspended and sinking particles will help to determine the extent of transformation
within the water column. As the labiality and refractory property of POM depends on
its molecular and biochemical composition, which would determine the period for
which the carbon is sequestered away from contact with the atmosphere and

consequent air-sea exchange that impact the global climatic changes.
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ARTICLE INFO ABSTRACT

Available online 17 june 2015 Surface water samples were collected onboard ORV Sagar Nidhi from 11 stations in the Tropical Indian
Ocean (TIO) and 9 stations in the Indian Ocean sector of Southern Ocean (I0SO) (between 3°N and 53°S)
during the austral summer 2012 to understand 8'3C and 8N signatures of particulate organic matter
(POM) in the two different oceanic regimes. Organic carbon and nitrogen concentrations (%C and %N) and
8"C and 8'°N values (8"Cipomy and 8" N(powm)) of POM were analysed along with a suite of supporting
oceanographic parameters. Overall, large-scale variations in %C, %N, 613C(p0M) and 8" Npo) values were
observed in surface waters, which may be influenced by physical and biological processes. The 8"*Cpom)
values ranged from —26.82%0 to —21.40%. and were higher in the subtropical waters (40-43°S), with an
increase of approximately 3%. 6]5N(pOM) values varied over a wide range, from —5.09%o to 4.09%., with
higher 8"Nipow in the nitrate-depleted subtropical waters. 8*Cpom) had a significant relation with
temperature and an inverse relation with total CO, (tCO,) beyond 40°S. The elemental C:N ratio ranged
from 4.4 to 10.8 in the tropical waters, with higher ratios in equatorial waters (1°N-3°S). The biological
community structure and diverse biological processes influence the spatial variations of 8'>Cpowmy and
S]SN(pOM) values in the study area. The selective enrichment of carbon of POM in tropical surface waters
may be due to the dominance of picoplankton and associated biological processes. Beyond 40°S, a
combination of physical factors including SST, eddies along with the changing biological community,
especially the dominance of dinoflagellates in the subtropical front and diatoms in the polar front
appears to control the latitudinal variability of POM characteristics.

© 2015 Elsevier Ltd. All rights reserved.
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and Goiii, 2003; Duforet-Gaurier et al.,, 2010). Chemical char-
acterisation of POM including isotopic analyses of carbon and

1. Introduction

Particulate organic matter (POM) is a key component of the
biological pump which links surface productivity to the deep-
ocean. POM is comprised of particles of diverse size and derived
from various sources including broken phytoplankton cells, bac-
terioplankton, aggregates, faecal pellets of grazers, etc. (Parsons,
1963; Valkman and Tanoue, 2002 and references within). Organic
carbon from POM forms a small fraction of total organic carbon in
marine environment; almost 97-99% of POM gets remineralized in
the photic layers while a very small fraction gets buried into the
bottom sediment (Hedges and Keil, 1995; Honjo et al., 2008).
Hence, POM controls the efficiency and quality of ‘biological pump’
linking the surface productivity to deep carbon export (Gordon

* Corresponding author.
E-mail address: bhaskar@ncaor.gov.in (P.V. Bhaskar).

http://dx.doi.org/10.1016/j.dsr2.2015.06.009
0967-0645/© 2015 Elsevier Ltd. All rights reserved.

nitrogen help us to gain insights into various processes that
influence the quality of carbon exported to the deep-ocean. Unlike
other biomarkers, the stable isotopic ratios of carbon and nitrogen
are not affected by abiotic processes like photochemical degrada-
tion or structural modification and hence can be used as a tool to
understand the processes/sources (fixation, upwelling, atmo-
spheric inputs, remineralization, etc.) and fate of organic matter in
marine systems (Hedges, 1992; Druffel et al., 1996; Raymond and
Bauer, 2001).

The natural abundances of stable carbon and nitrogen isotope
ratios of POM (8"Cipom) and 8'°Npowmy) are often used to study the
conditions prevailing at the time of carbon fixation, as various
factors including pCO,, availability of nutrients, upwelling pro-
cesses, temperature and biological community structure deter-
mine the isotopic fractionation of carbon in POM (Popp et al,
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1989; Laws et al., 1995; Bidigare et al., 1997; Gruber et al., 1999;
Zhang et al., 2014). 8"3Cpow is largely influenced by the source of
inorganic carbon (air-sea exchange, upwelling, mixing, etc.) and
the phytoplankton community (autotrophs and mixotrophs),
while heterotrophs prefer assimilation of dissolved organic carbon
over inorganic carbon [COy,q)] (Hayes, 1993; Bentaleb et al., 1998).
On the other hand, 615N(p0M) is used to study processes involved in
cycling of organic matter, specially nitrogen related processes like
nitrate uptake, nitrification, denitrification, remineralisation, etc.
(Mopper and Degens, 1978; Wada et al., 1987).

Isotopic studies on POM have been carried out in the Southern
Ocean (Kennedy and Robertson, 1995), the Arctic Ocean (Zhang
et al., 2011), the Antarctic-Prydz Bay (Zhang et al., 2014) and the
Atlantic Ocean (Rau et al., 1992; Lara et al., 2010) mainly to per-
ceive the variability of 8"*Cponm) and understand the influence of
environmental factors (temperature, nutrients, melting ice, CO,
(ag))» carbon biochemistry and phytoplankton composition. How-
ever, limited information exists on the isotopic nature of POM in
relation to biological productivity, speciation and oceanography
from the Indian Ocean sector of the Southern Ocean (I0SO). Earlier
isotopic studies of POM in IOSO were restricted to the Crozet Basin,
Indian sector of the Subantarctic Southern Ocean (Kaehler et al.,
2000), the Southern Ocean, south of Australia (Lourey et al., 2004)
and the Leeuwin Current (LC), off Western Australia (Waite et al.,
2007). To the best of our knowledge, there is very little informa-
tion about the distribution of 82Cipomy and 8" Npomy in TIO
(Francois et al., 1993).

Both I0SO and TIO are two different oceanographic regimes
with contrasting hydrodynamic features. The I0SO extends from
40°S up to the Antarctic coastline and is connected to the Atlantic
and Pacific sectors of the Southern Ocean. The I0SO is influenced
by diverse physical processes (sharp temperature gradients, strong
currents, constantly high wind speeds) and experiences strong
seasonal changes. Moreover, I0SO shows large scale meridional
changes in temperature and salinity, resulting in the formation of
various oceanic fronts including the Subtropical Front (STF), the
Sub-Antarctic Front (SAF) and the Polar Front (PF). The 10SO is
strongly influenced by the Antarctic Circumpolar Current (ACC)
and the Agulhas Return Front (ARF) (Orsi et al.,, 1995; Belkin and
Gordon 1996; Holliday and Read, 1998; Anilkumar et al., 2006).
The wind and current induced mixing and northward transport of
both seawater and solutes from its source in the Antarctic shelf are
keys to the supply of nutrient rich and oxygen rich waters to mid-
latitudes. Although these waters are relatively nutrient rich and
support varied food-webs, the overall productivity is patchy,
thereby making biogeochemical processes (carbon sink and
source) in these waters very complex and sensitive to short-term
sporadic events (including eddies, varying insolation etc.) (Deacon,
1933; Jasmine et al., 2009). The biological response and adaptation
across these fronts has thrown light on the existence of different
trophic processes, including an active microbial loop (DOM
uptake) along with a strong microzooplankton grazing (flagellate
and ciliate dominated system) (Jasmine et al., 2009).

TIO gets input from various water masses such as the Arabian
Sea high saline waters, Bay of Bengal waters, Indonesian through
flow, tropical surface waters, etc. (Prasanna Kumar and Narvekar,
2005; Sardessai et al., 2010; George et al., 2013). These waters are
bounded by the Asian landmass on the north and the African
landmass on the west, which influence the current patterns,
nutrient redistribution, productivity patterns and the bio-
geochemistry of these waters (Burkill et al., 1993). The equatorial
Indian Ocean also experiences Wyrtki jet which makes it less
productive than equatorial Pacific and Atlantic (Wyrtki, 1973;
George et al., 2013). The TIO also includes the south-western
Indian Ocean gyre, which lies between 10°S and 35°S and extends
from Madagascar to Australia. These waters are also known for its

patchy but low productivity and oligotrophic growth conditions
(Jena et al., 2013).

Under the Indian Southern Ocean Studies Program, a multi-
disciplinary approach is being adopted to address the carbon
biogeochemical processes and food-web dynamics in I0SO.
Organic carbon inventory, its sources and links to various ocea-
nographic processes are some of the key scientific issues being
investigated under this program. As a part of these investigations,
chemical characterisation of POM and stable isotopic analyses of
carbon and nitrogen were carried out. The present work investi-
gates the spatial variation of 8"*Cipom) and 8" Npowm in surface
waters of the TIO and I0SO having two contrasting biogeochemical
environments, varied food-web dynamics and biological commu-
nity structure. We also make an attempt to delineate the key
factors controlling the signatures of carbon and nitrogen isotopes
in these two different oceanic regimes.

2. Material and methods
2.1. Sampling

Surface seawater samples were collected on-board ORV Sagar
Nidhi during December 2011-January 2012 at selected locations
within the oceanic areas of TIO and I0SO between 3°N and 53°S
(Fig. 1). Based on the sea-level anomaly data (Fig. S1, Supple-
mentary data), a cold core eddy was identified at 40°S, 56.5°E
which showed distinct anomalies in hydrography and nutrient
concentrations.

Seawater samples were collected in precleaned plastic buckets
for nutrient analyses, chlorophyll a, tCO, and %C, %N, 8'3C and
8'°N of POM. Hydrography data was obtained from on board
thermosalinograph (Seabird Electronics SeaCat 21) in TIO and CTD
in 10SO.

2.2. Nutrient analyses

Seawater sub-samples were collected in 250 ml Nalgene bottles
and kept frozen at —20 °C until analyses. Prior to analyses, the
samples were thawed and brought to room temperature. The
dissolved nutrients (nitrate, nitrite, ammonium, phosphate, and
silicate) were measured using an auto-analyser (Model: Skalar
Analytical San+ + 8505 Interface v3.05, The Netherlands) fol-
lowing standard colorimetric methods (Grasshoff et al., 1983).
Standards were used to calibrate the auto-analyser and frequent
baseline checks were made. The standard deviation for all nutri-
ents analysed was + 1%.

2.3. Analyses of chlorophyll a by flourometry and phytoplankton
marker pigments by HPLC

Three litres of seawater were filtered through GF/F Whatman
filters for chlorophyll a (Chl a) analyses by fluorometry and pig-
ment analyses by HPLC. These samples were kept frozen (—20 °C)
prior to analyses. For Chl a analyses, frozen samples were placed in
15 ml centrifuge tubes and extracted overnight at 4 °C using 10 ml
of 90% acetone. The extracted samples were then transferred to
10 ml cuvettes and measured fluorometrically using Turner's AU
10 Fluorometer (Turner Designs Inc., USA). Calibration was carried
out using standard chlorophyll a pigment (DHI, Denmark).

For pigment analyses, the frozen samples were placed in 15 ml
centrifuge tubes, extracted for 5 min in ultrasonic bath filled with
ice-water and overnight at 4 °C using 3 ml 90% acetone. The
extracts were stored overnight at —20 °C for HPLC analysis. The
entire extraction procedure was carried out in dim light conditions
and at low temperature to minimise degradation of pigments. The



188 M.A. Soares et al. / Deep-Sea Research II 118 (2015) 186-196

20°N

EQ

20°S

40°S

:
2
>
3
8
<
H
3

60°S - L
40°E 60°E 80°E 100°E
Fig. 1. Map showing the sampling stations during an expedition onboard ORV

Sagar Nidhi in austral summer, 2012. Encircled station experienced a cold core
eddy.

HPLC analysis was carried out following the method of Bidigare
et al. (2002). According to the standard practice, chemotax-
onomically similar marker pigments were grouped together and
pigment indices were calculated (Bhaskar et al., 2011; Naik et al.,
2011) following the method of Barlow et al. (2007).

Diagnostic pigment (DP) index was used to assess the com-
munity structure by confirming the significant relationship
between DP and Chl a by (r=0.871, n=15, p <0.0001). Details of
diagnostic pigment index used for this study are described else-
where in this issue (Naik et al., 2015).

2.4. Total carbon dioxide (tCO5)

For tCO, concentration in seawater, sub-samples were collected
in 60 ml glass bottles and poisoned with 0.3 ml of saturated
mercuric chloride. Twenty five milliliter of sample was transferred
into a sample reaction vessel, acidified with 3 ml of 8.5% ortho-
phosphoric acid and the gas was completely purged by bubbling.
Gaseous CO, was trapped in a cell containing ethanolamine and
photometrically back-titrated using a coulometer (Model 5015, U.I.
C. Inc., USA).

Calibrations were carried out using a certified reference
material (CRMs, Batch #104) supplied by A. Dickson (SIO, Uni-
versity of California, USA) and using preweighed and dried
Na,COs. During the calibration, water blanks were used for
instrument baseline check. Similarly, acid blanks were deducted
from all the sample analyses. Calibrations with Dickson standard
were carried out regularly. The overall precision and accuracy of
the analyses were <2 pM and 4 pM, respectively.

2.5. %C, %N, 6"3C and 5"°N of POM

Sub-samples for POM analyses were immediately transferred to
acid-cleaned plastic carboys and filtered through 0.7 pm pore size
precombusted (450 °C for 4 h) Whatman GF/F filters and the filters
were stored at —20 °C until analysis. The filters were decalcified
by exposing to fumes of HCl (35%) for 12 h in a desiccator, dried
and packed tightly in tin cups for analysis of %C, %N and stable
isotopic ratios (8"Cipon) and 8" Npomy)- 82Crpomy and 8" Nipon
were measured using an Isoprime Stable Isotope Ratio Mass
Spectrometer in continuous-flow mode coupled with an Elemental
Analyzer (Isoprime, Vario Isotope Cube) (Owens and Rees, 1989) at
the Marine Stable Isotope laboratory of National Centre for Ant-
arctic and Ocean Research, Goa, India. The isotopic ratios expres-
sed in per mil notation were calculated as follows:

813C or 8N (%0)=[(R(sample)/R(standard)—1] x 1000,

where R=15N/"N or ¥¢/"2C

813C values are reported with respect to VPDB and 5'°N values
are reported with respect to air-N,. The reference standards used
for normalising to VPDB and air-N, scale are cellulose (IAEA-CH-3)
and ammonium sulphate (IAEA-N1), respectively. The external
precisions for 8C and 8N are +0.05% and+0.08%. (1o
standard deviation), respectively, and for %C and %N are + 0.29%
and +0.35% (1¢ standard deviation), respectively, obtained by
repeated measurements of IAEA-CH-3 & IAEA-N1 (n=27).

3. Results
3.1. Hydrography

The sea-surface temperature (SST) and salinity (SSS) within TIO
exhibited less variability in comparison to 10SO. In TIO, SST ranged
between 28.21 and 29.33 °C and SSS varied between 34.13 and
35.21. SSS values declined by 0.99 along the transect, mainly south
of the equator. The mean and ranges for hydrographic parameters
are presented in Table 1. In contrast, [0SO exhibited large-scale
SST variations. The surface temperature within 10SO decreased
from 19.25 to 3.79 °C (Fig. 2a) while SSS values decreased from
35.60 to 33.81. Zonally along 40°S, SST varied by 3.7 °C while SSS
varied by ~1, with lower SST and SSS at 56.5°E. A similar decline
in SST (~4°C) and SSS (by ~1) was also observed along 43°S
transect (Fig. 2b).

