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Abstract

In order to examine the sources of nutrients and f-ratios in the cyclonic (CE) and anticyclonic eddy
(ACE), the content and isotopic composition of carbon and nitrogen in suspended particulate organic
matter (POM) were analyzed in one CE and two ACEs in the western Bay of Bengal (BoB).
Relatively higher concentrations of Chlorophyll-a (Chl-a) and nutrients were observed in the CE and
no-eddy (NE) regions than ACE region. Higher concentrations of particulate organic carbon (POC)
and nitrogen (PN) were observed in the CE and NE than ACE in the BoB. Isotope mixing model
(SIAR) suggested that POM pool mainly consists of marine plankton biomass (~80%) and
contribution of terrestrial organic matter is insignificant (<20%). The depth of nitracline was
shallower in the CE due to divergence while it was deeper in the ACEs due to convergence of upper
ocean. The isotopic composition of nitrogen in the POM varied between 2.4 and 8.5%. and relatively
lower values were associated with deeper nitracline depth in the ACE and vice versa in the CE. This
suggests that upward mixing of subsurface nitrate supported primary production in the CE and
regenerated nitrogen in the ACE region. The estimated f-ratios using 5°Npom and depth of nitracline
were almost double in the CE (0.31+0.04) and NE (0.28+0.05) than ACEs (0.19+0.09) in the BoB.
Though upward mixing of subsurface low DO water intensified oxygen minimum zone (OMZ)
below 75 m in the CE region, enhanced phytoplankton biomass and its export may further intensify.
In contrast, convergence of DO rich surface water and low f-ratios in the ACE resulted in weaker
OMZ. This study suggests that eddies significantly influence primary and export productions that
may lead to modifications in intensity of OMZ in the BoB. More than 50 eddies form every year in
the BoB and its impact on primary and export production leading to intensification/weakening of
OMZ should be evaluated using both observations and models.



1. Introduction

Suspended particulate organic matter (POM), consists of phytoplankton, bacteria, zooplankton, plays
a significant role on marine carbon and nitrogen cycle (Saino and Hattori, 1980). Due to their vertical
transport to deeper depths, the atmospheric carbon dioxide (COz2) is removed from the surface layer
and also supports organic carbon demand to the hetertrophs dwelling at the deeper depths. The
source of nutrients determines the magnitude of organic matter formation and their subsequent sink
to deeper depths. The isotopic composition of nitrogen in POM (8°*Npom) provides an insight on
source and transformations of nutrients in the water column. The 8°Npom has a strong dependence
on the 8*°N of sources of nitrogen (atmospheric N2, NOs™ and NH4"). Several studies were carried out
in the global ocean to identify possible source of nutrients using 8*°Npom (Wada and Hattori, 1980;
Saino and Hottori, 1980; Altabet, 1996; Sarma et al., 2014; Sherin et al., 2018).

Increase in biological production were reported in the regions of mesoscale eddies and fronts in the
global ocean in the observational studies (eg. Strass, 1992; Denman and Abbott, 1994) as well as in
the numerical models (eg: Levy et al., 1998; Oschlies and Garcon, 1998; Mahadevan and Archer,
2000). Eddies are found to be significant source of nutrients to the euphotic zone and increase new as
well primary productions (McGillicuddy et al., 2003; Chelton et al., 2011; Gaube et al., 2014; Doblin
et al., 2016). Based on high spatial resolution models, it was observed that cyclonic eddies (CE) are
source of nutrients to the photic zone and anticyclonic eddies (ACE) are sink in the Atlantic Ocean
(McGillicuddy et al., 2003). Eddies not only increase new production but also modify microbial
species composition in the upper ocean (McGillicuddy, 2016; Doblin et al., 2016) due to
modification in nutrients and organic mater inputs. Substantial offshore transport of carbon and
nutrients by eddies were also observed in the California Current System (Nagai et al., 2015).

Prasanna Kumar et al. (2004) found that injection of subsurface nutrients to surface resulted in 3
folds increase in primary production in the CE in the Bay of Bengal (BoB). In addition to this,
significant increase in sinking carbon fluxes to deeper depths was also observed associating with CEs
in the BoB (Vidya and Prasanna Kumar, 2013). On the other hand, ventilation of nutrient poor and
oxygen rich waters to subsurface waters in the ACE leads to weakening of oxygen minimum zone
(OMZ) in the BoB (Sarma et al., 2013; 2016; Sarma and Uday Bhaskar, 2018).

BoB harbors one of the high sinking carbon flux regions to the deeper waters in the world ocean
(Sarma et al., 2006) and it was attributed to ballasting of river-borne organic matter (Ittekkot et al.,
1991). Recently Anand et al. (2018) observed that heterotrophs consume most of the primary

produced organic matter in the upper ocean and only <2% of primary production reaches to the 100



m depth. In contrast, f-ratios, estimated based on tracer incubation experiments, are high in the BoB
(0.54 to 0.72) even compared to the highly productive Arabian Sea (0.15 to 0.82) (McCarthy et al.,
1999; Kumar et al., 2004; Kumar and Ramesh, 2005; Gandhi et al., 2010). The high regeneration of
organic matter (Anand et al., 2018) and high f-ratios (Gandhi et al., 2010) are contradictory to each
other suggesting that either alternative source of nutrients may be possible in the BoB or estimation

of f-ratios may need re-evaluation.

