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KEYWORDS Abstract Mesoscale warm-core eddies are common in the Bay of Bengal (BoB), and this study
Plankton; in the western BoB during Pre-Southwest Monsoon (April 2015) presents how a prolonged warm-
Size structure; core core eddy could modify the microplankton biomass and size structure. To investigate
Mesoscale eddy; this, field sampling and laboratory analyses were augmented with satellite data sets of sea
Trichodesmium; surface temperature (SST), winds, mean sea level anomaly (MSLA), geostrophic currents and
Bay of Bengal; chlorophyll-a. High SST with positive MSLA (> 20 cm) and a clockwise circulation, represented
FlowCAM the occurrence of a large warm-core eddy in the western BoB. Time series data evidenced that

it was originated in the mid of March and persistent there till early June, which in turn caused a
decrease in the surface nutrients and chlorophyll-a. The abundance and biomass of microplank-
ton were negligible in the warm-core eddy region. FlowCAM data showed a significant decrease
in the autotrophic microplankton parameters in the warm-core eddy (av. 13 + 9 ind. L-' and
0.1+ 0.04 ugC L', respectively) as compared to the surrounding locations (av. 227 & 143 ind.
L-" and 0.8 + 0.5 ngC L', respectively). Low nutrients level in the warm core eddy region
favoured high abundance of needle-shaped phytoplankton cells dominated by Trichodesmium
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cells. As a result, the size of micro-autotrophs in the warm-core eddy was larger (av. 91,760 +
12,902 um? ind.~") than its outside (av. 50,115 + 21,578 um?3 ind.~"). This is a deviation from
our belief that the oligotrophy decreases the phytoplankton size. We showed here that the
above understanding might not be infallible in warm-core eddies in the northern Indian Ocean
due to its inducing effect on the Trichodesmium abundance.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The analysis of community composition, size and biomass
of plankton are important for understanding the bio-
logical/fishery characteristics of an aquatic ecosystem
(Chassot et al., 2010; Harrison et al., 2015). Generally,
nutrient-rich water bodies are much more productive and
contain a high abundance of large autotrophs, whereas low-
nutrient (oligotrophic) environments are less so, facilitat-
ing the dominance of small phytoplankton (Garrison et al.,
2000; Landry et al., 1998; Wong et al., 2016). The mi-
croplankton (20—200 wm) consists of both autotrophs and
heterotrophs which are sensitive to hydrographical changes.
The micro-autotrophs are larger phytoplankton, which is
significant in producing and transferring a large amount of
organic carbon to higher trophic levels in the food chain.
The micro-heterotrophs are the micro-zooplankton, the key
components of the microbial food web, which transfer the
biomass of smaller auto and heterotrophic plankton (pico-
and nano-sized) to higher trophic levels (mesozooplankton
and above) (Azam et al., 1983). The Bay of Bengal (BoB),
situated in the eastern part of the northern Indian Ocean,
is significantly less productive than its western counter-
part, the Arabian Sea, despite receiving a large quantity
of freshwater (1.6 x 10'2 m? yr~') and suspended sedi-
ments (1.4 x 10° tonnes yr—') from several major rivers
of India, Bangladesh and Myanmar (Madhupratap et al.,
2003; Subramanian, 1993). The biological productivity in
the BoB is limited by a combination of multiple hydro-
graphical parameters, pivotally by nutrients, light, tem-
perature and salinity (Gauns et al., 2005; Gomes et al.,
2000; Jyothibabu et al., 2018; Prasanna Kumar et al.,
2010; Sarma et al., 2020). The BoB is getting nutrients
through riverine, wind-induced mixing of the surface ocean,
eddy pumping, coastal upwelling, ocean currents and aeo-
lian processes (Gomes et al., 2000; Mukhobadhyay et al.,
2006; Patra et al., 2007; Prasanna Kumar et al., 2004;
Vinayachandran et al., 2004). The shallow vertical mixing in
the BoB due to density and temperature-induced stratifica-
tion and weaker winds over the region significantly control
the vertical nutrient flux to the euphotic column and thus,
they control biological productivity (Prasanna Kumar et al.,
2002; Shenoi et al., 2002).

The seasonally reversing monsoonal winds and currents
have a significant role in regulating the biogeochemi-
cal cycles in the BoB. The well-documented seasonally-
reversing coastal currents system along the east coast
of India is known as East India Coastal Current (EICC).
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The EICC flows pole-ward during the February—September
period (intense in March—May) and reverses equator-
ward during October—January (intense in November)
(Patnaik et al., 2014; Shankar et al., 1996; Shetye et al.,
1991; Vinayachandran et al., 2009). Along with these
basin-scale features, mesoscale features (10s to 100s of
km) also influence plankton productivity and material cy-
cling through the biological pump (Chelton et al., 2011;
Jyothibabu et al., 2015, 2017; Mahadevan et al., 2012;
Prasanna Kumar et al., 2002).