3.2. Nutrients, tCO, and Chl a

In TIO, surface nitrate concentration was low and ranged from
0.07 to 0.61 pM, whereas in the 10SO waters, nitrate was the
lowest in STF (0.61 uM) and maximum in PF (23.35 uM) (Fig. 2c).
The surface nitrate concentration increased by an order of mag-
nitude between SAF and PF. Ammonium concentrations ranged
from 1.49 to 2.13 uM in TIO and from 1.29 to 2.64 uM in I0SO
(Table 1). The average N:P ratios were 2.01, 4.08, 3.19 and 8.97 in
TIO, STF, SAF and PF, respectively (Table 1). The N:Si ratio was > 1
in the entire study area, despite low nitrate. It was closer to 1 in
TIO with an average of 1.34, while in I0SO average N:Si ratios
varied from 3.71 to 5.44. Larger variations in N:Si ratios within
10SO were observed in the STF (1.46 to 12.14) compared to PF (3.04
to 6.57) (Table 1). The concentrations of tCO, increased from TIO to
PF and ranged from 1905.88 uM to 2162.99 uM (Table 1). Within
TIO, tCO, concentration did not show a specific trend as it first
increased towards equator, then declined sharply across the
equator followed by a sharp increase (Fig. 2d). In the I0SO waters,
the tCO, concentrations showed a steady increase from 2026 pM
in the STF to 2162.99 pM in the PF (Fig. 2d).



Table 1

NO3+NO, +NHs), Chl a, %C, %N, C:N (w/w), POC:Chl a (w/w), §"*Cpomy, 8*Npom) and dominating phytoplankton community (% abundance)

Average values of SST (°C), salinity, tCO, (uM), NO3 (uM) NH3 (uM) N:P, N:Si (where N

in surface samples along the cruise transect. Range is in parentheses.

Dominant phytoplankton

community® (%
abundance)

ﬁlSN(POM)

(%)

%N CN POC:Chla 8™Cipom
(%)

% C

Chl a
(mgm~3)

N:Si

N:P
(uM)

NO; (hM) NH;

tCO, (M)

Salinity

Region Latitude SST (C)

Prokaryotes (46%)

—0.88

0.07 7.25 79.49 —26.28

0.47

2.01 1.34 0.47

3°N-13°S 28.65 34.56 1961.70 0.28 1.89

TIO

(—5.09 to
245)
2.

(-26.82 to
-25.52)
2281

(35.05-

(4.44-
10.85)
5.79

(0.04-
012)
015

(0.22-
0.72)
0.76

(0.29-0.71)

(111-
1.80)
5.44

(1.73-
2.30)
4.08

(1.49-
213)
1.90

(1905.88-  (0.07-
0.61)

(34.13-

(28.21-

168.4)

2045.92 )
2058.07

35.21)
34.72

29.33)

15.44

Flagellates (93%)

05

156.74

0.46

40-43°S

STF

(0.68 to
4.09)

(2455 to
~2140)

(007- (325-  (62.93-
12.71)

0.26)

(0.39-
114)

(011-113 )

(0.61- (129-  (190-  (1.46-
230) 7.24)

10.58)

(2026-2099)

(33.81-

(1118

324.46)

12.14)

35.60 )

19.25)
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0.18)

0.86)

6.57)
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2 Dominant phytoplankton community is based on diagnostic pigment index.

Chl a concentration in the surface water ranged from 0.11 to
1.13 mg m~ in the study area and did not show any specific trend.
The Chl a concentration remained < 0.75 mg m > in the TIO with
a maximum of 0.71 mg m > at 4°S. In 10S0O, higher concentrations
of Chl a were observed at STF and SAF (Fig. 2e). The average Chl a
concentration in TIO, STF and PF were 0.47, 0.46 and 0.48 mg m >,
respectively (Table 1).

3.3. Characteristics of POM

%C of POM ranged from 0.22% to 1.14% in the entire study area.
The average %C in the TIO waters was 0.47% and ranged from 0.22%
to 0.72% (Table 1). %C was minimum at the equator and was higher
on both sides of the equator (Fig. 3a). In I0SO, average %C of POM
decreased from 0.76% in STF to 0.25% in SAF and again increased to
0.73% in PF (Table 1). Large scale zonal variation was observed at
STF, ranging from 0.39% to 1.14%. The %C at SAF was lowest (0.25%)
and increased thereafter to 0.86% in PF (Fig. 3a). The spatial var-
iation of %N in the surface waters was similar to %C (Fig. 3b). In
TIO, the values ranged from 0.04% to 0.12%, while in I0SO it ranged
from 0.07% to 0.26% (Table 1). The average %N values of POM were
maximum in STF (0.15%) and minimum in SAF (0.06%) (Table 1).

8"3Cpom) was lower in TIO with an average of —26.28%. while
in the 10SO waters, the average 8'3Cipomy values ranged from
—22.81%o in STF to —25.82%¢ in PF (Table 1). Within STF, 8*C(pom)
varied from —24.55%. to —21.40%. with enrichment of heavier
carbon in the eddy influenced station. In PF, the 8"3Cipom) ranged
from —25.99%. to —25.65%. (Fig. 3c). 8" Niponm) showed large
variations in the study area ranging from —5.09%0 to 4.09%.
8" Npony in TIO was lower, ranged from —5.09%0 to 2.45%. and
did not show any specific trend (Fig. 3d). In 10SO, 8"°N¢ponm) Was
higher in STF (0.68%. to 4.09%.) which decreased in PF (0.26%o to
0.32%) (Table 1).

The average C:N ratio in the TIO surface waters was 7.25, which
was higher than Redfield ratio of plankton (6.63), and showed a
wide variation from 4.44 to 10.85 (Fig. 3e). In I0SO, the C:N ratios
ranged from 3.25 to 12.71 while the average ratios ranged from
5.79 in STF to 5.27 in PF (Table 1). The POC:Chl a ratio ranged from
35.05 to 168.40 in TIO and from 38.97 to 324.46 in the I0SO with
the maximal value in STF. The average POC:Chl a ratios varied from
156.74 in STF to 38.97 in SAF and 106.34 in PF.

3.4. Statistical analyses

In order to identify key factors influencing the POM char-
acteristics and isotopic ratios, a simple Spearman's rank correla-
tion was calculated using Excel software. In the absence of pH
data, [CO;]yq could not be calculated and hence all statistical
analyses were carried out with tCO, as a representative. tCO,
solubility in surface waters is controlled by SST as thermal frac-
tionation of carbon isotopic signatures of tCO, and subsequent
carbon fixation is reflected in 83Cipom). 8'3Cpom) had a positive
correlation with SST (r=0.6815; p < 0.05) and an inverse correla-
tion with tCO, (r=-0.7867; p < 0.005) in I0SO (Fig. 4b and d) but
insignificant correlations in TIO (Fig. 4a and c). In TIO, 83C¢pom)
and %C showed a significant positive correlation (r=0.9199;
p < 0.0001) whereas in I0SO it was not significant (Fig. 4e and f).
Availability of nutrients influences the carbon fixation process and
fractionation of nitrogen isotopic signatures during nutrient
uptake. 8"Cpom) (r=-0.7504; p <0.05) (Fig. 4h) and 8" N(pom)
(r=-0.8687; p <0.005) (Fig. 5b) were inversely correlated with
nitrate only in 10SO. tCO, showed an inverse correlation with SST
(r=0.9010; p <0.001) (Fig. 6a) in 10SO, indicating greater solubi-
lity in colder waters. Although Chl a is used as an indicator of
phytoplankton biomass, it is not the dominant representative
pigment for all forms of phytoplankton groups including
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Encircled station experienced a cold core eddy.

flagellates. This is also reflected in statistically insignificant cor-
relations of Chl a concentrations with 8Cipom (Fig. 6b) and %C in
10S0. 8" N¢pom) and %N showed a positive correlation only in TIO
(r=0.8357; p <0.0005) (Fig. 7a). Both %C and %N showed a sig-
nificant linear correlation (r=0.7701; p <0.0001) in the entire
study area (Fig. 7b).

4. Discussion
4.1. TIO

The TIO waters were warm (avg. 28.65 °C) but showed slightly
large variations in SSS (~1 psu). The decline in salinity is distinct
immediately at the south of the equator, which may be due to
increased localised precipitation associated with the presence of
the Inter Tropical Convergence Zone (ITCZ) at the south of equator,

as reported earlier (Tiwari et al., 2013). These waters were low in
nitrate (Fig. 2c) and had moderate Chl a values (Fig. 2e). 8"*Cpom)
(—26.82%0 to —25.52%0) showed small scale spatial variations
(Table 1) and weak correlations with SST and tCO, (Fig. 4a and c).
Similar relation between 8'3C of marine plankton and SST has
been reported in tropical waters (Degens et al., 1968; Fontugne
and Duplessy, 1981). The observed weak correlation may be
explained by the following reasons: (1) isotopic fractionation of
carbon during photosynthesis and biosynthesis of organic mole-
cules like proteins, lipids and carbohydrates are species specific
and varies with cell size, cell physiology and growth rate and
independent of thermal effect (Goericke and Fry, 1994; Popp et al.,
1998); (2) microbial degradation of POM resulting in preferential
removal of labile fraction (Eadie and Jeffrey, 1973), and accumu-
lation of lipids in POM (Minagawa et al., 2001). In the sampling
sites of TIO, prokaryotic picoplankton was dominant (Table 1).
From the literature it is evident that picoplankton biomass is a
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major contributor to the total biomass in warm waters with low
nutrient concentration (NO3+NO; <1 uM) (Agawin et al., 2000).
In general, '3C of marine phytoplankton is in a range from —24%.
to —17.5%o (Bidigare et al., 1999). In the present study, the average
8"3C(pomy values in TIO were lower than those reported by Bidigare
et al. (1999) and Fontugne and Duplessy (1981) but closer to the
813C values of picoplankton reported by Rau et al. (1990). Pro-
karyotic picoplankton are reported to have small isotope fractio-
nation during carbon fixation (Popp et al., 1998) but preferentially
incorporate lighter carbon molecules during lipid biosynthesis
(Sakata et al., 1997). The microbial degradation of such POM may
result in enrichment of lighter carbon due to accumulation of less
labile residual lipid fraction in POM. Moreover, 8Cpomy is an
accumulated signal over time while both SST and tCO, are
instantaneous values prevailing at the time of sampling.

The POC/Chl a ratio has been used as an indicator of phyto-
plankton derived fresh organic carbon and ratio <200 may

indicate major contribution from phytoplankton derived organic
matter (Bentaleb et al., 1998; Savoye, et al., 2003). The POC/Chl a
ratios in TIO were generally <200 for the surface waters and
showed moderate C:N ratios (< 7), except for a few stations.
Dominance of picoplankton in oligotrophic waters is an indicator
of an active microbial loop as the major carbon pathway and
heterotrophic bacteria are important contributors to the organic
carbon pool (Azam et al., 1983; Marafién et al., 2003). Previous
studies in the oligotrophic equatorial Indian Ocean have indicated
greater contribution of heterotrophic bacterial production to the
biological production (Fernandes et al., 2008; Ramaiah et al.,
2009). Selective mineralisation of POM resulting in preferential
removal of nitrogen rich compounds by heterotrophic bacteria is
fairly well-known in marine environments (Eadie and Jeffrey,
1973; Harvey et al, 1995; Kolasinski et al., 2012). The greater
bacterial productivity in TIO coupled with selective N-removal
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Fig. 4. Spearman's rank correlation analysis of 8'>C pom) With (a, b) SST (°C) and (c, d) tCO, (uM) in surface waters of TIO and I0SO during austral summer, 2012.

may be responsible for the higher C:N ratio ( > 7) in the equatorial
waters.

8"N (pom in TIO showed large scale variations (—5.09%0 to
2.45%) (Fig. 3d). 8" Nipom) did not correlate with nitrate con-
centrations (Fig. 5a), and had a significant correlation with %N
(Fig. 7a). The 8"*N(powmry in TIO was significantly lower than those of
marine organic matter (3%. to 12%.)(Wada and Hattori, 1991;
Maksymowska et al., 2000). However, it was apparently in the
range (—4%o to —5%0) observed by Altabet and Francois (2001)

and (—3%o to +7%c) reported by Lourey et al. (2003), in the
Southern Ocean region. The extremely low 8"Npomy at some
stations in TIO could be attributed to the uptake of N enriched
ammonium (Altabet, 1988; Waser et al., 1999) by picoplankton in
low nitrate waters. The 615N(p0]\/[) values closer to zero was
attributed to nitrogen fixation (Saino and Hattori, 1987) and early
diagenesis (Chen et al.,, 2008). On the other hand, the ability of
picoplankton to take up varied nitrogen species, from nitrate to
dissolved organic nitrogen (Zubkov et al., 2003,Gracia-Fernandez
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et al,, 2004),) may explain higher 8" Npom) values in TIO. However,
the processes that might be influencing the wide variation of
815N(p0M) in these waters were not clearly explained.

4.2. 10SO

A general trend with a southward lowering of 613C(p0M) was
observed from 40°S onwards, as observed in most of the high
latitude regions. The decrease in temperature along with the
prevalence of high wind speed in 10SO favours greater wind dri-
ven mixing, thereby increasing the concentration of tCO, with low
8'3C in surface waters. The incorporation of isotopically lighter
CO, by phytoplankton results in low 8"Cipowm in surface waters
(Fontugne and Duplessy, 1981; Rau et al., 1992; Goericke and Fry,
1994; Gruber et al., 1999). This is reflected in the linear positive
correlation of 83C(ponmy with SST (Fig. 4b) and a negative relation
with tCO, (Fig. 4d). The isotopic values observed in I0SO are
comparable to those observed elsewhere in the South Pacific
(—27.89%0 to —24.47%o0), the Arctic (—28.5%0 to —21.1%.) and the
Prydz bay, Antarctica (—27.4%. to —19.0%.) (Kennedy and
Robertson, 1995; Zhang et al., 2011, 2014).

The STF waters experienced high wind speed and eddies during
the study period. Previous studies by Kolasinski et al. (2012) in
eddy prone Mozambique channel have observed heavier 8Cipon)
and 8"°N(pom) within the eddy, and have attributed it to uptake of
deep water nitrate brought up due to upwelling combined with a
shift in phytoplankton community to large diatoms. Although, in
the present study the lowest C:N ratio (Fig. 3e) in the subtropical
region coincided with high 8"3Cipomy (Fig. 3¢) in the eddy influ-
enced station (40°S, 56.3°E) (Fig. S1, supplementary data), the
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8" Npomy values (Fig. 3d) did not match the typical "N of nitrate
from deep waters or new production. This may be because the
eddy was a long standing eddy (Fig. S2, supplementary data), and
the phytoplankton biomass (Chl a) was highly variable in STF and
dominated by flagellates (Table 1). Flagellates, especially dino-
flagellates, are known to have assimilatory enzymes like phos-
phoenolpyruvate carboxylase and phosphoenolpyruvate carbox-
ykinase that result in less isotopic discrimination during carbon
uptake, thereby making the 613C(p0M) heavier (Bentaleb et al.,
1996, 1998; Gaul et al., 1999; Lara et al., 2010). The lack of statis-
tically significant correlation between 8'3Cipony and Chl a (Fig. 6b)
may be due to the dominance of flagellates in these waters. In STF,
POM was enriched in 3C, coinciding with low C:N ratio except at
one station (40°S, 58.5°E), where mesozooplankton biomass was
high and dominated by copepods. The predominance of flagellates
in STF coupled with SST appeared to play an important role in
influencing 8™Cipom-

The surface waters in PF were highlighted by typically high
nutrient low chlorophyll (HNLC) conditions, wherein increased
availability of nitrate did not match observed phytoplankton bio-
mass (Chl a). The N:Si ratio <1 generally favours the dominance
of diatoms. Although the N:Si ratio was > 1, silicate concentration
was never limiting and in fact favoured the growth of diatoms in
these waters, which was evident from diagnostic pigment study
(Table 1). The average C:N ratio of POM was slightly lower than
Redfield ratio of plankton. The low POC:Chl a ratio also indicate
the existence of fresh organic matter and the prevalence of auto-
trophy (Bentaleb et al., 1998; Savoye et al., 2003).