Recently Sherin et al. (2018) estimated f-ratios in the BoB using 6®°Npowm in the mixed layer and
found that relatively higher f-ratios in the CE and cyclone-influenced regions than other regions
sampled in the BoB during November-December 2013. This suggests that physical processes, such
as eddies, may support high phytoplankton production in the BoB through bringing nutrient-rich
waters to the surface. Based on the 17 years of remote sensing sea surface height and surface currents
data, it was reported that ~10 eddies per 1° grid were formed in the BoB between 1992 and 2009
(Chen et al., 2012; Dandapath and Chakraborty, 2016). Therefore, source of nutrients and organic
matter production may be significantly modified by eddies in the BoB. We hypothesized that higher
amount of POM may be produced within the CE as divergence brings subsurface nutrients to surface
whereas less POM is produced in the ACE due to support of phytoplankton production by
regenerated nutrients. In order to test this hypothesis, two ACEs, one CE and one no-eddy (NE)

regions were studied in the western BoB.
2. Material and methods
2.1. Sampling and methods

A cruise was undertaken in the BoB along the east coast of India, covering one CE, two ACEs and
NE regions during 23 March to 6 April 2018 (Fig. 1). Water column temperature, salinity (SBE 911
plus, USA), fluorescence (Wet Labs, USA) and DO (SBE 43, USA) were measured using sensors
attached to Rosette (SBE 32, USA). The accuracies of these sensors are +1.0 db, +0.001°C, +0.002
psu, +0.01 mg m™ and +2 uM respectively. The sampling was carried out in the upper 500 m of
water column at standard depths using 10 L Niskin bottles attached to the CTD Rosette. We reported
here only data collected in the upper 100 m. Water samples from the Niskin bottles were subsampled
for DO analysis into 60 ml glass stoppered bottles and care was taken to avoid trapping of air
bubbles. The DO was measured using Winkler titration method following potentiometric detection
(Carritt and Carpenter, 1966) using potentiometer (Titrando Metrohm, Zofingen, Switzerland). A 2-L
water sample was filtered through a GF/F filter (0.7 um pore size; Whatman) and Chl-a retained on

the filter was first extracted with N,N-dimethyl formamide (DMF), at 4° C in the dark for 12 h and



then spectrofluorometrically analyzed (Varian Eclipse fluorophotometer) following Suzuki and
Ishimaru (1990). The analytical precision for Chl-a analysis was +0.04 mg m=. The DO and
fluorescence data collected by sensors were calibrated with measured DO and Chl-a and the slope
was close to one (0.98 and 0.96 respectively) and the appropriate corrections were applied. The
concentrations of nutrients were measured following standard spectrophotometric procedures using
an autoanalyzer (Technicon; Taacs, Australia) (Grasshoff et al. 1983). The detection limits for
nitrate, and ammonium were £0.02, and £0.05 uM, respectively. Total suspended matter (TSM) was
determined by dry weight of the material retained on a 0.22 um polycarbonate filter (Millipore) after

filtering ca.2 to 5 L of water under a moderate vacuum.

POM was obtained by filtering 5 to 10 L of water through a pre-combusted (400° C, 12 h) 0.7 um
GF/F filter (Whatman) under a gentle vacuum. For isotopic analyses of particulate organic carbon
(POC), the filters were exposed to fumes of concentrated hydrochloric acid in a desiccator for
overnight, followed by drying in an oven at 60°C, to remove traces of inorganic carbon. The dried
filter was directly used for stable carbon isotope analysis of particulate organic carbon (POC). A sub
sample of the filter without acid treatment was used directly for particulate nitrogen (PN) content as
the acid treatment significantly alters N isotopic composition (Goering et al., 1990; Bunn et al.,
1995; Pinnegar and Polunin, 1999). The content and stable isotopes of POC and PN were measured
using an elemental analyzer (Flash EA, Thermo) coupled to an isotope ratio mass spectrometry
instrument (IRMS; Delta V plus; Thermo Electron, Germany) via a Conflo IV interface. Content is
reported as pg/l and stable isotope ratios in 6 notation calculated as follows.

Xsam
Xstd

SR = ( _ 1)>< 1000 %o

Where, R represents 3C for carbon (C) and N for nitrogen. Xsam is 3C/*2C and *N/*N of sample
for C and N respectively. Similarly, Xsa denotes 3C/2C and *N/**N of standard for C and N
respectively. The IAEA standards and internal standards, such as glutamic acid, alanine, and Organic
Analytical Standard (OAS), were used for calibration. The long term precision of the instrument is
about +0.2%o for both C and N.

Atmospheric aerosols (referred as total suspended particulates (TSP)) were collected onboard
research vessel along the cruise track on pre-combusted quartz fiber filters (PALLFLEX) using High

Volume Sampler (Environtech 430) at a flow rate of 1.2 m® min™. Nutrients in the aerosols were



measured using lon Chromatography (850 Metrohm Professional, Switzerland) following the method
described by Yadav et al. (2016).

N* was computed following Gruber and Sarmiento, (1997) using the following equation:
N* = (N - 16P + 2.90) x 0.87 1)
Where N and P are dissolve nitrate and phosphate (in uM) respectively.