In 1050, 8C(pom) had a positive correlation with %C (Fig. 4f)
which may indicate the role of biology in the isotopic fractionation
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Fig. 6. Spearman's rank correlation of (a) SST (°C) with tCO, (uM) and (b) 613C(p0]\/[) with Chl a (mg m~3) in surface waters of I0SO during austral summer, 2012.
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Fig. 7. Spearman's rank correlation of (a) 8'°N (pom) With %N in surface waters of TIO and (b) %C with %N of POM in surface waters at all the sampling sites.

as suggested by Eadie and Jeffrey (1973) and Zhang et al. (2014).
The low 8"Cpomy (Fig. 4d) observed in 10SO may be due to
increased availability and uptake of isotopically lighter tCO, (Popp
et al, 1989; Lourey et al., 2004) by phytoplankton. An inverse
relation between nitrate and 8" Npom) (Fig. 5b) may be due to a
preferential uptake of lighter nitrogen species by phytoplankton in
nitrate replete waters (Wada and Hattori, 1978; Wada, 1980;
Checkley and Miller, 1989; Mino et al., 2002).

5. Conclusions

In this study, the importance of different phytoplankton com-
munity in shaping the isotopic signatures of POM in two different
oceanic regimes was evident. In the warm oligotrophic tropical
surface waters, small scale depletion in 8'>C(pop) and a wide range
of 8™Nepom) was explained by the dominance of picophyto-
plankton. The role of heterotrophy in sustaining the picoplankton
biomass was however, not clear. Unlike TIO, physical factors
including SST and eddies play a major role in determining the
isotopic characteristics of POM in 10S0. Higher 8"°N(powm in waters
influenced by a cold core eddy in STF do not indicate new pro-
duction but the dominance of flagellates in those waters influ-
enced the 613C(pOM), which may be due to their non-discriminative
uptake of C and N. The increasing availability of nutrients favours
the growth of diatoms beyond 50°S. As a result, enhanced pho-
tosynthetic isotopic fractionation may result in depletion of §'3C
and 8N in polar waters. However, the role of grazers and
microbial degradation in influencing the isotopic signatures of
POM could not be addressed in this study.
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ARTICLE INFO ABSTRACT

Keywords: During austral summer 2012, seawater samples were collected from the upper 120 m of the water column, across
Particulate organic matter the frontal zones in the Indian Ocean sector of the Southern Ocean. Suspended particulate organic matter from
Autotrophy seawater was characterised, from its organic carbon and nitrogen content, and 8'*C(pop, There was a marked
?ES:Z;EE? ?ront difference in 8'3C(popy) across the three frontal zones. It was depleted from the Subtropical frontal zone (—24.48
Polar front + 1.94%o) to the Subantarctic frontal zone (—25.53 + 0.62%o) and the Polar frontal zone (—26.69 + 1.22%o).

Within the water column, Particulate Organic Carbon (POC) and Particulate Nitrogen (PN) decreased with depth,
especially below the deep chlorophyll maxima. Principal Component Analysis of 613C(pOM) and the environ-
mental variables showed two clusters, one cluster, within the Subtropical and Subantarctic frontal zones,
whereas the other cluster was in the Polar frontal zone. Statistical analysis of 8'3C with particulate organic
carbon, nitrogen, apparent oxygen utilization, chlorophyll a and phytoplankton community, indicated that
biological community structure strongly influenced the particulate organic matter characteristics in the upper
water column. The study also revealed that both autotrophic and heterotrophic processes play a significant role
in the waters of the Subtropical and Subantarctic frontal zones. Furthermore, physical factors like eddies and
advection influence the community structure and food web dynamics of the region. However, in the Polar frontal
zone, autotrophic processes were dominant, supported by the abundance of nutrients and prevalence of larger
phytoplankton community (diatoms).

Southern ocean

1. Introduction et al., 2006). The extent of these fronts reported in some of the earlier

studies in the Indian Ocean sector of the Southern Ocean (I0SO) is given

Southern Ocean (SO) has a significant role in the global ocean cir-
culation and climate change. One of the characteristic features of the SO
is the presence of the Antarctic Circumpolar Current (ACC) and associ-
ated fronts. The ACC plays a prominent role in the transport of heat,
salts, and organic components across the world oceans (Deacon, 1933;
Pollard et al., 2002). There are three major fronts associated with the
ACC, namely the Subtropical Front (STF), Subantarctic front (SAF) and
Polar Front (PF). All these fronts were characterised by strong seasonal
variability in the environmental conditions with strong winds, ocean
currents, ice cover, etc., which makes it a unique system (Tynan, 1998;
Boyd and Ellwood, 2010; Rintoul and Naveira Garabato, 2013). These
fronts have distinct and homogenous physical and biochemical proper-
ties (Belkin and Gordon, 1996; Sokolov and Rintoul, 2002; Anilkumar
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in Table 1.

The Subtropical Front Zone (STFZ), is the region bounded between
the STF in the north and SAF in the south. It is a region of mixing of
warmer, nutrient-poor subtropical waters with, cooler, nutrient-rich
subantarctic waters. This region is influenced by eddies, which alter
the nutrients and organic matter composition (Boyd et al., 1999; Jullion
et al., 2010; Sabu et al., 2015; George et al., 2018). Another feature of
the STFZ is the high, but patchy, primary productivity, and the abun-
dance of micro and mesozooplankton (Llido et al., 2005). The frontal
zone south of the STFZ is the Subantarctic Front Zone (SAFZ), which
extends from the SAF to the PF. The decline of nutrients due to strati-
fication in this region is responsible for a succession in phytoplankton
community (Deppeler and Davidson, 2017). The physico-chemical
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Table 1
Summary of Fronts identified in some of the earlier studies in the ISSO and the
zonation assigned in the present study.

Author Year of Sampling Front Latitude

Anilkumar et al., 2006 Austral summer, STFZ (SSTF + ARF 40°S-

2004 + SAF1) 43°S
SAF 45-48
PF1 49-50
PF2 52-54
Tiwari et al., 2013 Austral summer STF 40-43
2010 SAF 44-49
PF 50-54
Shetye et al., 2015 Austral summer SSTF 39-41
2009, 2010 SAF 44-48
PF 49-59
Soares et al., 2015 & Austral summer STF 40-43
Present study 2012 SAF 44-48
PF 50-53

conditions in this zone favour the growth of smaller phytoplankton and
microzooplankton (Jasmine et al., 2009; Boyd et al., 2016). The Polar
Fontal zone (PFZ) extends beyond 50°S to the Southern boundary. Of all
these three frontal zones, the PFZ is known to be more productive during
the austral summer, due to the availability of sunlight and the influx of
micro and macro nutrients, contributed by ice melt (Jasmine et al.,
2009; Sabu et al., 2014).

Frontal zones in the IOSO are known to exhibit a High Nutrient Low
Chlorophyll (HNLC) property. Several attempts have been made to
explain the patchy primary productivity and the HNLC phenomenon in
this region based on lower amounts of solar energy and limiting
micronutrients for optimum phytoplankton growth (Martin et al., 1990;
Sakshaug and Slagstad, 1991). Deepening of the mixed layer and
zooplankton grazing has also been suggested as influencing factors
(Nelson and Smith, 1991; Dubischar and Bathmann, 1997). Primary
productivity (PP) in the ocean plays a major role in drawing down at-
mospheric CO; by producing organic matter, part of which, over time is
transported to deeper waters as particulate organic matter (POM) (Volk
and Hoffert, 1985). A major portion of the POM produced in the surface
waters undergoes biochemical modifications within the food-web and is
recycled in the upper water-column (Alldredge et al., 1993; Prahl et al.,
20005 Verity et al., 2000; Martineau et al., 2004). The quality of POM
in-terms of its biochemical composition, determines the lability of POM
in the marine system, and thus plays a significant role in determining the
fate of POM, especially, regarding its downward flux or remineralisation
in the water column (Tremblay et al., 2015; Aumont et al., 2017).

Earlier studies in the I0SO, focussed on COy (Shetye et al., 2015;
Prasanna et al., 2015), primary productivity (Tripathy et al., 2015,
2018) and zooplankton (Jasmine et al., 2009; Pillai et al., 2018). They
indicated that, the biogeochemistry of different frontal zones exhibit
different controlling factors and dominant biochemical processes.
However, this region is understudied in-terms of POM characterisation,
its transformation and influential processes on POM changes within the
water column.

The isotopic ratio of carbon in POM (SISC(pOM)) is influenced by
various environmental factors in the ocean, and the cell physiology of
phytoplankton, therefore 613C(p0M) is often used as a proxy to under-
stand the factors influencing the composition of POM. Also, earlier
studies of POM in the SO, and other oceanic regions supported that the
isotopic ratios of carbon in POM (613C(p0M)) are sensitive to different
environmental variables like temperature, CO, nutrients availability, as
well as phytoplankton variables like cell size, shape, and growth rate
(Rauetal., 1992; Popp et al., 1998, 1999). In Antarctic waters, 613C(p0M)
has been used as a tool to understand the factors influencing the
composition of suspended POM in the surface waters and to study
sinking particles in the water-column using sediment traps (Henley
et al., 2012). Stable isotopic composition of POM helped shed light on
the food-web structure off Western Australia waters (Waite et al., 2007),
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trophic interactions (Kling et al., 1992), and the pathway of organic
matter through various biological communities (Kaehler et al., 2000).
Similar studies of POM carried out in the other sectors of the SO, using
813C(p0M) as a tool, include studies in the SO region south of Australia to
understand the sensitivity of 613C(pOM) to the environmental variables in
the upper water column (O’Leary et al., 2001; Lourey et al., 2004) and
POM studies using sediment traps (Wada et al., 1987). Likewise, the
factors influencing the characteristics of POM, based on 613C(pOM)
variability, have been addressed in the surface waters of the Atlantic
sector of the SO (Lara et al., 2010) and in an iron fertilized eddy region
(Berg et al., 2011) of the Atlantic sector of the SO. A similar study was
carried out in the surface waters of the Pacific sector of the SO by
Kennedy and Robertson (1995). Even though there have been some
studies in the IOSO, most of the previous studies in IOSO, were restricted
to the surface waters or involved sediment traps, and include only a few
water-column studies of POM. Although, the latitudinal variability of
613C(p0M) has been assessed in the IOSO (Soares et al., 2015), we further
this work by explaining the contributing factors to the 613C(p0M) vari-
ability and dominant processes in the upper water column (120 m) in
this region of the I0SO.

The complexity in the environmental setting of the study area, sug-
gests that physical factors have a significant role in a change of the
biological community structure and subsequently the POM characteri-
sation. The processes in the water column alter the biochemical
composition of POM, and the quality of POM determines the extent of
POM transferred to the deeper waters. Using stable isotopic ratios of
carbon and other attributes of POM (like C:N, POC:Chl-a), we attempt to
delineate the possible processes influencing the composition of the POM
transferred to a deeper depth. This study attempts to understand the
biological processes and change in major trophic process (autotrophic
and heterotrophic) within the 120-m water column across the three
frontal zones in the I0SO, as reflected in the 613C(p0M) and other POM
characteristics.

2. Material and methods
2.1. Sampling

Seawater samples were collected on-board RV Sagar Nidhi during an
expedition in December 2011-January 2012 at five locations between
40°S and 53°S within the IOSO (Fig. 1). Samples were collected from 7
different depths from the sea surface to 120 m (0, 10, 30, 50, 75, 100,
120 m) using Niskin bottles mounted on a CTD rosette, and sub-sampled
for the analysis of nutrients, Dissolved Oxygen (DO), tCO3, chlorophyll a
(Chl-a), particulate organic carbon (POC) and nitrogen (PN) and stable
isotopic ratio of carbon in POM (613C(p0M)). Hydrography data (tem-
perature and salinity) were obtained from CTD (Seabird Electronics,
SBE911+, USA). Based on hydrographic features noted in the current
study and in comparison with the earlier studies (Table 1) in the IOSO,
the sampling stations in the present study were grouped into different
zones, 2 stations (40°S and 43°S) belonged to STFZ, 1 station (45°S) in
the SAFZ and 2 stations (50°S and 53°S) in the PFZ (Tables 1 and 2). The
demarcation of mixed layer depth (MLD) was based on the density cri-
terion as described in Kara et al. (2003) and was calculated following a
0.03 kg m~> density difference criteria from below 10-m. This study
addresses the upper 120 m, however the euphotic depth (PAR > 1% of
the surface value) was always above 100 m (Table 2).

2.2. Dissolved Oxygen (DO)

Sub-samples for DO were collected directly from Niskin samplers,
into 125 ml glass bottles before any other samples being collected. These
samples were fixed with Winkler’s A and Winkler’s B and titrated
against sodium thiosulphate following Winkler’s method (Grasshoff
et al., 1983) using an auto-titrator.

The apparent oxygen utilization (AOU) is often used as an indicator



M.A. Soares et al. Deep-Sea Research Part II 178 (2020) 104851

35°S

40°S

- 20
45°S

Latitude

50°S g

33°S

Ocean Data View

60°S ! i O el I
45°E S0°E SS°E 60°E 65°E
Longitude

Fig. 1. Sea surface temperature overlayed with the sampling locations and the zones in the ISSO during the austral summer 2012.
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Table 2

Range of salinity, tCO, (uM), phosphate (PO4), N:P, N:Si, POC (ug/L), PN (jig/L), C:N (M/M), 5'C(pon, AOU (uM) and dominant phytoplankton community based on DPI (Diagnostic pigment index) across the fronts in the

cruise transect.

AOU (pM)  Dominant

13
8 “Cpomy

(%o0)

N:Si POC (pg/L) PN (pg/L) C:N (M/M)

N:P

Salinity (COy (UM) PO, (uM)

Latitude = Euphotic

Station

Region

phytoplankton

community

depth(m)

Flagellates 83.3%

-4.68 to
24.69

1.34-1.61 1.89-4.94 1.44-2.22 15.10-58.94 1.47-7.83 4.28-21.88  -26.36 to
-22.98

2045-2091

35.37-35.53

40°S 74

#1

Sub-Tropical

Frontal Zone

-10.66 to
21.28

17.82-74.66  2.65-16.63  3.14-8.50 -27.04 to
-21.59

2.18-3.42

2.33-6.01

1.18-1.64

2002-2126

34.80-35.29

43°S 34

#2

(STFZ)

Flagellates 65.8%

-0.13 to
31.21

2049-2252  1.18-1.75 3.19-8.10 2.75-3.85 21.28-36.78  4.02-7.55 4.86-6.53 -26.21 to
-24.81

34.66-34.96

45°S 56

#3

Sub Antarctic

Frontal Zone

(SAFZ)
Polar Frontal Zone

Diatoms 63.1%

-3.19 to
20.36

4.67-6.76 -28.30 to
-24.00

7.05-9.04  3.52-7.18  31.16-41.97 5.86-8.32

2.44-3.65

85 33.81-33.83  2158-2203

50°S

#4

(PFZ)

-0.51 to
24.09

1.79-2.83  9.44-1.89  1.19-3.04  42.34-54.94 8.07-16.74  3.28-6.32 -26.88 to
-25.99

2079-2205

33.78-33.92

53°S 62

#5
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of biological activity like respiration and remineralisation in the ocean,
as biological activity results in a change in the concentration of oxygen
in the ambient waters. AOU was calculated as the difference of oxygen
gas solubility (Ozar)) and the measured oxygen concentration (Og).
Oxygen gas solubility was calculated as a function of in-situ temperature
and salinity at one atmosphere of total pressure (Benson and Krause,
1984), assuming the surface waters are near saturation.

Apparent Oxygen Utilization (AOU) = Osar) — O2. (@D)]

2.3. Total carbon dioxide (tCO5)

Sub-samples were collected in 60 ml glass bottles and fixed by adding
0.3 ml of saturated mercuric chloride and analysed using a coulometer
(Model 5015, U.I.C. Inc., USA), as described in Soares et al. (2015). The
overall precision and accuracy of the analyses were <2 pM.

2.4. Nutrient analyses

Seawater sub-samples were collected in 250 ml Nalgene bottles and
kept frozen at —20 °C until analyses. Prior to analysis the samples were
thawed and brought to room temperature for the analysis of nitrate,
nitrite, ammonium, phosphate and silicate, by auto-analyzer (Model:
Skalar Analytical San++ 8505 Interface v3.05, the Netherlands)
following standard colorimetric methods (Grasshoff et al., 1983). Stan-
dards were used to calibrate the auto-analyzer and frequent baseline
checks were made. The standard deviation for all nutrients analysed was
+1%.

2.5. Chlorophyll a and phytoplankton marker pigments

Three liters of seawater was filtered through GF/F Whatman filters,
for Chlorophyll a (Chl-a) analyses by fluorometry using Turner’s AU 10
Fluorometer (Turner Designs Inc., USA). Pigment analyses were carried
out following the method of van Heukelem (2002) using High Perfor-
mance Liquid Chromatography (HPLC), and Diagnostic pigment index
(DPI) was used to assess the community structure by confirming the
significant relationship between DPI and total Chl-a (r = 0.871, n = 15,
p < 0.0001). Details of analysis and calculation for DPI used for this
study have been adopted from Naik et al. (2015).

2.6. POC, PN and 5'°C of POM

Sub-samples for the POM analyses collected in acid-cleaned plastic
carboys and five litres of seawater was filtered through 0.7 pm pore size
precombusted (450 °C for 4 h) Whatman GF/F filters and stored at
—20 °C until analysis. The sample filters were decarbonated to ensure
the sample was free from the contribution of inorganic carbon and
analysed for POC, PN and stable isotopic ratios (5'°C) of POM (as
described in Maya et al., 2011; Soares et al., 2015) using an Isoprime
Stable Isotope Ratio Mass Spectrometer in continuous-flow mode
coupled with an Elemental Analyzer (Isoprime, Vario Isotope Cube)
(Owens and Rees, 1989), at the Marine Stable Isotope laboratory of
National Centre for Polar and Ocean Research, Goa, India. The external
precision for 513C is £0.05%o (1o standard deviation) and for %C and %
N are £0.29% and +0.35% (1c standard deviation), respectively, ob-
tained by repeated measurements of IAEA-CH-3 and Ammonium sul-
phate IAEA-N1 (n = 27). The %C and %N are converted to (pg/L) of POC
and PN.

2.7. Statistical analysis

To understand the major processes governing the variability of POM
properties across the fronts, and the factors influencing the POM
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characteristics, principle component analysis (PCA) was carried out
using XLSTAT. Also, Spearman’s correlation analysis using EXCEL was
undertaken to understand the relation of various environmental pa-
rameters with 613C(p()M) and the POM characteristics.

3. Results
3.1. Hydrography and dissolved gases

The sea surface temperature dropped by ~11 °C, from an average of
15.32 + 1.41 °C in the STFZ to 3.97 + 0.77 °C in the PFZ (Fig. 1). The
range of temperature in the upper water column of the STFZ, SAFZ and
PFZ was 13.46 to 17.58 °C, 11.63 to 14.55 °C and 2.20 to 4.73 °C,
respectively (Fig. 2a; Table 2). Similarly, the salinity dropped by ~1.5
across the fronts from the STFZ (35.26 + 0.26) to the PFZ (33.83 & 0.03)
and ranged from 34.80 to 35.53 in the STFZ, 34.66 to 34.96 in the SAFZ
and 33.78 to 33.92 in the PFZ (Table 2). It was also observed that the
MLD increased from 37 m in the STF to 106 m towards the PFZ (Fig. 2a).
It is evident from sea level anomaly (SLA) that the STFZ is an eddy prone
region (Fig. 2b), with numerous cyclonic and anticyclonic eddies indi-
cated from the positive and negative in SLA, and geostrophic current
vectors suggest STFZ and SAFZ are dynamic zones (Fig. 2b).

The colder PFZ waters were richer in oxygen as compared to the
STFZ and SAFZ. DO increased from the STFZ (243 pM) to PFZ (329 pM)
in the surface waters. Within the upper water column, DO displayed a
range from 234 to 262 pM in the STFZ and 241 to 257 pM in SAFZ, and
312 to 329 puM in PFZ (Fig. 3a). PFZ water column was well oxygenated
and did not show much variability with depth. However, it decreased
beyond the deep chlorophyll maximum (DCM) in the STFZ and SAFZ. In
the surface, tCO, varied from 2063 pM (STFZ) to 2163 pM (PFZ), while
within the water column it varied from 2002 to 2126 pM in the STFZ, to
2049 to 2252 pM in the SAFZ and 2079 to 2205 pM in the PFZ (Table 2).
Also, an increase of tCO, with depth was observed at all locations in the
study area.

3.2. Nutrients

The nitrate concentration was low (<3 pM) in the upper 50 m of the
STFZ and SAFZ. Moreover, nitrate in the surface waters increased by
~20 fold, southward from 0.61 pM (STFZ) to 23.35 pM (PFZ). Within the
upper water column, nitrate ranged from 0.25 to 7.20 pM (STFZ), 2.03 to
11.37 uM (SAFZ), followed by 15.01 to 28.46 pM (PFZ), with more than
2-fold increase with depth (Fig. 3b). There existed an evident nitracline
at approximately 50 m in the STFZ and SAFZ. Likewise, silicate
increased from 1.12 pM to 8.78 uM in the surface waters, from STFZ to
PFZ, and increased with depth, especially, in the STFZ and SAFZ. Within
the water column, silicate ranged from 1.04 to 4.42 uM in the STFZ, 1.19
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to 4.92 pM in the SAFZ and 2.80 to 25.81 uM in the PFZ (Fig. 3c).
Likewise, the phosphates also increased towards the PFZ, even though
the column variability was low (Fig. 3d). Phosphates ranged from 1.18
pM to 1.64 pM at the STFZ, which was similar to the SAFZ, but
comparatively lower than the PFZ, where phosphates ranging from 1.79
M to 3.65 pM (Table 2).

3.3. Chl-a and diagnostic pigment index (DPI)

The highest variability in Chl-a was observed in the STFZ. Also, the
overall highest and the lowest values were also observed within this
zone (Fig. 4a). This is also evident from the satellite Chl, which suggest
high but patchy productivity within the STFZ (Fig. 4b). Chl-a varied
from 0.05 to 1.19 pg/L in the STFZ, followed by SAFZ (0.07 to 0.81 pg/L)
and PFZ (0.07 to 0.67 pg/L), with a sharp decrease below the DCM depth
(Fig. 4a). The depth of DCM increased from the STFZ to the PFZ.

The DPI derived from the pigment data indicated the percentage
contribution of phytoplankton functional groups. Distinct variation in
phytoplankton community dominance was observed between STFZ and
PFZ; also, a variation in the contribution from each phytoplankton
community towards the total phytoplankton production was observed in
the 3 zones. The STFZ and SAFZ was dominated by the flagellate com-
munity (nanoflagellates), followed by the prokaryotic picophyto-
plankton community and a contribution from diatoms at 40°S (Fig. 5a).
Although the dominance of flagellates was consistent in the upper water
column (120 m) at the STFZ and SAFZ, the contribution of prokaryotes
decreased and diatoms increased from 43°S to 45°S (Fig. 5b and c). The
contribution from prokaryotic phytoplankton was highest in the STFZ
and decreased from 40°S (STFZ) to 53°S (PFZ). The PFZ waters were
dominated by diatoms (Table 2) followed by the flagellates, and the
contribution from the prokaryotic phytoplankton was very low and
almost negligible in these waters (Fig. 5d and e).

3.4. Characteristics of POM

POC and PN of POM at STFZ varied over a wide range. POC ranged
from 15.10 to 74.66 pg/L and PN from 1.47 to 16.63 pg/L, respectively
(Table 2). The concentration of POC and PN decreased towards the SAFZ
(Fig. 6a and b) and varied from 21.09 to 36.78 pg/L and 4.02 to 7.55 pg/
L, respectively. However, further in the PFZ the POC increased, ranging
from 31.16 to 54.94 pg/L and was similar to the PN, which increased in
the PFZ and ranged from 5.86 to 16.74 pg/L.

The molar ratio of C:N showed wide variability in the STFZ ranging
from 3.14 to 21.88 (avg. 9.44 + 5.93) with the highest values at 40°S;
4.86 to 6.53 in the SAFZ (avg. 5.39 + 0.88); and from 4.67 to 6.76 in the
PFZ (avg. 5.61 + 1.15) with lower variability within the water column
(Table 2). The POC:Chl-a was calculated to understand the freshness of
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Fig. 2. a)Vertical profile of temperature at the sampling locations with the MLD and DCM marked at each sampling location; b) Sea level anomaly and current
vectors overlaid with the sampling locations marked (Red circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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study period.

the POM samples. This ratio can further be used to identify the dominant
trophic process contributing towards the observed POM characteristics.
POC:Chl-a ratio ranged from 23 to 366 in the STFZ, wherein the POC:
Chl-a was comparatively higher in the surface waters compared to the
subsurface (Fig. 6¢). In the SAFZ and PFZ, it ranged from 26 to 444 and
39 to 125 respectively. The POC:Chl-a values generally increased with
depth, except at 40°S.

81%Cpon) also showed large variation in the STFZ, ranging from
—27.04%o0 to —21.59%o, and from —26.21%o to —24.81%o in the SAFZ
waters. 613C(p0M) was most depleted in the PFZ (Fig. 6d), and ranged
from —28.30%o to —25.65%o0 except for a higher value of —24.00%. at
50°S.

3.5. Statistical analysis
The study site is a highly dynamic region. In a region with such

complex environmental setting, varied physical and biochemical factors
interact. Statistical analysis of environmental variables was used to

deduce the major influencing factors in the I0SO. In the entire study
area, 613C(p0M) had an inverse correlation with tCO5 (r = —0.655; p <
0.0001), and positive correlation with POC (r = 0.639, p < 0.0001).
Also, overall POC had a positive linear correlation with PN (r = 0.791, p
< 0.0001). However, in the STFZ and SAFZ, 613C(p0M) had a significant
correlation with nitrate, silicate, POC, and AOU (Table 3), in contrast to
the PFZ, where 613C(p0M) did not show any significant correlation with
any environmental variables.

PCA was carried out using environmental variables to identify the
controlling factors in different zones. The study area displayed two
distinct clusters, one cluster comprising the STFZ and the SAFZ, while
the other cluster comprised only the PFZ. The cumulative percentage
contribution was 80.40%, with a contribution of 63.03% from Factor-1
and 17.37% contribution from Factor-2 (Fig. 7). This analysis indicated
that the STFZ and SAFZ have similar controlling factors, whereas the
PFZ is governed by a different process. Therefore, in further discussion
the STFZ and SAFZ are discussed together.
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Fig. 5. Variation of dominant phytoplankton community based on DPI (Diagnostic pigment index) at different sampling locations in the 3 zones: a) and b) in the

STFZ, c) in SAFZ, and d) and e) in the PFZ.
4. Discussion

In the present study, the spatial and depth-wise variations observed
in temperature, dissolved gases and nutrients were similar to previous
studies in this area (Jasmine et al., 2009; Gandhi et al., 2012; Soares
et al., 2015). Also, the POC, PN and 613C(p0M) values matched earlier
reports from the SO (Francois et al., 1993; O’Leary et al., 2001).

A recent study in the IOSO, indicated that, the variability in phyto-
plankton biomass at the frontal zones of IOSO was linked to the presence
of a well-defined DCM which corresponded to the upper boundary of the
thermal mixed layer (Tripathy et al., 2015). The deeper MLD in the PFZ
is accompanied with higher availability of nutrients in the water col-
umn, especially nitrates and silicates (Fig. 3b and c) and the dominance
of larger phytoplankton (Diatoms, Table 2). Clarke et al. (2008) postu-
lated that stratification and stability of the water column governs the
type of phytoplankton community that would dominate. For instance, a
stable water column with nutrient availability favours the proliferation
of diatoms, which was also noted during this study in the PFZ.
Furthermore, in the present study the DCM was noted at the base of the
euphotic zone (Table 2) at most locations, ascertaining the role of light
intensity on the phytoplankton adaptation and the depth of DCM
(Nielson and Hansen, 1959). Also, the DCM was at the base of the mixed

layer, suggesting the role of nutrient concentration. The observed in-
crease of POC and PN at the DCM depth suggest the POM samples may
have been dominated by phytoplankton (Liu et al., 2018), also sup-
ported by the POC:Chl-a ratio (<100) at this depth, suggesting fresh
organic matter. The deepening of the DCM from STFZ to the PFZ of IOSO
during the study was a collective response of stratification, euphotic
depth, the increase in nutrient concentration towards the PFZ, and the
dominance of diatoms towards the PFZ, as suggested in earlier studies
(Cullen, 1982; Parslow et al., 2001). It was also noted that the deeper the
DCM, the higher is the contribution to the POM in the photic water
column implied from the column integrated Chl-a and POC in the water
column down to the DCM depth.

Moreover, the DCM is known to act as a major source of POM for
export beyond the photic zone (Pollehne et al., 1993). However, the
accumulation of POM at the DCM, due to stratification, can cause an
increase in the residence time of POM within the water column making it
liable to microbial remineralisation or grazing (Abdel-Moati, 1990;
Gomi et al., 2010). This explains the observed decrease in POC and PN
below the DCM depth at most locations. This also suggests an alteration
of the POM composition in the upper water column due to varied pro-
cesses like heterotrophic activities including grazing and remineralisa-
tion, prior to its escape beyond the MLD. This phenomenon is well
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Table 3
Correlation coefficients from simple regressions of 813C(pQM) with NOg, SiO4, %
C, AOU in the STFZ and SAFZ.

Chemical Variables 1, p, in STFZ 1, p, in SAFZ
5"3Cepom, NO3 —0.677, <0.005 —0.905, <0.001
5'3Cpomy, Si04 —0.830, <0.0001 —0.913, <0.001
5"3Cpom), POC 0.961, <0.0001 —0.550, <0.05
5"3Cepom, AOU —0.916, <0.0005 —0.918, <0.0005
POC, AOU —0.893,<0.0001 0.602, <0.05

supported by some studies in this region, which postulate, that the
transfer of biogenic carbon to deeper waters is low as a result of efficient
breakdown and remineralisation of organic matter within the upper
water column (Blain et al., 2002; Coppola et al., 2005; Robinson and
Ramaiah, 2011).

4.1. STFZ and SAFZ

The STFZ waters were warmer (Fig. 2a) with low nutrient concen-
trations (Fig. 3b and c). This zone is influenced by the subtropical gyre in
the north (Jena et al., 2013), which brings in oligotrophic warm waters
that merge with nutrient rich cooler waters from the south (Boyd et al.,
1999). This is a distinct feature of the region.