The depth of mixed layer (MLD) was estimated by first estimating density at in situ temperature,
salinity and pressure and subtract 0.5°C from the temperature profile and estimate density again. The
depth of MLD is taken where the difference in density of the in situ temperature and 0.5°C becomes
zero following Shankar et al. (2015).

2.2. Quantification of organic matter contribution from various sources

The relative contribution of terrestrial organic matter in the study region was quantified using isotope
mixing model “SIAR” (Stable Isotope Analysis in R). This model resolves contribution of various
sources within a Bayesian framework (Parnell et al., 2010). SIAR model uses Markov Chain Monte
Carlo method, and produces probable fraction of different sources. The end-members of possible
sources are taken as soil organic matter from Ganges river basin (-25.0%0 and 2.5%o for carbon and
nitrogen respectively), detritus from Csz plants (-28.5+0.8%o and 2.440.5%o), C4 plants (-13.1+1.2%o
and 3.4+2.1%o) and marine phytoplankton (-23.9 + 0.6%o and 6.2 + 0.3%o) respectively for carbon
and nitrogen. The isotopic end-members of C3 and C4 land plant detritus was taken from Krishna et
al. (2014) who collected samples from the various regions in the Indian subcontinent.2.3. Satellite
Data

Sea surface height anomaly (SSHA; 0.25 x 0.25° degree) and Geostrophic currents (0.25 x 0.25°
degree; Merged product) obtained from Copernicus Marine Environmental Monitoring Service

(www.marine.copernicus.eu). In order to identify the region of origin and its track of advection to the
sampling region, daily SSHA data were analysed and the track of each eddy were plotted
(Supplementary Fig. S1; Sarma et al., 2018). This analysis suggested that CE was formed in the
northeastern BoB on 12 January 2018 (about two and half months prior to sampling) and advected to
the sampling region. The northern ACE (ACEn) was formed in the northeastern BoB on 24
September 2017 about 6 months prior to our sampling. The southern ACE (ACEs) was formed in the
eastern BoB on 1 December 2017 about 4 months prior to our sampling (Fig. S1; Sarma et al., 2018).
The SSHA variability on the day of each station was also plotted to examine which part of the eddy
was sampled (Supplementary Fig. S2). The eddy is identified based on the circulation of water and


http://www.marine.copernicus.eu/

SSHA. If the SSHA is positive and higher than 0.2 m and anticyclonic circulation occurs, this region

is identified as ACE and vice versa for CE.
Results
3.1. Impact of eddies on hydrographic properties of water column

Both temperature and salinity in the upper 100 m of water column increased from north to south
along transect (Fig. 2a,b). Occurrence of low saline water was observed in the upper 20 and 60 m of
water column in the CE and ACENn regions respectively and its influence was decreased towards NE
and ACEs (Fig 2a). The depth of 22 isopycnal density layer showed significant spatial variation with
shallow (~55 m) under the influence of CE compared to ACEn (90 m) and ACEs (~80 m) and NE
regions (~60 m). Similarly, ~34.0 of salinity was observed at >100 m in the ACEn and 82 m in the
ACEs than that of 50-60 m in the CE and NE regions (Fig. 2b). The MLD varied between 6.5 and
34.5 m in the study region and it was shallower in the CE (~15+4 m) than ACE (32+6 m) (Fig. 2a).

3.2. Impact of eddies on biogeochemical properties of water column

Relatively higher concentration of Chl-a in the upper ocean (mean of upper 50 m) was observed in
the CE region (0.35 mg m) than NE (0.22 mg m), ACEn (0.11 mg m) and ACEs (0.10 mg m?;
Fig. 2c; Table 1). The depth integrated Chl-a (up to 100 m) was higher in the CE (34.6 mg m?)
compared to NE (26.4 mg m?), ACEx (23.6 mg m?) and ACEs (22.2 mg m) regions. The
prominent subsurface Chl-a maximum was observed at a depth of 20 to 30 m, but it was weaker
below ACE than CE and NE regions (Fig. 2c). Dissolved oxygen (DO) concentration in the upper
100 m followed the thermocline with relatively higher concentrations in the upper 100 m of water
column (150-185 uM) in the ACEn and ACEs whereas <75 uM were observed in the CE regions at
the depth below 50 m (Fig. 2d).

Upsloping of higher nitrate isolines from subsurface was noticed in the CE and NE regions whereas
downsloping was observed in the ACEn and ACEs regions (Fig. 3a). Relatively higher nitrate
concentration (2-5 uM) was observed in the upper 40 m of water column in the CE region whereas it
was <1 uM in the ACE regions. The mean concentrations of nitrate in the upper 50 m were 1.98 uM
in the CE and it was 1.58 uM in the NE and 0.02 and 0.12 uM in the ACEn and ACEs respectively
(Table 1). The depth of 2 uM nitrate isoline was close to surface in the CE and NE regions and the
same was deepened to 80 m in the ACEn and ACEs regions (Fig. 3a). Relatively higher
concentration of ammonium was observed in the ACE (0.5-1.0 uM) than CE region (<0.2 uM) in the

upper 50 m of water column. N* varied between -2.7 and 2.6 uM in the mixed layer and higher



concentrations (>0 uM) were observed in the north associated with low salinity whereas <O uM was

observed in the rest of the study region (Supplementary Figure S3).
3.3. Spatial variations in content and isotopic composition of carbon and nitrogen in the BoB

The concentrations of POC varied between 44.4 and 214.8 pg I* in the upper 100 m of water
column. Relatively higher POC concentrations were observed in the CE (158.5+10 pg IY) and NE
(132.0£3 g I'Y) than ACE (92.449 and 88.1+8 ng I™* respectively in the ACEn and ACEs; tsar=3.13;
p<0.001). Below the mixed layer also relatively higher concentrations were observed in the north
than south (Fig. 4a). The concentrations of PN varied between 0.24 and 30.2 ug I in the study
region and relatively lower values were observed in the ACE (6.9+2 and 8.5+3 ug I in the ACEn
and ACEs respectively) than CE (22.5+2 ug I'}; tswi=8.74; p<0.001) (Fig. 4b). Both mixed layer mean
Chl-a and depth integrated Chl-a (upper 100 m of water column) showed significant linear relation
with PN (r?=0.63; p<0.001) and POC (r?=0.54; p<0.001; Fig. 5). The concentration of PN and POC
did not show any relationship with salinity (r>=0.00). The concentration of TSM was relatively
higher in the northern BoB mainly in the CE region (5.620.9 mg I'Y) compared to other regions (4.0
to 4.3 mg I'; Table 1). The C/N ratio was relatively lower and close to Redfield ratio in the CE
(8.6+2) and NE (8.0+2) than ACEs (17.2+4 and 10.8+3 in the ACEn and ACEs respectively). The
POC:Chl-a ratio varied between 430 and 2217 (mean 1123+389) in the entire study region.

The isotopic composition of carbon in POM (8%Cpom) ranged from -27.2 to -19.7%o in the study
region with mean of -24.4+2%. (Fig. 4c). Relatively lighter values were observed in the CE (-
25.3+0.4%o0) than ACEn (-24.2+0.3%0) and ACEs (23.4+0.4%0) (Table 1). The 53Cpom displayed
significant inverse relation with concentration of POC in the mixed layer (r?=0.34; p<0.001; Fig. 5).
The isotopic composition of nitrogen in POM (8°Nrowm) ranged between 2.4 and 8.5%o in the upper
100 m of water column (Fig. 4d). The 8"°Npom value is close to §°Nnogs in deep water in the CE
(5.8£0.2%0) and NE (5.0+0.4%0) and depleted values were found in the ACEs (4.0+0.4 and
3.7+0.5%0 in the ACEn and ACEs respectively). The 8®Npom showed significant relation with

neither PN concentrations nor salinity in the mixed layer.
3.4. Spatial variations in total suspended particulate matter (TSP) in the atmosphere

The TSP in the atmosphere varied between 9.6 and 20.6 pg m= above the study region with
relatively higher concentrations in the north (16.9+3 ng m?) than south (9.9 pg m3). The
concentration of nitrate in the TSP varied from 0.08 to 0.28 pgN m™ with insignificant spatial

variations. Relatively higher concentrations of nitrate were observed in the TSP over CE (0.23+0.07



ug m3), followed by NE (0.15+0.04 ug m), ACEs (0.15+0.03 pg m) and ACEn (0.09+0.01 ug m’
3).
4. Discussions

4.1. Spatial variations in sources of POM and nutrients in the BoB

The variability in the PN (0.24 to 30.22 ug IY) and POC (44.4 to 214.8 ug I%) in the BoB is within
the range expected in the marine environment (Kumar et al., 2005; Aumont et al, 2017; Sherin et al.,
2018). Relatively higher PN and POC were observed in the CE associating with higher nutrients and
Chl-a indicating higher primary production in the CE than ACE region (Fig. 4). In contrast, low PN
and POC (Fig. 4a,b) in the ACE regions are associated with low nutrients (Fig. 3) and low Chl-a
(Fig. 2c) indicating existence of oligotrophic conditions (Fig. 4). The mean C:N ratio of POM
(10.6£3.1) is higher than the typical Redfield ratio of 6.6 indicating possible modification of organic
matter. Nevertheless, the mean C:N ratio does not indicate possible contribution of terrestrial organic
matter (C:N >20; Kao and Liu 2000) in the study region suggesting that in situ processes may be
contributed to the POM pool. The POC:Chl-a (wt:wt) is used as a proxy to identify source of organic
matter in the aquatic environment (Cifuentes et al., 1988; Richard et al., 1997; Bentaleb et al., 1998).
Typically POC:Chl-a ratio is low in the freshly produced organic matter compared to terrestrial
organic matter. Wide range of POC:Chl-a ratios are proposed (40 to 200; Montagnes et al., 1994;
Geider, 1987; Head et al., 1996; Thomson et al., 1992; Bentaleb et al., 1998) for in situ organic
matter due to regional differences in temperature, light, phytoplankton composition and their growth
rate (Heath et al., 1990; Geider et al., 1998). In addition to this, variable rate of decomposition of
POC and Chl-a also governs POC:Chl-a ratio. The mean POC:Chl-a (1123+£389) in the BoB
suggests 1) faster decomposition of Chl-a than POC, 2) possible contribution of heterotrophs
(bacteria, zooplankton) and 3) contribution of terrestrial organic matter. The occurrence of terrestrial
organic matter is possible as several rivers, such as Ganges, Godavari, Mahanadi etc., open to the
BoB that may bring significant amount of organic matter to the BoB (Ittekkot et al., 1991; Unger et
al., 2003). The river discharge peaks during monsoon (June to October) when high river-borne
organic matter enters to the northern BoB. The sediment trap studies revealed that terrestrial POM is
settled within 100 km from the coast (lttekkot et al., 1991; Kumar et al., 2004; 2010). The strong
linear relationship was observed between salinity and §'°Npom during September and October
suggesting possible contribution of organic matter through river discharge (Kumar et al., 2004). Low
saline (<32) waters were observed in the CE and ACEn regions and it may be possible that river