STFZ is also known to be an eddy prone region (Marshall and Radko,
2003; Sabu et al., 2015) which influences its thermodynamics and
biogeochemical processes. STFZ have numerous cyclonic and anticy-
clonic eddies (Fig. 2b), responsible for upwelling and downwelling
phenomenon (George et al., 2018). Eddies are often responsible for
vertical and horizontal advection of waters (Sabu et al., 2015; George
et al., 2018) and have proven to be significant contributors towards
lateral particle transport and alteration of POM characteristic via
allocthonous and autochthonous production (Freudenthal et al., 2001;
Kolasinki et al., 2012). In the current study, the presence of a cyclonic
eddy in the vicinity, and advection of these upwelled waters, was
evident from the sea level anomaly and surface currents (Fig. 2b).
Additionally, the sampling location 40°S was noted to be at the

F2 (17.37 %)

S 4 3 2 -1 0
F1(63.03 %)

Fig. 7. PCA showing distribution of different station depth samples in the 3
zones: indicating the STFZ and SAFZ are grouped together, while the PFZ is
separate and.

periphery of an anticyclonic eddy. This eddy driven transport (upwelling
and advection), mostly cause a redistribution of nutrients in the upper
waters, contributed to the large variability in Chl-a observed within the
STFZ. The variability in Chl-q, is evident from the in-situ Chl-a (Fig. 4a)
and visible in the satellite image (Fig. 4b). Previous studies (McGilli-
cuddy et al., 1998; Kahru et al., 2007) explained the enhanced Chl-a at
the core and periphery of cyclonic and anticyclonic eddies respectively.
This corroborates the higher Chl-a at 43°S (the periphery of an
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anticylonic eddy) in our study. The variability in the phytoplankton
productivity and trophic processes is reflected in the POM characteris-
tics (Lara et al., 2010; Henley et al., 2012) and the large variability in the
C:N ratio and the 613C(p0M) in the study region.

During the study, a change in phytoplankton community was evident
from the DPI data, with a shift from nanoflagellates in the STFZ, to a
mixed community with diatoms (Fig. 5¢), which was possibly respon-
sible for a higher utilization of silicates at the SAFZ. This is ascertained
from the switch in percentage abundance of the dominant phyto-
plankton community with depth in the water column at the SAFZ
(Fig. 5¢).

Flagellates, especially some dinoflagellates, have a mixotrophic
(autotrophic and heterotrophic) behaviour. The dominance of flagel-
lates in the STFZ (Fig. 5a and b; Table 2), also suggests, the prevalence of
heterotrophic activity (Archer et al., 1996; Sherr and Sherr, 2007) in the
STFZ waters, and a trivial contribution at the SAFZ. In regions low in
nitrates, and other forms of nitrogen (ammonium) are available, the role
of enzymes namely phosphoenolpyruvate carboxylase (PEPC) and
phosphoenolpyruvate carboxykinase (PEPCK) present in the flagellates
are stimulated. The activity of PEPC and PEPCK is reported to make the
dinoflagellates less isotopically discriminative during the uptake of
carbon (*2C or 13C) in the available chemical form (Bentaleb et al., 1998;
Gaul et al., 1999; Lara et al., 2010). This non-selective uptake of 13C rich
carbon species could result in more enriched §'°C values. Thus, the
dominance of dinoflagellates in low nutrient waters (nitrates and sili-
cates) at the STFZ possibly favoured the production of isotopically
heavier §!°C of POC, as observed in these waters.

The molar ratios of C:N observed at 40°S in the STFZ, displayed the
maximum variability (~4 to 21) and the highest values of C:N ratios
(Table 2). These values were much higher than the Redfield’s ratio of
plankton/fresh organic matter (6.63). A study by Caron et al. (1989)
reported that the C:N ratio of salp faecal material can vary from 7.3 to
24.1, irrespective of the species or size of the salp. During the present
study, an abundance of salps and pyrosoma was observed at this location
(Minu et al., 2015). This suggests the role of these voracious grazers,
whose significance in the food web dynamics and recycling of organic
matter has been well established (Perissinotto et al., 2007) in influ-
encing the POM composition in these waters. Therefore, the presence of
high C:N ratios at 40°S was attributed to the faecal material of salps,
which was likely a result of higher grazing. This could act as another
contributing factor towards heterotrophic activity and the alteration of
POM characteristics within the photic waters at this location.

Furthermore, the POC:Chl-a ratio at 40°S, was comparatively higher
(>100 but <200) than the other locations especially in the upper 30 m
(Fig. 5c¢). This indicates, that the POM observed in the upper 30 m,
included significant input from detrital matter/partially degraded mat-
ter (Zeitzchel, 1970; Maksymowska et al., 2000; Coppola et al., 2005).
This implies heterotrophic activity, or a contribution from the hetero-
trophic biological community (Leblanc et al., 2002; Savoye et al., 2003),
at this location. However, below 30 m, the POC:Chl-a ratio indicates the
predominance of fresher organic matter, and significant contribution
from autotrophic activity (Bentaleb et al., 1998). Conversely, at the
other stations within the STFZ and SAFZ, the POC:Chl-a ratios remained
<100 in the upper 50 m indicating that the POM was relatively fresh and
consisting of living cells and the predominance of autotrophic activity.
Nonetheless, below 75 m, POC:Chl-a increased suggesting the domi-
nance of heterotrophic activity, and was >200 in the upper 120 m water
column (Fig. 6¢). This can be attributed to the dominance of smaller size
phytoplankton mainly the dinoflagellates and prokaryotic picoplankton,
which favours the proliferation of microzooplankton in these waters.
Minu et al. (2015) confirmed the abundance of microzooplankton, along
with the dominance of heterotrophic dinoflagellates and ciliates in these
waters during the study period, which supports the observed hetero-
trophic activity.

In the STFZ and SAFZ, the 8'3Cpon) decreased with depth within the
euphotic water column. Correspondingly, as POC decreased with depth,
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the apparent oxygen utilization (AOU) became positive, thus indicating
that the higher POC in surface waters is mainly a result of photosyn-
thesis, but deeper, respiration alters the POM (Omand et al., 2015). The
process of respiration also explains the drop in POC and PN below the
DCM. Based on the above observations, the significant inverse correla-
tion of 513C(p0M) and AOU (Fig. 8a and b) observed in these waters can
be interpreted as an outcome of biological respiration/mineralization of
POM. Hence, altering the POM and the removal of '3C rich compounds
causes the depletion of the resultant 813C(p0M) below the DCM within the
euphotic water column (Eadie and Jeffrey, 1973; Harvey et al., 1995;
Kolasinski et al., 2012). Jasmine et al. (2009) highlighted that the mi-
crobial loop is highly active, alongside the classic food web in the STFZ,
reflected by the abundance of micro zooplankton biomass (Hall et al.,
1999). Also, during our study, the contribution of prokaryotic pico-
plankton was higher in the STFZ followed by the SAFZ (Fig. 5). Pro-
karyotic picoplankton, mostly flourish in low nutrient, warmer waters,
that also supported the proliferation of smaller zooplankton and have
often been considered as an indicator of an active microbial loop sup-
ported via secondary production (Maranon et al., 2003; Venkataramana
et al.,, 2020) and contribute significantly to the recycling of carbon
within the water column (Azam et al., 1983; Fenchel, 2008). Although
the bacterial contribution as bacterial C was not clear during the study
period, its contribution towards heterotrophy was evident from the AOU
and POC correlation (Fig. 9a; Table 3). Moreover, the abundance of
micro zooplankton, and the predominance of flagellates and prokaryotic
picoplankton contributed significantly towards the observed heterotro-
phy in these waters.

A significant linear positive correlation was observed between
513C(pOM) and POC (Fig. 9b). This suggests that the biomass effect is the
governing factor (Zhang et al., 2014) in shaping 5'3Cpopy. It also implies
that the POM characteristics are predominantly a reflection of a com-
bined effect of varied biological processes (primary, secondary, micro-
bial), dominated by heterotrophic activities at 40°S, while at 43°S a
combination of autotrophy above the euphotic depth and heterotrophy
beyond the euphotic depth was evident. This is also implied from the
negative correlation of AOU and POC (Fig. 9a), especially within the
STFZ.

4.2. PFZ

It is well established that, at higher latitudes with colder waters, and
a region like the SO that is influenced by high winds that favours strong
wind driven mixing. This is evident from deepening of MLD southwards,
from the STFZ to the PFZ (Fig. 2a). The higher air-sea interactions and
low temperature along with wind driven mixing supports higher disso-
lution of gases (DO, tCOs) in these waters. However, another major
factor responsible for the higher concentration of dissolved gases to the
PFZ waters is the existence of a different water mass at the PFZ in the
upper water column. Based on the watermass characteristics given by
Anilkumar et al. (2006), it is evident from the T-S diagram of the sam-
pling locations during the study (Fig. 10), that the PFZ waters were
having characteristics of Antarctic surface waters (AASW). These are
low temperature waters and reported to be rich in dissolved gases (Park
et al., 1998) and nutrients, as noted at these sampling locations, unlike
the STFZ which displayed characteristics of the Subtropical surface
waters (STSW). This is reflected in the higher concentration of DO and
tCO2 in the PFZ, having an average of 319 + 5 pM and 2166 + 69 pM,
respectively. There was a ~5 to 10-fold rise in nutrients, especially ni-
trate (avg. 23.18 pM) and silicate (avg. 6.35 pM), respectively, in the
surface waters (compared to STFZ & SAFZ). The low temperatures with
abundant availability of inorganic carbon and nitrogen facilitates the
uptake of the lighter carbon isotope (12C) by phytoplankton as a result of
isotopic fractionation at the time of photosynthesis, resulting in depleted
signatures of 613C(p0M) (Checkley and Miller, 1989; Goericke and Fry,
1994; Gruber et al., 1999; Mino et al., 2002). Hayes, 1993 reported that
the phytoplankton 8'3C, is always depleted/lower than the §'3C of the
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inorganic source of carbon assimilated by the phytoplankton. An earlier
report on the §!3C of DIC in the surface waters in this region, was esti-
mated to have an average of —1.48 + 0.12%o, and the 5!3C of the end

member of the source CO3 was proposed to be 9.22 + 0.26%o (Prasanna

et al., 2015). During the current study, the observed 613C(p0M) values in

the PFZ waters ranged from —28.30%o to —24.00%0 and matches well
with those reported earlier for POC in higher latitudes, ranging from
—24.47%0 to —27.89%o in surface waters of South Pacific (Kennedy and
Robertson, 1995), —20.37%0 to —27.00%o. in the Subantarctic ocean
south of Australia (O’Leary et al., 2001), and —23.87%o to —30.62%o in
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surface waters between PF and Antarctic peninsula in the Atlantic (Lara
et al., 2010).

Studies have reported that dominant species of phytoplankton and
the cell size also have a major role in the POM characterisation and the
813Cpom signatures (Popp et al., 1998, 1999; Henley et al., 2012). The
diagnostic pigment data affirmed the dominance of diatoms in these
waters (Fig. 5d and e). Previous studies have revealed that diatom
dominance can cause a shift in 5'°Cpoy) towards the more negative
scale of isotopic ratio and can be as depleted as —26%o to —29%0 and
even —32%o in the colder Antarctic waters, depending on the species
abundance (Wada et al., 1987; Henley et al., 2012). The depletion of
8'3C in diatom-dominated waters was attributed to the low growth rates
of diatoms and higher fractionation during photosynthetic carbon up-
take (Sommer, 1989) in colder, nutrient replete polar waters. The
diatom community in the colder polar frontal and Antarctic waters are
reported to have a high-level accumulation of lipids, which are used as
storage material and for repair and maintenance, especially in polar
environments (Fahl and Kattner, 1993; Thomas and Dieckmann, 2002;
Sackett et al., 2013). Many diatom species synthesise lipids depleted in
13¢, also fucoxanthin, that is one of the main diatom pigments that can
contribute to the 5'3C depletion of diatoms and is subsequently reflected
in 613C(p0M) (Sackett et al., 1965; Sinninghe Damsté et al., 2003; Henley
et al., 2012). Phytoplankton microscopic analysis during this study
revealed the dominance of Fragilariopsis spp., followed by Thalassiosira
spp. Cheatoceros spp. (unpublished data), which had been reported to be
the dominant species in the PFZ waters in earlier studies. Thus, they
possibly contribute to the depleted 613C(p0M) values due to their lipid
storage mechanism in colder waters.

The overall POM content of the PFZ euphotic water column had
higher contribution of POC and PN compared to the STFZ and SAFZ,
even though the Chl-a observed was highly variable within the PFZ
water column. Chl-a contributed significantly in the photic waters, with
a deeper DCM and comparatively higher column integrated Chl-a (33.9
mg/m? and 42.7 mg/m?, at 50°S and 53°S, respectively) in the PFZ.
Also, the 613C(p0M) was more depleted and the overall POC:Chl-a ratios
were observed to be < 100 in this region (Fig. 5c) implying the domi-
nance of autotrophy (Zeitzchel, 1970; Maksymowska et al., 2000;
Savoye et al., 2003). It also revealed that the POM comprised primarily
living matter and/or freshly produced organic matter. The C:N ratios
were low (Table 2) in these waters due to the prevalence of diatoms. It is
known that in nutrient replete condition, dominated by diatoms the C:N
ratio is comparatively lower than the Redfield’s ratio (6.63) as a result of
a higher tendency towards uptake and storage of nutrients, mainly ni-
trates (Lomas and Glibert, 2000; Martiny et al., 2013). This implies, the
POM in the PFZ was relatively fresh and includes a major contribution
from phytoplankton. This also suggests that the POM characteristics and
613C(p0M) signatures in this region are mainly controlled by autotrophic
processes and the dominant phytoplankton community.

5. Conclusions

From our study, it is evident that biological processes have a major
role in determining the POM characteristics and 8'3Cpop signatures
across the fronts in I0SO, although there is a high variability in the
hydrographic features (temperature, salinity, wind, influence of eddy) in
this region.

Within the euphotic waters of the STFZ and SAFZ, heterotrophy was
the dominating process mainly resulting from the coupled activity of
heterotrophic nanoflagellates and the abundance of micro and meso-
zooplankton in this region. Nonetheless, autotrophic processes,
contributed considerably in defining the 613C(p0M). Also, the prevalence
of eddy upwelling and eddy driven advection, are contributing physical
factors towards the processes responsible for the POM characteristics
observed within the euphotic zone in the current study. The PFZ is
contrastingly different with the abundant availability of dissolved gases
and nutrients for photosynthetic fixation of COy into organic
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components, makes isotopic fractionation both during air-sea exchange
(at the surface), and biological productivity (within column) a strong
factor, along with the dominant phytoplankton community towards the
characterisation of POM.
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The northern boundary of the Indian sector of Southern Ocean is marked by the juncture of the Agulhas Return
Front and the southern Subtropical Front and is a hydrographically dynamic region. During austral summer, a
time series study (13th to 15 January 2012) was conducted in this region (40°S, 58°30'E) to discuss the episodic
biochemical changes with respect to nutrient dynamics within the upper (120 m) water column. The observed
nitrate was depleted in the upper 50 m. However, there was an influx of nitrate at 6 and 18 h of Day-1. Even
though the nitrate was exceptionally low, the system was moderately productive, suggesting the rapid utilization
of nitrate at this location. Also, the Degree of Nutrient Consumption, was high at 50 m (~0.4), compared to the
rest of the water column indicating the presence of aged/old upwelled waters at 50 m. The observed influx of
nutrients could be attributed to the wind induced mixing as well as the wind stress curl driven pumping at the
periphery of the anticyclonic eddy at the location. Although the influx of nutrients was low, there was the rapid
utilization of nutrients, which triggered a switch in the phytoplankton community structure and subsequently

influencing the biogeochemical cycle.

1. Introduction

The Southern Ocean (SO) acts as a link between the Indian, Atlantic,
and Pacific Oceans. It is associated with many oceanic currents that help
in the transport of heat, salts, and other components across the world
oceans (Caldeira and Duffy, 2000). The SO is characterized by a
confluence of different water masses and include oceanic fronts, which
possess distinct hydrographic properties and biogeochemical features
(Deacon, 1933). The Indian Sector of the SO (ISSO) includes a special
feature, that is, the Aghulas Return Front (ARF) and marks the northern
boundary of the SO (Anilkmuar et al., 2006). The ARF is associated with
the Agulhas Return Current (ARC) that flows eastwards up to ~50°S,
resulting in surface currents and meanders (Pollard and Read, 2017).
The ARC flows parallel to the Subtropical Front (STF) and is influenced
by mesoscale eddies (Lutjeharms and Ansorge, 2001; Ansorge and Lut-
jeharms, 2005). A study by Anilkumar et al. (2006) has revealed that the
ARF and STF merge in some regions of the ISSO. The region of the
merger is a highly dynamic region, both in terms of hydrography due to
eddy shedding and its meandering as well as biogeochemical processes
(Machu and Gargon, 2001; Machu et al., 2005; Anilkumar et al., 2006).
Also, the STF-ARF merger exhibits higher degree of horizontal
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variability due to eddies which promotes the faster meridional transport
of various biochemical components like nutrients, salts, etc. from sub-
tropics to the polar region (Sabu et al., 2015; George et al., 2018).