borne nutrients may support part of the primary production and therefore POM. Due to unavailability



of isotopic composition of nitrogen in nitrate or ammonium in the Ganges and Brahmaputra rivers, it
is difficult to account possible contribution of riverine-nutrients and therefore POM production.
Nevertheless, no significant relationship was observed between salinity and 5'*Npom (r?=0.00; Fig. 5)
during present study indicating insignificant contribution of terrestrial organic matter may be
possible in the study region. Added to this, the mean §3Cpom (-24.420.8%o) is close to that of marine
origin (-23.2+1%o; Galvan et al., 2008) further indicate that insignificant contribution of terrestrial
organic matter in the study region.

The origin of organic matter (marine versus terrestrial) can be identified using 5*Cpom and 5°Npom
(Kumar et al., 2004; Faganeli et al., 2009; Maya et al., 2011; Sarma et al., 2014; Krishna et al.,
2014). Due to different fractionation associated with the inorganic carbon uptake of terrestrial and
aquatic plants, the 83Cpowm is variable. On the other hand, different isotopic composition of *°N of
inorganic nitrogen from various sources, such as fertilizers, sewage, soil organic matter-derived, and
their uptake by plankton store these signatures in their body (Thornton and McManus, 1994). Several
observations suggested that lower isotopic composition of §°C for Cs type (-30 to -25%o;
Middelburg and Nieuwenhuize, 1998; Barth et al., 1998) whereas it is higher for C4 type (-17 to -
9%o; Smith and Epstein, 1971; Sackett, 1989). The §*3C of marine phytoplankton falls between Cs
and C4 plants (-24 to -18%o; Peters et al., 1978; Fry and Sherr, 1984; Middelburg and Nieuwenhuize,
1998; McMahon et al., 2013). Similarly, 3°N of terrestrial plants is lower (1.8 to 3.0%o; Peters et al.,
1978; Wada et al., 1987; Thornton and McManus, 1994) than marine phytoplankton (5-8%; Altabet,
1996; Brandes and Devol, 2002; Lamb et al., 2006). The §'*Cpom and 8*°Npom in the BoB ranged
from -27.2 to -19.7%o and 2.1 to 8.6%o respectively with relatively lower than expected from marine
sources. The BoB receives significant amount of fresh water from the Ganges river that contains
depleted 83Cpic (-7.2%; Samanta et al., 2015). The occurrence of low saline water in the upper 20-
25m of water column can be observed in the study region, especially up to the distance of 1200 km.
The mean §*3Cpic is -2+0.5%o in the mixed layer (Our unpublished data) suggesting assimilation of
depleted DIC might have decreased &3Cpom. Based on the SIAR model, the contribution of
terrestrial and marine organic matter was estimated using §*Cpom and 8™Npom and isotopic
composition of carbon and nitrogen of source organic matter and found that ~10% of the organic
matter is contributed by detritus from Cs and C4 plants and ~10% by the soil organic matter and
about 80% by the marine organic matter. Make a note that the uncertainties involved in these
estimations are up to 15%. Based on C/N, POC/Chl-a, *Cpom, 8*°Npom and isotopic mixing model,

it is concluded that POM mainly derived from in situ processes during study period in the BoB.



Saino and Hattori (1980) suggested that the source of nitrogen in the euphotic zone is reflected in
5°®Npom. Though source of nutrients taken up by the phytoplankton may reflect in the 8*°*Npowm,
trophic processes, however, modify its signatures. For example, microbial decomposition of organic
matter increases 8*C and §*°N values as well as POC:PN ratio due to preferential decomposition of
labile organic compounds (Hedges et al., 1997). Nevertheless, lower §®Npom Vvalues (2.8+0.6%o)
were found associating with deeper nitracline (62 to 66 m) in ACEs whereas higher values (5.2+1%o)
were observed in the CE and NE regions coinciding with shallow nitracline (14 to 17 m). In case of
deeper nitracline, the supply of new nitrogen from subsurface water may be almost negligible; hence,
phytoplankton has to rely on regenerated nutrients, and excretory products of heterotrophs, which
have low 5°N values compared to their body (Checkley and Entzeroth, 1986; Checkley and Miller,
1986). Therefore, the assimilation of these nitrogenous nutrients decreases the 3*°Npom. The depleted
5®Npom Vvalues can also be attributed to nitrogen fixation, atmospheric deposition of nitrogen and

uptake of dissolved organic nitrogen (DON).

In order to examine the possible nitrogen fixation, the spatial variations in N* (an indicator of
nitrogen fixation following Gruber and Sarmiento, 1997) was computed in the mixed layer. The
positive N* values (0.2 to 2.6 uM) were observed associated with low saline waters in the northern
BoB (station 1 to 4; CE region) in the mixed layer and negative values were observed in the other
study region. The occurrence of nitrogen fixers (Trichodesmium) was reported in the southern and
southeastern BoB and it was not reported in the study region (i.e., western BoB) (Hegde et al., 2008).
In addition to this, abundance of nitrogen fixers was not found in this study based on both
microscopic and pigment analysis (Dr. J. Loganathan, personal communication, 2018). The mean
value of 8®°Npom in the CE region was ~5.0%0 which is close to that of deep water nitrate value
(~5.5%0; Bristow et al., 2017) suggesting new nitrate from the deep water supporting primary
production. N* technique was developed based on the global mean nitrate and phosphate data and
may not be applicable to the region which receives high river discharge. Wide variations in N:P
ratios were reported in the Indian river estuaries (Sarma et al., 2010) and about 10% of the estuarine
nutrients are exported to the coastal waters in the BoB (Krishna et al., 2015). Since river water brings
nutrients with different N:P ratios, the assumption of N:P of 16 in the equation of Gruber and
Sarmiento (1997) to compute N* may not be valid. Nevertheless, the negative N* values are
observed in both ACEn and ACEs where lower 8™Npom Vvalues were observed (4.0+0.8 and
3.7+0.7%0 in the ACEn and ACEs respectively; Table 1), suggesting that processes other than
nitrogen fixation may be responsible. Atmospheric dust deposition is also a possible source of

nitrogen as BoB receives significant amount of atmospheric dust from Indo-Gangetic Plain during
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the study period (Kumar et al., 2008; Srinivas and Kumar, 2013). Therefore, dry deposition of
atmospheric nitrogen and its uptake by the phytoplankton would also deplete §°Npom in the mixed

layer.

TSP in the atmosphere ranged between 9.6 and 20.6 ug m along the cruise track and concentration
of nitrate in the atmospheric dust varied from 0.08 to 0.28 ugN m=. The flux of nitrate was

calculated using the following equation (Duce et al., 1991):
Dry-DepOSiton flux (fdry):Cmeasured X Vdry

Where Cmeasured 1S the concentration of nitrate in the aerosols and Vary is the dry deposition velocity.

Vary for nitrate was taken as 1.0 cm sec™ (Duce et al., 1991; Srinivas et al., 2013).

Nitrate dry-deposition flux ranged between 68.8 and 240.6 ngN m2d* in the study region. Assuming
the all the deposited nitrate is utilized by the phytoplankton and using C/N ratio of 6.6, the
atmospheric deposition may increase primary production by 0.45 to 1.58 mgC m= d*. The primary
production in the mixed layer was ranged from 80 to 420 mgC m?2 d* (Dr. H.B. Delabehera,
personal communication, 2018). Therefore, the atmospheric deposition enhanced primary production
up to 1% in the mixed layer. However, the contribution of atmospheric nitrogen may be higher
during winter when the atmospheric aerosol loading is several times higher (Srinivas et al., 2011;
Yadav et al., 2016). On the other hand, uptake of DON, as an alternative source of nitrogen, is also
possible for depleted 8°Npowm in the BoB. Prasad (2014) observed DON concentrations in the range
of 5 to 15 uM in the coastal BoB during monsoon period. The uptake of DON by phytoplankton, in
the absence or lower concentrations of inorganic nitrogen, results in lower §®Npom (Saino and
Hattori, 1980). Neither concentration of DON nor their isotopic composition is available during
study period to evaluate its impact. Relatively higher ammonium concentrations in the ACE (>1 uM)
regions suggest that regenerated nutrients may be possible source of nutrients. The mean 8*°Npom
values in the ACEn and ACEs were relatively lower (4.0+0.8 and 3.7+0.7%o respectively) than CE
and NE regions (5.0+0.6 and 4.8+0.7%o respectively; tsa=-1.05; p<0.1) suggesting uptake of
regenerated nutrients may be possible in the ACEs. Isotopic studies, such as triple oxygen isotopes of
oxygen in nitrate and nitrogen isotopic composition of DON, are required to confirm the contribution
of various source of nitrogen supporting phytoplankton biomass in the BoB. The mean values of
5®Npowm in the CE and NE regions (~5.0%o) is close to that of deeper water nitrate value of 5.5%o
(Bristow et al., 2017) further suggesting that new nitrogen from subsurface waters supported
phytoplankton production in CE region.
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4.2. Influence of eddies on f-ratios in the BoB

The nitracline depth displayed significant inverse relation with 5°Npom in the mixed layer (r=0.55;
p<0.001; Fig. 6) suggesting that the availability of subsurface nitrate controlled the phytoplankton
production in the BoB. The depth of nitracline showed significant inverse relation with POC
(r?=0.35; p<0.05) and PN (r?=0.32; p<0.05) suggesting that phytoplankton production in the mixed
layer is controlled by depth of nitracline. Mino et al. (2002) suggested that the source of nitrogen is
reflected in the 8'°Npowm in the mixed layer. Recently Sherin et al. (2018) also showed significant
variations in 8®Npom in the CE and cyclone-influenced regions in the BoB during November-
December 2013 and suggested that nitrate from deep water supported primary production in the CE
and cyclone-influenced region and regenerated nitrate in the other regions. Interestingly the slope of
relationship between nitracline depth and §'°Npowm is similar with reference to space (0.047 in
Atlantic Ocean; Mino et al., 2002 and 0.041 in BoB; Sherin et al., 2018). This slope is same with
reference to time as it was 0.041 during November-December 2013 (Sherin et al., 2018) and March-
April 2018 (0.043; present study) in the BoB. Similarly, the intercept of the relation is also
insignificantly different in the Atlantic Ocean (5.7; Mino et al., 2002), BoB (6.3; Sherin et al., 2018)
and present study (5.6). The uniform slope and intercept in different basins and different periods
strongly indicate the robustness of the relationship, which is mainly caused by uniform deep water
5°Nnos (Sigman et al., 1997). This relationship suggests that shallow nitracline enhances input of
nitrate from the subsurface waters with relatively higher 8°N (5-6%o) leading to enrichment of §'°N
of phytoplankton and contrasting to that occurs in deeper nitracline regions where regenerated
nitrogen, and DON uptake may support phytoplankton production leading to low 8®°Npom. However,
the relationship between §°Ngs and depth of nitracline may be different during monsoon period