The STF-ARF convergence zone is oligotrophic with specifically low
nitrate (Read et al., 2000) compared to other southern fronts in the SO.
The biological productivity in this region is also low and is often sup-
ported by an influx of nutrients from subsurface (Machu et al., 2005;
Jena et al., 2013). This region is reported to be dominated by the
phytoplankton group haptophyes, mostly flagellates (Schliiter et al.,
2011; Naik et al., 2015). However, the micro and meso zooplankton
abundance was reported to be lower at the ARF, compared to the STF of
the ISSO (Jasmine et al., 2009). Being a hydrographically and bio-
geochemically dynamic region, a detailed study of the region is
warranted.

In recent decades, studies were undertaken to quantify the nutrients
supplied (Pollard et al., 2002), nutrient cycling (DeMaster, 2002; Crosta
et al., 2005), planktonic utilization of nutrients (Goeyens et al., 1998),
and the export of nutrients out of the SO (Hauck et al., 2018) and many
others using in-situ nutrients data, satellite, model based data and also
sediment core, or a combination of more than one data sources.

Even though the studies in the ISSO have increased over time, this
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region is yet understudied as compared to the other sectors of the SO.
Earlier studies in the ISSO were addressed to comprehend the nutrient
distribution (Rajkumar et al., 2008) and nitrogen uptake (Gandhi et al.,
2012; Prakash et al., 2015) across the fronts in this area. These studies
have revealed the limitation of nitrogen north of the subtropical front.
Although the region is nitrogen depleted, the system is moderately
productive, which leads to the need for a better understanding of the
nutrient dynamics at this juncture region of the ARF and STF.

The ARF-STF juncture is an eddy prone region accompanied with
upwelling and downwelling processes. Earlier studies have revealed that
eddies and associated submesoscale physical processes influence the
nutrient supply to the photic waters (McGillicuddy and Robinson, 1997;
Mahadevan et al., 2008), altering the biological productivity of the re-
gion (Mahadevan, 2016). In order to determine the status/age of the
upwelled waters, Chen et al. (2004) introduced a parameter called De-
gree of nutrient consumption (DNC) and was based on nitrates and
chlorophyll content of the waters. DNC was based on the assumption
that the subsurface waters have higher inorganic nutrient content and
lower chlorophyll. Thus, suggesting lower DNC as an indicator of higher
utilization of inorganic nutrients supplied from upwelling of subsurface
waters during photosynthetic fixation to organic compounds in the
photic waters. The present study, attempts to address the nutrient dy-
namics in terms of its temporal variability over a period of 48 h at the
merger of ARF and STF. In this study, DNC is applied as an index to
understand the consumption of nitrates supplied to the nutrient depleted
photic waters, as the location is associated with episodic supply of nu-
trients to the photic waters by a combination of submesoscale processes.

2. Material and methods
2.1. Study site and sample collection

Seawater samples were collected on-board ORV Sagar Nidhi during
an expedition in December 2011-January 2012. For the current study, a
two day time series from 13t ¢o 15t January 2012 (48 h) was carried
out at a 6 hourly interval at 40°S, 58.30°E (Fig. 1), however, the CTD
operations for hydrography studies were carried out at a 3 hourly in-
terval. This location is at the juncture of the ARF and STF, a cross frontal
region where the ARF and the STF merge. During the 48 h sampling,
utmost care was taken that the ship was at the same location and
maintained position using the Dynamic Positioning (DP) system of the
vessel during the entire period except during the operation of vertical
microstructure profiler. The vessel was brought back to the initial
location after each profiler operation to avoid any change in the prop-
erties of the water column due to drifting of the vessel. The wind data
from the onboard Automatic Weather Station was used. Also, the daily
winds data from Advanced Scatterometer (ASCAT) of APDRC
(http://apdre.soest.hawaii.edu) and Sea Surface Height Anomaly

43.0°S
56.0°E

58.0°E

60.0°E  56.0°E
Longitude
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(SSHA) data from the Copernicus Marine Environment Monitoring
Service (http://marine.copernicus.eu/) for the study period was also
used. From SSHA, residual components (1’ and v') were computed. The
daily wind vectors (wind speed with corresponding u and v components)
from the ASCAT was used to compute the curl of the wind. The average
wind stress curl was calculated for the region from 58°E to 59°E and
39°S to 40°S. The wind stress (z) was calculated using a constant drag
coefficient (1.2 x 10™3) and air density (1.3 kgm~>). Ekman pumping
velocity was also calculated using the equation,
(@)

= curl *> 1
w CUuri pf ()

Where p is the density of sea water and f is the coriolis parameter.

Samples were collected from 7 different depths (0, 10, 30, 50, 75,
100, 120) using Niskin bottles mounted on a CTD rosette. Hydrography
data (temperature & salinity) was obtained from CTD (Seabird Elec-
tronics, SeaCAT21). MSS90L Microstructure profiler (Sea & Sun Tech-
nology, Germany) was used to infer the turbulent kinetic energy (TKE)
dissipation rate in the study region. The steps followed for processing of
the microstructure profiler data is described in George (2015). Based on
the position of the nitricline, we have divided the water column into two
sections, 0-60 and 60-120 m for which the average TKE dissipation rate
was represented. Sub-sampled for the analysis of dissolved oxygen (DO),
dissolved inorganic Carbon (DIC), nutrients (stored at —20 °C, until
analysis), Chlorophyll a (filtered through GF/F Whatman filters and
stored at —20 °C, until analysis). Monthly mean Chlorophyll data from
the satellite MODIS aqua (https://coastwatch.pfeg.noaa.gov/) was also
used to understand the chlorophyll variability in the study region during
the observation period.

2.2. Sample analysis

Sub-samples for DO were fixed with Winkler’s A and Winkler’s B,
and analysed following Winkler’s method (Grasshoff et al., 1983) using
an auto-titrator. The apparent oxygen utilization (AOU) was calculated
as the difference of oxygen gas solubility (Oz(sar)) and the measured
oxygen concentration (Oy). Oxygen gas solubility was calculated as a
function of in situ temperature and salinity and one atmosphere of total
pressure (Benson and Krause, 1984) assuming that the surface waters
are near saturation.

Apparent Oxygen Utilization (AOU) = O3 (541) — Oz (2)

Seawater samples were analysed for nitrate, nitrite, ammonium,
phosphate and silicate, by auto-analyser (Model: Skalar Analytical
San++ 8505 Interface v3.05, the Netherlands) following standard
colorimetric methods (Grasshoff et al., 1983). The standard deviation
for all nutrients analysed was +1%. The Geochemical tracers, N* & Si*

Fig. 1. Time series sampling location (40° S, 58°30’ E) overlaid on AVHRR Sea Surface Temperature (SST) for 13" and 14™ January 2012 (station location is marked

as black dot).
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were used to understand the utilization of nitrates and silicates and its
influence on the phytoplankton community (Sarmeinto et al., 2004), in
the study area. N* and Si* was calculated as follows:

N* = NOj3 -16PO4 3

G

Chlorophyll a (Chl-a) and photosynthetic pigment analysis were
carried out by fluorometry and HPLC, as mentioned in Naik et al. (2015).
The Degree of Nutrient Consumption (DNC,), was calculated based
on chlorophyll (Chen et al., 2004). The index was calculated to measure
the response of phytoplankton to nitrate and nitrite as expressed below:

(5)

Si* = Si(OH),~ NO3

DNC, = 0.7xChl/(NO3 + NO3)-+(0.7xChl)

3. Results
3.1. Hydrography and wind

During the observation period, large variability was noticed in the
distribution of winds. The wind speed was high (~5 m/s) at the 0:00 h
observation, decreased to ~1 m/s at 03:00 h and remained low with
minor fluctuations for the remaining period of Day-1. However, there
was an increase in wind speed from 24:00 h, and continued to increase in
the entire Day-2 of observation to a maximum of >10 m/s at 48:00 h
(Fig. 2a). A similar wind pattern was also observed in the satellite data,
with a cyclonic circulation of the winds at the location on Day-1 (Fig. 6).
It was also noted in the upper column (~18 m), the temperature was
~17.5 °C at 00:00 h of Day-1. An upward sloping of 17.5 °C isotherm
from around 30 m was noticed at 03:00 h, and it decreased the surface
temperature by 0.1 °C (Fig. 2b). The Mixed Layer Depth (MLD) was at
<20 m within which the temperature was almost uniform through the
study period, except between 0:00 to 06:00 h of Day-1 and 24:00 to
27:00 h of Day-2 during which the MLD was comparatively deeper (~40
m). Below the MLD, the temperature decreased with strong thermal
gradients especially between 40 m and 80 m. The upper column salinity
was almost uniform (~35.54) throughout the study period, except at
00:00 h, 03:00 h, 24:00 h and 42:00 h. The salinity was less (<35.54) at
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00:00 h where as higher salinity (>35.54) was noticed at 03:00 h, 24:00
h and 42:00 h. During the present study the upper water column was
identified as the subtropical surface water [T > 12; S > 35.1 (Anilkumar
et al., 2014)]. However, the distribution of isohalines showed oscilla-
tions during Day-1, the maximum shift in the isohaline was noticed at
00:00 h of Day-1 (Fig. 2c), and it was observed that the 35.4 contour was
shifted from deeper depths about 120 m-60 m indicating the signatures
of a short-term upwelling event. The potential density showed a similar
variability as that of temperature and salinity (Fig. 2d). Fig. 2e shows the
average of the turbulent kinetic energy (TKE) dissipation rate of the
upper 60 m and the average of below 60 m (60-120 m) of the study
region. The TKE dissipation rate was moderately high (107 to 108
W/kg) in the upper 60 m till 18:00 h. Between 18:00 and 30:00 h the
TKE dissipation was low (<1078 W/kg) in the upper 60 m compared to
the bottom region (60-120 m). After 30:00 h, the TKE dissipation in the
upper layer was considerably high (>10~7 W/kg) than the lower layer
(Fig. 2e).

Since the study region is an eddy prominent area, we have analysed
the daily SSHA to understand the role of eddies on this thermohaline
structure variability. The AVHRR and SSHA images suggest that the
study location was at the periphery of a strong anticyclonic eddy (Figs. 1
and 5). The observed anticyclonic eddy was almost circular in shape
with a radius of approximately 110 km. The geostrophic currents show a
strong antic-clock wise rotation at the study location with a magnitude
of 55 cm/s.

3.2. Chlorophyll, dissolved oxygen and nutrients variability

The observed Chl-a was lower in the MLD, throughout the study,
with a well defined Deep Chlorophyll Maxima (DCM) at ~50-60 m
(except at 24:00 and 36:00 h, where DCM was weak). Although, the
surface Chl-a low it was more than doubled with an average of 0.68 +
0.22 mg/m3 at the DCM (Fig. 3a), and was comparable with earlier
studies in this region. Also, DO had an average of 236.16 + 8.74 pM
(Table 1), with maximum oxygen being observed at ~50 m coinciding
with the depth of the DCM (Fig. 3b). In general, the observed nitrate was
low (below detection level) in the upper water column (up to ~60 m)
(Fig. 3c). However, elevated nitrate were observed much below the
MLD, and was mostly below 80 m, except at 18:00 h, 30:00 h and 48:00
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Fig. 2. Time evolution of a) Wind speed, Time-depth evolution of b) Temperature, c) Salinity d) potential density, €) Turbulence kinetic Energy (TKE) dissipa-
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Fig. 3. Time-depth evolution of a) Chlorophyll-a, b) Dissolved oxygen (DO), c) Nitrate, d) Silicate, over the 48 h sampling period.

Table 1

The average values with the standard deviation (SD) of
temperature, salinity, dissolved Oxygen (DO), Nitrate (NO3),
Chlorophyll-a, Total organic carbon (TOC), Apparent oxy-
gen utilization (AOU), Degree of nutrient consumption
(DNC,), Nitrate utilization (*N), silicate utilization (*Si), N/

P and N/Si.

Variables Average + SD
Temperature (°C) 16.12 + 1.52
Salinity 35.48 + 0.06
DO (M) 236.16 + 8.74
NO3 (pM) 2.54 + 2.09
Si04(uM) 224 +1.11
Chl-a (mg/m®%) 0.32+0.24
AOU (uM) 12.01 + 13.52
DNC, 0.17 £ 0.13
*N —21.08 + 1.44
*Si 0.63 + 1.06
N/P 1.65 + 1.32
N/Si 0.76 + 0.51

h where the isopleths observed a small upward push. Similarly, the
observed silicates and phosphates ranged from 0.84 pM to 4.78 uM and
1.14 pM-1.69 pM, respectively, and were low in the MLD, precisely
down to the depth of the DCM. In accordance with the isothermal
variability, the nitrate and silicate also showed uplift from 60 m towards
the surface (Fig. 3c & d). A small increase in nitrate and silicate was
noted at 6:00 h and 18:00 h of Day-1. An increase in the concentration of
nitrate and silicates was also observed at 48:00 h on Day-2.

3.3. Attributes of nutrient utilization

The Si* is an indicator of silicate utilization and had an average of

0.63 + 1.06 pM (Table 1). The Si* was a notch lower at 6:00 h in the
upper 30 m; however, at 18 h and 30 h Si* was depleted, below 80 m
(Fig. 4a). Contrastingly, N* was much depleted and, with an average of
—21.08 £ 1.44 (Table 1). N* matched well with Chl-a, suggesting higher
utilization (more negative) support higher production, except at 18:00 h
and 30:00 h where the average was —20.48 + 0.39 and —19.47 + 2.02,
respectively (Fig. 4b). The ratios of N/P and N/Si have often been used
as indicators to understand the nutrient limitation, utilization and
regeneration in an oceanic regime. The ratio N/P was very low (1.65 +
1.32). It ranged from 0.05 to 3.71, below 50 m of the water column.
Likewise, the N/Si ratio was also low in the current study, however it
was close to Redfield’s ratio (>1), with an average of 0.76 + 0.51. The
DNC. was based on the chlorophyll and nutrients observed, which
suggests the uptake by phytoplankton and in-turn, represents the utili-
zation of nutrients in the upwelled waters. Lower DNC, values suggest
freshly supplied nutrients are spontaneously consumed by the phyto-
plankton (Chen et al., 2004). The DNC, varied from 0.01 to 0.52, and
was evidently higher (0.42) at approximately 50 m, and decreased
significantly (<0.1) below 80 m (Fig. 4c).

4. Discussion

The observed temperature and salinity characteristics ascertained
the sampling location was at the ARF-STF juncture region which is
normally considered as the northern boundary of the Antarctic
Circumpolar Current (Anilkumar et al., 2006). During the study, ther-
mohaline structure witnessed undulations which may be due to the
presence of eddy and the prevailing wind over the region. Several pre-
vious studies have reported that the STF-ARF juncture is a region of high
mesoscale activity and hence cyclonic and anticyclonic eddies are
common in this area (Machu and Garcon, 2001; Llido et al., 2005). The
AVHRR SST and SSHA analysis (Figs. 1 and 5) ascertained that the study
location was at the periphery of an anticyclonic eddy. Furthermore, the
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Fig. 4. Time-depth evolution of a) Silicate utilization (Si*), b) Nitrate utilization (N*), ¢) Degree of Nutrient Consumption (DNCc).

tracking of the eddy using daily SSHA maps found that the anticyclonic
eddy was formed in the STF during the first week of November 2011
(figure not shown) and it was 3 months old at time of our observation. It
was also observed that the anticyclonic eddy increased the sea level
about 40 cm and rotating with a speed of about 55 cm/s.