when high amount of terrestrial organic matter is injected through river discharge.

Based on Mino et al. (2002), assuming phytoplankton are supported by nutrients from deep water

and regenerated nutrients, the §°N of plankton can be estimated using following equation:
Slszlankton = frew:N X 3°Nnewn + (1'fneW:N) X 515Nregen N (2)

Where frew:n (dimensionless) is the fraction of new nitrate supported to total primary production, and
S°Npiankion, 8°Nnewn and 8™Nregenn are the isotopic compositions of plankton, new nitrate and
regenerated nitrogen respectively (Mino et al., 2002). Here frewn and 8°Nregenn are estimated from

their relationship with depth of nitracline (Dno3) following Mino et al. (2002).
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frewn=A/Dno3 3)
SlsNregstlanewN — B X Dno3 (4)

where A and B are proportionality constants. The final relation shown below is obtained by

combining all the above three equations
815Nplankt0n =-B X Dnos + (515NneWN +AxB) (5

Since POM is mainly derived from in situ production, here 8°Npowm is equal to §*°*Npiankion. The mean
5°Nnos in the northern BoB (5.5%o; Bristow et al., 2017) is assumed to be same in the entire BoB as
no denitrification occurs in the Bay (Sarma et al., 2016 and references therein). The values for A and
B are calculated as 8.475 m™ and 0.043%o. respectively and the former is used to calculate f-ratios
from equation (3).

The estimated f-ratios varied between 0.11 and 0.34 in the BoB during study period with the average
value of 0.23+0.08 in the mixed layer. Relatively lower f-ratios were observed in the ACEn
(0.19+0.09) and ACEs (0.19+0.06) than CE (0.31+0.04) and NE (0.28+0.05) in the BoB. The higher
f-ratios in the CE region are associated with higher nitrate (1.98+0.8 uM) and Chl-a (0.35+0.17 mg
m) than ACEn (0.02+0.05 uM and 0.11+0.04 mg m™ respectively) and ACEs (0.10+0.04 pM and
0.12+0.2 mg m respectively). These estimates of f-ratios are lower than earlier estimations using
tracer incubation experiments (0.54-0.70; Kumar and Ramesh, 2005; Gandhi et al., 2010). Anand et
al. (2018) observed low primary (15.2 and 74.1 mmol C m? d*! in the ACE and NE regions
respectively) and export production (0.6 and 1.3 mmolC m d! respectively) in the BoB associated
with ACE and it is consistent with the present study. Our study suggests that higher fraction of
primary production is exported to depth below mixed layer in the CE region compared to ACE
regions. The atmospheric deposition is estimated to contribute to 1% of primary production in the
mixed layer. Similarly, the estimated f-ratio due to new production from atmospheric deposition is
amounted to range from 0.003 to 0.005. Though atmospheric deposition may be adding some amount
of nitrate however, its influence on primary production and f-ratio may be negligible during study
period. Therefore, phytoplankton in the study region may be dominantly supported by new nitrogen
from subsurface and regenerated nutrients during study period. This limitation of this method is that
it gives mean f-ratios in the mixed layer. The mean MLD in the study region is 305 m whereas
depth of euphotic zone is 46+6 m and it was observed that ~80% of the primary production in the
euphotic zone occurs within 30m of the water column due to decrease in photosynthetic active

radiation. Therefore, the estimated f-ratios may reflect variations in the euphotic zone.
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Relatively lower dissolved oxygen is observed in the subsurface waters (depth below 75m) in the CE
region (~60 uM) compared to ACEs (>150 uM). Such low concentrations were mainly resulted from
upward pumping of low oxygen waters from the subsurface layers. It is further noticed that CEs are
important in promoting new production that may lead to long-term sustenance of the oxygen
minimum zone (OMZ) in the BoB. In contrast, ACEs weaken OMZ due to ventilation of oxygen due
to convergence (Sarma et al., 2013; 2016; 2018; Sarma and Uday Bhaskar, 2018). However,
contribution of strong OMZ in the CE regions due to physical mixing and oxygen removal through
microbial decomposition of organic matter must be evaluated. Several studies indicated that about 50
eddies forms every year in the BoB (Chen et al., 2012; Dandapath and Chakraborty, 2016) and it
may have significant impact on photic zone production and OMZ and it may have ultimate impact on
carbon sequestration and air-sea fluxes of CO- to the atmosphere. More intensive studies are required

to examine the influence of eddies in the basin-wide primary and export production in the BoB.
Summary and conclusions

The content and isotopic composition of carbon and nitrogen of suspended particulate organic matter
(POM) was sampled in the upper 100 m of water column along with hydrographic properties to
examine the variation in source of organic matter, nutrients and f-ratios in the cyclonic (CE) and
anticyclonic eddies (ACE) in the Bay of Bengal (BoB). Enhanced Chl-a, particulate organic carbon
(POC) and nitrogen (PN) were observed associated with increase in nutrients in the CE and no-eddy
(NE) regions compared to ACEs. This suggests that divergence of waters in the CE brought nutrients
to surface that enhanced biological production. Based on variations in the C:N, POC:Chl-a, isotopic
composition of carbon, and isotope mixing model, it is concluded that the POM mainly produced
through in situ plankton production in the study region and contribution from terrestrial sources are
negligible. The depth of nitracline displayed significant inverse relation with §*°Npom with relatively
lower 8®Npom in the ACE than CE suggesting that subsurface nutrients supported phytoplankton
production in the CE and regenerated and dissolved organic nitrogen in the ACE region. The
estimated f-ratios were almost double in the CE (0.31) and NE (0.28) than ACEs (0.19) in the BoB
suggesting that higher fraction of primary production is exported to the deeper depths in the CEs than
ACEs. The higher POC and f-ratios in the CEs suggest further decrease in DO concentrations below
75m depth, apart from decrease in DO by physical mixing. However the contribution of decrease in
DO due to enhanced production should be quantified. In contrast convergence of surface waters
injected DO to the OMZ, in addition to this, less organic matter is exported to deeper depth leading
to weaker OMZ in the ACE regions. More than 50 eddies (both ACE and CEs) form every year and
they may significantly influence primary production, export of organic matter and intensity of OMZ
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in the BoB. More studies are required involving moorings, bioargos and modeling efforts to
understand the influence of eddies on carbon export to the meso-pelagic depths and variations in
OMZ in the BoB.
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Table 1: Mixed layer mean variation along with standard deviations in biogeochemical properties in

various eddies in the BoB are given. DNOs is depth of nitracline (m).

Parameter CE ACEnN NE ACEs CE vs ACE
Tstat & p-value

Chl-a (mg m™3) 0.35+0.17 | 0.11+0.04 0.22+0.12 0.10+£0.04 | 1.71; <0.05
NOs (uM) 1.98+2 0.02+0.05 1.58+1.5 0.12+0.2 3.36; <0.001
DNO3z (m) 14+2 6245 17+2 66+4 -5.62; <0.001
TSM (mg I'h) 5.6+£0.9 4.3+0.6 4.0+0.8 4.1+0.6 2.90; <0.001
PN (ug I 22.5+2 6.9+2 14.0+1 8.5+3 8.74; <0.001
POC (ug I 158.5+10 | 92.449 132.0+£3 88.1+8 3.13; <0.001
C/N 8.6+2 17.2+4 8.0+2 10.843 -4.75; <0.001
8°Npom (%o) 5.0+£0.6 4.0+0.8 4.8+0.7 3.7£0.7 -1.05; <0.1
813Crom (%o) -25.310.6 | -24.240.7 -23.8+1 -23.4+1 -3.78; <0.001
f-ratio 0.31+0.04 | 0.19+0.09 0.28+0.05 | 0.19+0.06 | -1.06;<0.01
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Legend to figures

Figure 1: The study region with station locations. The color back ground shows the variations in
SSHA. Direction and speed of surface water geostrophic currents are shown as arrows. Only nitrate
and ammonium data were collected at station A.

Figure 2: Vertical distribution of a) temperature (°C), b) Salinity, ¢) Chlorophyll-a (mg m™) and d)
DO (uM) in the color scale along the cruise track in the BoB. The density contours are given in all
maps. Station numbers and stations considered under CE, ACEn, ACEs and NE regions were also
shown. The depth of mixed layer is shown as while line.

Figure 3: Vertical distribution of a) nitrate (uM), and b) ammonium (uM) along the cruise track in
the BoB. Station numbers and stations considered under CE, ACEn, ACEs and NE regions were also
shown.

Figure 4: Vertical distribution of a) POC (ug/l), b) PN (ug/l) ¢) §*Crom and d) 5°Npom along the
cruise track. The stations considered under CE, ACEn, ACEs and NE regions were also shown. The
depth of mixed layer is shown as red line.

Figure 5: The relationship of a) Chl-a and POC, b) Chl-a and PN, c) Salinity and POC, d) salinity
and PN, e) POC and 5'Cpom and f) PN and 8*°*Npom in the mixed layer.

Figure 6: Relationship between depth of nitracline and 8°Npowm in the mixed layer. The regression
line and equation were also shown.
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Figure 3
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Figure 5
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Figure 6
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Supplementary Figure S1: The study region with station locations. The back ground shows the
SSHA (color scale), surface geotrophic currents directions and speed are shown as arrows. The track
of sampled eddies are also shown based on daily SSHA data analysis (CE=purple, ACEn=red and
ACEs= blue). The date of formation of each eddy and sampling dates are also given. Location of
stations (white circles) and their numbers are also given.
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Supplementary Figure S2: The SSHA (color scale) and surface currents directions (arrows) on the
day of collection. The white dots and number indicates station location and its number (as per Figure
1) are also shown.
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Supplementary Figure S3:

Spatial distribution of N* (uM) along the cruise track in the study region.
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