In general, cyclonic eddies that bring nutrient rich cold deep water
from subsurface to surface cause upwelling, and anticyclonic eddies that
push the warm surface water to deeper depths creates downwelling. In
contrast, during the present study, we have noticed an influx of nutrients
supported by low temperature waters, suggesting an upwelling like
feature at our observation site which was at the periphery/edge of the
anticyclonic eddy. A recent study by Brannigan, 2016 has reported
intense sub-mesoscale upwelling from the thermocline to the mixed
layer in wind forced anticyclonic eddies. Further, the wind analysis
suggests that the magnitude of the wind was weak in the study area on
13t January 2012 (Day-1), except at 00:00 h, which was due to the
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S
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©
-
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comparatively high cyclonic wind activity noted just before (12
January 2012) the observation (Fig. 6). However, after 00:00 h of Day-1
the observation location was at the centre of this cyclonic wind circu-
lation where the wind magnitude was low (~1 m/s). However, on 14t
(Day-2), the wind system moved towards the east and the study location
was observed to be at the periphery of this large wind activity. To un-
derstand the wind impact on the upwelling at the periphery of the an-
ticyclonic eddy, we examined the wind stress curl and Ekman pumping
during the above period. Previous studies have showed that the positive
wind stress curl can generate a favorable impact on the vertical velocity
via Ekman pumping (McPhaden et al., 2008; Carranza and Gilli, 2014),
thus causing upwelling events. The positive wind stress curl (Fig. 7a) at
the location, suggests that the curl was favorable for upwelling. The
computed Ekman pumping also showed a favorable upward movement
of subsurface water during this time. Hence, the upwelling favorable
wind stress curl at the outer periphery of anticyclonic eddy creates
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Fig. 5. Sea surface height anomaly (SSHA) overlaid with geostrophic velocity components (u and v') for 13® and 14™ January 2012. The sampling location is

marked with magenta diamond.
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from 10" to 16" January 2012.

divergence in the near surface layers which can lead to the uplifting of
water column in the thermocline layer which was reflected in the dis-
tribution of thermohaline structure. In addition, the high TKE dissipa-
tion rate due to the irregular and high wind activity supports short-term
mixing events in the upper 60 m till 18:00 h of Day-1 and after 42:00 h of
Day-2. Also, the TKE dissipation below 60 m during this period was
comparable suggesting the possibility of a contribution of nutrients from
the subsurface.

The short lived, episodic influx of nutrients (nitrates and silicates)
was observed from ~60 m to the surface, at the outer periphery of the
anticyclonic eddy. It is proposed that the influx of nutrients is attributed
to the combined effect of the eddy-wind interaction as well as the short

term mixing associated with varying winds. Several previous studies
(Martin and Richards, 2001; Gaube et al., 2015) have reported that
eddy-wind interactions is one of the mechanisms behind the sporadic
perturbations in eddy associated regions, especially at the periphery of
anticyclonic eddies. Such hydrodynamic processes play a major role in
the redistribution and transport of nutrients (Huang and Xu, 2018;
Zhang et al., 2018) in eddy dominated fronts of the SO and contribute to
the sustenance of the biological productivity in the upper water column.
In the present study, the combined effect of small scale wind driven
surface mixing in the upper 60 m and a contribution from subsurface
upwelling together had a role in the small influx of nutrients in the upper
water column, especially, at 6:00 h and 18:00 h of Day-1. This is also
indicated from the higher average TKE dissipation rate (Fig. 2e) of the
upper 60 m and the rate of Ekman pumping (Fig. 7b) which was
comparatively higher on day-1. The role of subsurface mixing was sig-
nificant between 18:00 h to 30:00 h, and was evident from the TKE
dissipation rate below 60 m. This is also supported by the deepening of
the MLD, and a downward shift in the isolines of temperature, salinity
and density at these time intervals during the study. Furthermore, these
factors also explain the undulations noted in the nutricline (Fig. 3¢ & d)
during the study.

The warmer, high saline and low in nutrients (non-detectable) waters
were observed mostly overlying the DCM exhibiting an oligotrophic
system except the time coinciding with the upwelling event, suggesting
the colder waters to bring nutrients to the system. Such processes have
been associated with energy transfer, which can be accompanied with
the biological utilization of nutrients in warmer surface waters (Zentara
and Kamykowski, 1977). Balkanski et al. (1999) also reported that the
shoaling or deepening of MLD has a significant role to play in the pri-
mary productivity via supply of nutrients through processes like
remineralization.

Additionally, we have used DNC,, an attribute used by Chen et al.
(2004, 2005) as an index to express the rapid utilization of upwelled
nutrients. The low DNC. in the upper waters at 6 h and 18 h (Fig. 4c)
corroborated with the above explained upwelling at these time intervals,
suggesting that DNC, can also be used as an indicator of nutrient up-
welling in the open ocean waters, especially in eddy influenced locations
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and cross-frontal regions of the SO. Furthermore, the higher DNC, at
~50 m coinciding with the DCM depth, throughout the 48 h study,
suggests the presence of available unutilized nutrients at the depth of
DCM, even though the Chl-a was maximum. Moreover, a shift in com-
munity with the dominance of diatoms was observed at the surface and
120 m at 18:00 h and 30:00 h (120 m) (Naik et al., 2015). The domi-
nance of the diatoms was highly responsible for the observed over-
consumption of silicates as evident from the *Si (Giddy et al., 2012)
during this time period.

In general, during the study period, the DNC. was low below 80 m,
which indicates the faster utilization of nutrients supplied. This is re-
flected in the higher phytoplankton growth and a significant shift in the
phytoplankton community especially at ~100-120 m, from a flagellate
dominated system to diatoms to prokaryotes followed by diatoms and
back to flagellates, as explained in detail by Naik et al. (2015). Addi-
tionally, the column integrated Chl-a suggests that a major contribution
60-70% of total Chl-a in the upper 120 m water column is from the
below the DCM (beyond 50 m), and only 30% contribution is from the
surface to 30 m. Studies have revealed the presence of DCM in oligo-
trophic or nutrient depleted oceanic regions is mainly a result of
photo-acclimatization and nutrient availability (Kim et al., 2012; Mignot
et al., 2014). N/Si ratio <2 (NO3/Si < 1) and the low N:P ratio (<5),
observed in the present study also confirm that the region was nitrate
limited. Also, a prominent nitricline was evident between ~50 and 75 m
(Fig. 3c), above which was the nitrate depleted layer (below detection)
and below lay the nitrate replete layer during the study. The nitricline
was noted above the DCM at almost all the sampling intervals (Fig. 3a &
c), suggesting that the nitricline and the photic depth are significantly
responsible for the formation and maintenance of the DCM between 50
and 60 m as reported by Cullen (1982). Hence, upwelling driven
eddy-wind interactions occurring at the periphery of an anticyclonic
eddy may also be responsible for the shoaling of the nitricline and
consequently the DCM. Such processes in the SO play a significant role in
triggering a shift of phytoplankton community structure not only at the
surface, but also within the upper water column, in response to adapting
to the change in environmental factors like light intensity, nutrient
availability, due to eddy upwelling (Mishra et al., 2015).

The present study demonstrated the influence of short term episodic
eddy-wind interaction on the nutrient dynamics and the biogeochemical
processes in the STF which is highly biologically productive compared to
other fronts in the SO. Also, the eddies in the subtropical region of ISSO
transport warm subtropical water masses to the south and cold sub-
antarctic surface waters to the north (Chacko et al., 2014; Sabu et al.,
2015). As a result, large amount of heat, nutrients and other components
are exchanged across the regions (Lee et al., 2007; Hogg et al., 2008)
influencing the biogeochemistry of the polar as well as the subtropical
region. Furthermore, a change in the environmental conditions due to
the north and south movement of eddies may cause a shift in the
phytoplankton community. Mishra et al. (2017) have reported the
change in the phytoplankton community in the ISSO due to the change
in the environmental conditions. In this point of view, the present study
may have wider implications on the various biogeochemical processes
across the fronts in the ISSO by altering the nutrient dynamics and hence
the various biological communities predominantly existing in this area.

5. Conclusion

The study described the nutrient dynamics and their influence on
phytoplankton using the 2-day time-series (6 hrs interval) multi-
disciplinary observations conducted at the juncture of ARF-STF, the
northern boundary of SO, during austral summer 2012. The study im-
plies that the region was nutrient depleted in the upper 50 m. However,
the nutrient utilization attributes suggest an episodic influx of nutrients
in the study area and its instantaneous consumption by phytoplankton
on Day-1. The study location was identified to be at the periphery of an
anticyclonic eddy supported by an upwelling favorable wind. Also, the
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region was prone to short-term mixing events. Hence, the episodic influx
of nutrients observed on Day-1 was due to the eddy-wind as well as the
short term mixing at different time intervals during the study. These
events influence the nutrient dynamics which triggers a shift in the
phytoplankton community of this region. Moreover, such episodic
events can have implications on the biogeochemical processes of the
polar region via re-distribution of nutrients and other physico-chemical
properties.
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Southern Ocean is a crucial oceanic regime for understanding the role of biogeochemical cycles in influencing the global
climatic changes, as this is a region where signatures of global changes are more pronounced. For an Improved understanding
of the link between Southern Ocean processes, biogeochemical cycles and the global climate, scientific research was
commenced. Some remarkable research work has been accomplished by Indian Scientific community in the Indian sector of
the Southern Ocean (ISS®@)total of six successful multi-disciplinary and multi-institutional expeditions were carried out

from the year 2009 to 2015 in the 1ISSO, with the pilot expedition launched in the year 2004. During the last decade, an
understanding of different aspects of the ocean processes has been achieved using chemical studies and proxies. Studies in
the 1ISSO focused on shifts in the oceanic fronts, the carbon and nutrient dynamics, as well as the food web dynamics across
the different fronts. The spatial-temporal variation of nutrients, dissolved oxygen, dissolved inorganic carbon and the
factors regulating their distribution in the ISSO has also been addistsetpts were made to understand the atmosphere-

ocean interaction of C{and biogeochemical processes. Some experimental work have been undertaken to assess the
nitrogen uptake and influence of micronutrients on phytoplankton. Simialyle isotope of oxygen has been used as a

proxy in some early studies in the ISSO. Isotopic and molecular investigations have been commenced to understand the
biogeochemical processes within the water column, as the biological pump and particulate organic matter (POM) have a
major role to play in carbon sequestration and further influencing the global climate varidtgtijled studies on

dissolved and particulate organic matter are being carried out to gain knowledge of the biological pump and the factors
responsible for climate variability and ocean acidification.

Keywords: Indian Sector of Southern Ocean; Carbon; Oxygen Isotope; Stable I sotopes

Introduction hydrographic and chemical characteristics (Magtin

al., 2013)With a motive to understand this variability

Southern Oc_:ean (SO) is the largest and one ,Of_ theamd the factors responsible, a pilot expedition in the
most dynamic regions of the world Oceans. This is andian sector of the Southern Ocean (ISSO) was

Naunched in the year 2004. From 2009 to 2015, six
successful multi-disciplinary and multi-institutional
a%xpeditions were carried out in the ISSO. Some major
Shational and international scientific institutions/
Universities have participated in these expeditions.
With the launch of these expeditions, research in
various sectors of oceanographic studies were
%ommenced to understand the biogeochemical
processes in the ISSO. Furthermore, the latitudinal

variation of calcification depth of foraminifera
(G.bulloideg was studied using stable oxygen

currents. It is characterized by a well-defined frontal
structure and supports transport and exchange of he
salts, and other organic and inorganic componen
between the major ocean basins, throughAtttarctic

Circumpolar Current (ACC) (Jasmine et,&009;

Anilkumar et al, 2006; Holliday and Read, 1998).
The biogeochemical processes in this region have
major role in the global carbon cycle and climate
change. The SO is a HNLC (High Nutrients Low
Chlorophyll) region with high variability in the

*Author for Correspondence: E-mail: smelena7@gmail.com
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isotopes. Investigations to identify the sources andproductivity (low TOC and Chlorophyll values) in the
processes governing the distribution of SuspendedPolar Front (PF) region from 48°S to 57°S, during the
Particulate Matter (SPMacross the different frontal study period. Based on a correlation analysis of
zones in ISSO are also being carried out. Studiedifferent factors and temperature normalip€D,,
addressing the variation@fC andd'®N of particulate  this study postulated biological processes to be
organic matter (POM), and the factors controlling the controlling thepCO, along 57°30’E transect and
isotopic signatures of POM in ISSO have been initiated physical processes controlling €0, variation along

to achieve knowledge of the biogeochemical 48°E transect. They proposed that SO acted as a
processes and the biological pump in the ISSO. Somesink but the area around Crozet Island behaved as a
of the processes studied and the findings reported bysource likely because this region is prone to upwelling.
using chemical proxies in the ISSO and coastalpCO, increased southwards mainly due to low

Antarctica have been discussed in this article. biological productivity This study suggested that
southwards th@CO, exhibited an increasing trend
Nutrients and Dissolved Gases in the last decade and is associated with the Southern

Annular Mode (SAM).
Documenting and understanding the trends of nutrient

and dissolved gases, especialrbon dioxide (C9 To fill the existing gaps concerning the
and CQ fluxes is important for providing insights into  knowledge of carbon cycle ap€0O, variability in

the biogeochemical processes in the ISSO and theithe ISSO, Shetyet al. (2015) studied the physical
role in the global climate changes. SO is a regionand biological processes controllipgO, in the
characterised by low temperatures, strong winds,surface mixed layer during the transition period from
surface currents and mixing velocities. The role of SUmmer to early wintefThe authors used a one
temperature and wind stress in the process of CO dimensional model by Louancht al. (1996), and -
uptake and variations in G@uxes is documented in ~ describe the mixed layer carbon cycle, using in-situ
the SO (Andersoat al, 2009; Longinelletal, 2012; ~ data (January 2009, February 2010, March 2012)
Waugh, 2014). SO has been demarcated as a majo’%nd satellite derived data to determine the relative
sink of atmospheric CQ{Caldeira and Ddf, 2000; contribution of biological activitymixing, thermal and
Fletcheret al, 2006). Howeverstudies have air-sea fluxes opCO,. Significant spatial and
suggested that the strength of SO as a sink jsseasonal variation was observed in surface seawater
decreasing and the intensity varies seasonally acrosBCO, across the frontal zonesn average increase
different zones (Metat al, 1991; Metzl, 2009)A  Of ~75uatm was reported in this stuttpm the STF
deeper understanding of the carbonate system an289 uatm) to the PF (364 patm). It was also noted
the processes governing COptake is of utmost that the averagpCO, estimated in the entire study
importance to ascertain whether the entire regimea@reaincreased from 286 patm in January to 337 patm
acts as a source or sink for atmospheric.z.CKb in March.A transition frompCOzsaturated waters
gain better insights in this aspect, studies on totgl CO (March 2009) to under saturated waters (January

(tCO,) and partial pressure of GQpCO,) in the 2012) was observed during the studythe month of
ISSO were initiated. Januarythe highest biological drawdown pE€QO,

was reported. This drawdown was associated with

A study to address the spatio-temporal variation pjologicalprocesses such as primary production,
of pCO, and its relation with nutrients and biological respiration and calcification, and was considered as
production in the ISSO along two transects (48°E andthe predominant controlling factors as compared to
57°30°'E) was taken up during austral summer 2009the physical processes like thermal variabititjxing
(Shetyeet al, 2012). This study reported low nitrate and air-sea fluxes. This study concatenates the
with higher nutrient utilisation in the Sub tropical front  previous study (Shetyat al, 2012) which addresses
(STF) from 41°-43°S along 48°E and 43°-46°S along |SSO as a sink. The same study also reported that
57°30°E.Vertical miXing was assumed to have a ma.jor the average nutrients were h|ghest in Febr’uary
role in the supply of highe¢€O, to the surface waters.  however silicate was maximum in Marghdeviation

The pCQ, increased southwards along both the from the Redfields N/Pratio (16) was displayed with
transects and this was attributed to the |OW€ra Variation’ from an average of 6to 9 increasing
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southwards, along the transect. The low N/P ratio It was suggested that the utilization of nitrate

indicated higher nitrate utilization. The N/P and Si/N was high in the northern region from 39°S to 44°S;

ratios decreased from January to March. whereas the silicate utilisation was higher in the south
from 45°S to 52°S (Dessat al, 2011, Tech rep).

A similar study was carried out In thetarctic The study ascertained that the nutrient dynamics
coastal waters and the Enderby basin to address thScross the fronts depends on the physical and

seasonal biogeochemical dynammsQ, variability
and the air-sea flux through the different seasons
(Shetyeet al, 2016). They found sea-ice plays a Shetyeet al (2014) studied silica depletion under
crucial role in driving biochemical changes @D, theAntarctic sea iceThey hypothesised that diatom
variability in the coasta\ntarctica. Sea-ice changes bloom driven depletion of dissolved silica in the
caused a decrease in sea surfaC®, during Antarctic under sea ice waters affect biomineralising
summerwhile it enhancepCO, during winter This organisms. They reported that surface dissolved silica
study documented a highgCO, in March compared  (DSi) increased from subtropics towards the poles
to that in January and Februdngwevermost ofthe  and was high all along the coast and also the
study area was under saturated wi@O,. Based dominance of diatoms resulted in high sediment
on the CQ fluxes estimated the study inferred, organic carbon (3.5 %). They reported intense diatom
Enderby basin act as a strong sink in Januarya dominated ice-edge plankton bloom in the Enderby
weak sink in other two months and proposed thatbasin causing severe depletion of DSi (< 5 uM) under
different factors dominate during different months. sea ice. This was supported by the presence of small
The primary productivitynutrient availability and sea  spicules of sponges undntarctic ice, also evidence
ice were dominating in January but in February for silica depletion from penecontemperorous
temperature played a major role, followed by primary dissolution was observed on small style spicules and
productivity and sea-ice melting. However during the authors attributed thelow silica concentration under
March, nutrients, light availability and vertical mixing Antarctic sea ice to diatom bloom which is severely
along with decay of organic matter were significant affected by the silicification in sponges.

factors. The study also reported that the regions east _ .

of 55°E along the coastahtarctica acted as a source Stable Isotopic Signatures of Carbon for

of CO,, while the western region acted as a sink for Understanding CO, Exchange

atm_osphe_ri_c Cg)and.assqciated this deviation with A study to identify the region of C@enting over the
vertical mixing and biological processes. SO was carried by Prasaretaal (2015).To achieve

Studies on nutrient distribution and DO in ISSO this, the atmospheric C‘Z(bloncentration, thél.sc of
waters were initiated by Rajkumat al (2008). gtmospherlc CQand theé™C of DICwas.estlme'lted
During the pilot expedition to SO, it was reported that in the sea surface waters across the latitudes in ISSO

the trend in nutrient distribution across the frontal zonesduridngI 201, 201% 2013They ;Jsec()j_rlfeeling'mgi?g
matches with the hydrographic properties. The data/Mode! to trace the source o &-Qhe averag

(nutrient and oxygen) obtained during this study also gomgozszii%nzzf;hg sEurce ofz(iégwgszgie;dic;ed to
provided insights of the changes in productivity be —9.2240.26 %o In the year 2Dand - whereas
it was predicted to be 13.49+4.07 %o in the year 2013,

Recently attempts have been made tobased on measured data. The end member value for
understand the nutrient variability and nutrient 2011, 2012 was similar but did not match with the

utilisation across the frontals zones in the ISSO usingexpected value of degradation of phytoplankton, thus
geochemical tracers such as N*(nitrate utilisation) andthe authors deduced dissolution of bicarbonates in the

biological processes.

Si*(Silicate utilisation). water column to be the source of CQuring the
study period. They also proposed the degeneration of
N* and Si* was calculated as follows: DIC to be favoured in warmer waters. However in
N*= NO, -16PQ 2013, the source of COwas inferred to be

degradation of organic matter and mixing of DIC
Si*= Si(OH),- NO, (Sarmeintcet al.,2004) present in seawatdéihe Keelings component model
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identified the end member to have a composition of - A study was carried out Bywari et al (2013)

36.7 %o.Another finding from this study was that by coupling stable isotopes of oxygen and salinity in

degassing of CQo the atmosphere was favoured in surface sea water to ascertain the ocean-atmospheric

coastalAntarctic region as this regime experience processes across the different fronts m tBSO as

high wind speed and the surface waters have highwell as to identify the water masses in this region.

DIC. The study highlighted the relation betweéé#0 and

sea surface salinity pertaining to distinct water mass
A recent report by Prasanr&i_ al (2016) and confirmed the prevalence of evaporation/

addres_ses _the effect of c_han_ge In v_v_ater rnassprecipitation.The subtropical zone was dominated by

properties with depth and latitudinal position on the evaporation/precipitation, whereas in #etarctic

: . 18 13 i o
wgk())rlpl)()_:jatlon r?ff) Od an(Ijé‘) Cd(;n forzzmlt:ufera _ Izone, ice melting-freezing is dominant. The effect of
((j. tl.Jbotl. e9. ]Tﬁlgcs'“]{ I)D/I(a:s_o a fresse tt © s_?ﬁt'a continental ice melt was noted at the southernmost

istribution 0 0 In surtace waters. 1N€ 5 ation (66.73°S). Using this stable isotope proxy the

1 13 : I
o 8|O ?ndz C. valtj]es of calcite at egumbrlum,dvyas_ hSubtropical and Polar fronts were identified at 44°S
calcu ate ' using ¢ e.t('amperature and compare Wit g 545 respectivelyrhis was succeeded by a study
the isotopic composition 680 ands'3C in the water

(Tiwari et al, 2015)to document th&'®0 variability;
1
column. The measureid®O ands™C values were the relation o680 with salinity across the fronts in

higher than Ithe (;xpected _vt?luez byh—2 %o and -1 f%"ISSO. The study also identified the origin, of the waters
(rfspec_:;ll)v.e y T e% a;tZr(;B uted the caufse °T"in the eddy encountered area. The slopé!8®-
Isequilibrium south © to & process of mass salinity relation indicated that the warm core eddy

dep_endent_kingtic fra_tctionation ql_ue_ to deeP?r O_lepthwas formed in a region dominated by evaporation and
habitat, partial dissolution, non-equilibrium calcification, precipitation, while the waters surrounding the eddy

ocgarr]uc Sqrea:;:mfct a]ind fgenetlc variabilityAn q are from a region dominated by freezing and melting.
enrichment ifo “C i) Of suriace waters was reported e (o16 of eddies in the formation of intermediate
and this was attributed to an increase in organic mattey, .. .« in the SO was also explored in this stlitig

production or its associated removal. Large inter- , .- . tic |ntermediataVaters (AAIW) with 5150
annual variation between the period of 2012 and 2013Values of 0.0 %o to 0.2 %o, flowing below tAatarctic
was documented. They also proposed a model forSurface waters which displayed the lowest
production and export of ganic matterThis model temperature, salinity artd®0 values (~0.4 %o to —
can be used to SImUIARC,p,, values for biologically g 5 o) \were * identifiedThe AAIW forms in the
productllve regions in Fhe SQ' The m_odel accountspolar frontal waters, a region with the dominance of
for thed 3C(DIC) values in a given location based on freezing/melting, however it was observed at a

thebproducélorr]\ rate of orlganlc cfarbon, _total %rgam(_: shallower depth which was possibly due to the
carbon and the removal rate of organic carbon, 'tinfluence of the eddy

also demonstrates that a steady state of the carbon

isotope ratio of water can be achieved in a relatively Experimental Work

short time of ~5000 days. Beyond 50°S,8HE g, _ _ _
values were lowThe study ascertained that these TO understand the nitrogen uptake and its role in
§1C p,c, Values are controlled by the nutrient supplied imiting phytoplankton productivitya few experiments

by Antarctic BottomWater and upwelling. have been carried out in the ISSO. Earlier studies
have ascertained iron limitation in the SO and an

Use of Stable Isotope of Oxygen (3'80) and addi_tion of iron can increase primary productivity

Hydrogen (3D) as a Proxy (Geider & Rocha, 1994; Hutchiret al, 1995).

However the effect on different N-substrate was
6180 is generally used as a tracer to identify different unknown. One such initiative was a bottle sé&ie
water massesiD values of seawater are sensitive tracer iron experiment carried out by Prakeshl.
to various processes of the hydrological cycle like (2010) to assess addition of iron on the N-uptake rate
evaporation, precipitation, and freezing. Therefore, and f-ratio in the 1SSO. It was reported that iron
study of6D and$'®0 along with salinity are unique  addition not only enhance N@ptake but also showed
and important to understand ocean surface processean increase in ammonia and urea uptake with
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insignificant effect on the f-ratio. The addition of the factors governing the fate of organic matter
iron did not enhance N-uptake based primary (production, remineralisation) and preservation. POM
production at the initial stage but increased the uptakeis a key component of the biological pump and it is
at a later stage. known from earlier studies, that a major portion of
, _ POM is remineralised in the upper photic layer (Honjo

Another Mesocosm experiment was carried out al, 2008; Duforet-Gauiest al, 2010). Therefore

by Dessaiet al (2011, Tech. Rep) to study the to understand the biogeochemipedcesses isotopic

mfluencg of iron apdhcobeg)lt on plhytgplalmkfton and molecular studies are important. The stable
community structure in the subtropical and polar front isotopic ratio of carbon and nitrogen of POMC

Or]: the'ISSO. .It was r.epolrted dthat |n(:]|V|dhuaIIy ggth q andd'®N) are often used to understand the conditions
.t 3. r_r:jlcnl)lmi)tnen';]s stlrgg adt? gro;\_/t W e.nd% € prevailing at the time of carbon fixation and to get
Individually but when added in combination it did not insights of the processes related to organic matter

trigger much growth. It was also observed thatdiatomCycling (Loureyet al, 2003, 2004 & references
sustained longer in a cobalt enriched environment ; ’

h he b higher in the i ich Js/ithin). Recently investigations to understand the
\évn\i:gﬁrsnfen? lomass was higher in the iron enriche iogeochemical cycle of POM using isotopic and

molecular studies have been initiated.

Suspended Particulate Matter (SPM) One such study addressed the variatio#i

A study was taken up by Dessaial (2011) to gain and 81N of POM, and the factors controlling the
isotopic signatures of POM in surface waters in the

insights into the spatial distribution of SPM and the k i
ISSO (Soare®t al, 2015). In this study it was

associated trace metals and to identify its sources. i h i
The authors reported high SPM and low salinity in "€POrted that in the ISSO, physical processes like
emperature gradient and eddies as well as the

surface waters and also high SPM at 1000 m alongtb_ g " ) ) -
with high iron and manganesefintarctic zoneThe iological processes contribute equally in the isotopic
characterisation of POM, and these factors are

study suggested that the particulate matter in the _ i tion HAEC s
northern region especially the subtropical front was '€SPonsible for the variation andoN across
the fronts in ISSO surface waters. During austral

mainly of biogenic origin, with enrichment of calcium. 3C _ ,
It also stated that, temperature and salinity controllegSUmmer 2012, t[' of POM in Sub;troplcal front
primary production, has a major role in the SPM was enrichd in §1°C (average —22.81%o), relative to

distribution of this region. Converseli the southern the 513C of colder Polar Front waters th_at_dlslplayed
region SPM was of terrigenous origin and rich in iron depleted values (average —25.82%) similab Bl

and manganese. The inputs to the SPM in Southerﬁhat was enriched in the Sybtrop|cal front. It WB:S
region was proposed to be mainly from melt water postL_JIated tha_lt fthe com_munlty structure had a major
and from a region with low productivity dominated by "©l€ in cetermining the isotopic signatures of POM
diatom A similar study was carried out to understand With the dominance of dinoflagellates in the eddy
the processes controlling the distribution of SPM Prone, low nutrient Subtropical front waters vﬁ%FC _
across the frontal zones during austral summer 20108M1ched POM and diatoms dominated nutrient rich
wherein it was reported that the highest SPM wasCcolder water displaying depletétC of POM.
guantified in the Subantarctic zone followed by the Other Related Studies

Antarctic zone and this variability was attributed to

the different biogeochemical processes dominating inUse of 180 asa Proxy in Planktonic Foraminifera

the diferent zones of ISSO (Nayak & Noronfiach. Sudies

rep., 201) ) .
Saraswat and Khare (2010) tried to ascertain the water

Particulate Organic Matter (POM) in the Water depth at which the planktonic foraminiferal sgp.
Column bulloidescalcifies its shell based on the stable isotopic

. : . . composition of oxygendt®O) in its shells.A
The ISSO being characterised by different Ocean'ccomparison of seawater salinity and temperature

fronts qnq influenced by eddies, this region is highly estimated frons80 of G. bulloidess!80 show that
dynamic in terms of air-sea flux of G@s well as . ification depth o6. bulloidesvaries latitudinally
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The study also stated that north of 43°S the Future Prospects
calcification depth was deeper approximately 200 m,
determined from the estimated temperature well
matching the seawater temperature at 200 m.
However south of 43°S the calcification depth was

shallower

Although many studies have been carried out in the
ISSO, the region is still understudied in terms of the
biogeochemical processes. It is of utmost importance
to understand the biogeochemical processes in the
region as the SO have a strong global influence. Most
Subsequent|ya study was carried out to evaluate important being the CQdynamics, although studies
the spatial variability of isotopic value of foraminifera are going on, they need to be extended on a larger
across diferent frontal regimes {Wari et al, 2011). scale and the system needs to be monitored to quantify
This study documented, planktonic foraminifera the fluxes. It is essential to address Ocean
secrete their shell at isotopic equilibrium with seawater acidification, which significantly influences the ocean
Also, comparative analysis 8fO_,,.and predicted  biological community structure and other biochemical
values&'®0O_, .. revealed a similar trend as that processes, consequently affecting the food web
measured for the shells. They reporéé¥C values  dynamics. Besides, detailed studies to understand the
of plankton net samples and core top sedimentbiological pump and processes like remineralisation
samples increased southwards and attributed it to thevithin the water column are crucial, as the water
productivity fluctuation which increase southwards masses formed in the ISSO can upwell at a different

due to the influx of nutrients from ice melt, sird¢&C location causing degassing/flux of C@ the
variability appear to be governed mostly by primary atmosphereAs the carbon, nutrients and food web
productivity dynamics are all inter-linked and involve a complex

interplay of varied physical, biological and
biogeochemical processes which need to be studied
in detail to understand and further predict the global
climate variability

RecentlyMoharnet al (2015) demonstrated that
there is a shift in the abundance of foraminifera from
Subtropical Front to Polar Front and repo&@ in
sediments is higher compared to towed plankton
samples. The study proposed that some part of thencknowledgement
shell precipitates in cooler deeper waters where _ o _
secondary calcification occurs. This study suggestedOUr sincere thanks to the Ministry of Earth Sciences
the absence of dissolution in the foraminifera from for funding the Indian Southern Ocean Program. The
surface sediments and attributed it to low organic @uthors would like to acknowledge DirectCAOR
biomass. for the continued suppoiVe appreciate and thank

all the authors whose contribution towards Indian
Southern Ocean studies have been compiled in this
article.This is ESSO-NCAOR contribution number
40/2016.
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