The mesoscale eddies are formed by the meander-
ing/reverse currents from the turbulent flow of a wa-
ter current due to baroclinic instability and propa-
gate away from the mainstream (Durand et al., 2009;
Mahadevan et al., 2014). The eddy, which pinched off
from the main current may retain the hydrographic prop-
erties, and even carry organisms of the original water
mass for a long period transporting them at a long dis-
tance (Jagadeesan et al., 2019). The cyclonic and anticy-
clonic eddies exist plentifully in the BoB (Chen et al., 2012;
Dandapath and Chakraborty, 2016) and most of them are
formed in the eastern/north-eastern BoB and propagate to
western/south-western BoB (Cheng et al., 2018). It has been
observed that cyclonic/cold-core eddies pump nutrients to
the surface of euphotic column, thereby enhancing new
production (Jyothibabu et al., 2008; McGillicuddy et al.,
1998; Prasanna Kumar et al., 2004). However, it was also
observed that the effect of cold-core eddy in the BoB is re-
stricted only to the subsurface (below 20 m), due to cap-
ping of low saline water mass at the surface (Gauns et al.,
2005; Jyothibabu et al., 2008; Prasanna Kumar et al., 2004).
On the other hand, anticyclonic/warm-core eddies in the
BoB converge and sink the nutrient-depleted surface wa-
ters towards the subsurface, thereby intensifying the olig-
otrophy of the upper euphotic column (Chelton et al.,
2011; Jyothibabu et al., 2017; McGillicuddy et al., 2003;
Sarma et al., 2020).

It is generally believed that among different phy-

toplankton size groups, micro-phytoplankton domi-
nate in chlorophyll/biomass production in nutrient-
rich coastal/shelf waters and mesoscale eddy-
infested (cold) regions (Jyothibabu et al., 2015;

Karnan et al., 2017; Sarma et al., 2020; Yentsch and
Phinney, 1989). A recent study conducted by Sarma
et al. (2020) in the central and western BoB presented
the size-fractionated primary productivity. However, there
is a general lack of quantitative data on the plankton
community size distribution associated with different ocean
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Figure 1

(a) Sampling locations in the western Bay of Bengal and the seasonal circulation patterns as marked in different coloured

arrows (violet: Pre-Southwest Monsoon; blue: Southwest Monsoon and red: Northeast Monsoon) over the northern Indian Ocean. (b)
Sampling locations 1—7 in the shelf waters and locations 8—13 in the oceanic waters. Panel (b) shows strong warm-core eddy
prevailed in the area with a certain spatial shift over time as shown in the multicoloured contours (MSL + 25 cm) for each week.

processes (Harrison et al., 2015; Karnan et al., 2017).
Hence, in this study, focused attempts have been made
to understand the spatial variation in the micro-plankton
size structure in the western BoB infested with a strong
mesoscale warm-core eddy during the Pre-Southwest Mon-
soon period. It is hypothesized here that as the oligotrophic
warm-core eddy enhances the Trichodesmium abundance, it
could facilitate an exceptional microplankton size structure
compared to the rest of the region. The major objectives
in this study include (a) the role of persistent warm-core
mesoscale eddies in defining the micro-plankton size struc-
ture, (b) spatial variations in the micro-plankton size and
shape, and (c) role of warm-core eddies in controlling the
chlorophyll-a biomass in the western BoB.
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2. Material and methods
2.1. Study area

As mentioned above, the Bay of Bengal (BoB) is a low pro-
ductive region of the northern Indian Ocean, even though
the region receives an enormous quantity of freshwater
from several major rivers (Subramanian, 1993). The low
salinity and less dense surface water create density strat-
ification, which inhibits surface layer mixing and leads to
nutrient-depleted waters in the upper euphotic column
(Gauns et al., 2005). The study region in the western BoB is
characterized by seasonally reversing EICC (Figure 1a). The
role of coastal currents is pivotal in the dynamics of water
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mass and the formation of mesoscale eddies in the present
study area, causing changes in the distribution of nutrients
and biological communities.

2.2. Sampling methods

Field sampling was conducted during April 2015 (4—20%) in
the central-western BoB and water samples were collected
onboard r/v Sindhu Sadhana from 13 locations (Figure 1b).
Sampling locations were distributed from ~60 m depth up
to ~3,250 m depth. The hydrography of the water col-
umn was assessed by taking measurements of physicochem-
ical and biological parameters. Temperature, salinity and
chlorophyll-a were measured using respective sensors at-
tached with a CTD rosette (Seabird Electronics, USA). Usu-
ally, the warm-core eddies have deep mixed layer depths
(MLD) and here, we collected representative samples from
5 m depth (hereafter surface samples) using a Niskin sam-
pler from all locations. The major nutrients such as nitrate
(NO3), phosphate (PO,4) and silicate (SiO,4) were analysed fol-
lowing the standard protocols (Grasshoff et al., 1983). 5 L of
water collected from each Niskin sampler was pre-filtered
with a 300 wm mesh and concentrated by siphoning with a
20 wm mesh to 0.5 L as presented in Karnan et al. (2017).
The concentrated water samples were preserved and fixed
with 3% Lugol’s iodine solution and stored in dark polythene
bottles. In the laboratory, samples were analysed through a
FlowCAM and light microscopy.

2.3. Satellite data sets

A variety of satellite-derived data have been used in this
study. The sea surface temperature (SST; MODIS AQUA),
wind (ASCAT), mean sea level anomaly (MSLA; AVISO),
geostrophic currents (AVISO) and chlorophyll-a (MODIS
AQUA) were the major satellite datasets downloaded from
online data access servers for the respective sampling
region (oceanwatch.pifsc.noaa.gov, aviso.altimetry.fr, and
aoml.noaa.gov). The weekly averages of each dataset were
created with integrative plots to understand the combined
effect of these processes during the sampling period. Also,
monthly variations of these parameters were presented
(2015) to understand their distribution in the sampling
domain. Standard software tools were used to analyze
satellite data sets (PyFerret 7.4) and plotting (ODV 5.3 and
Grapher 8.7).

2.4. Eddy detection

We used a combination of auto- (contour generation) and an
expert detection (manual checking) method to distinguish
mesoscale eddies in the western BoB (Chaigneau et al.,
2008; Li et al., 2015). The weekly means of satellite altime-
try products (MSLA, zonal and meridional components of
geostrophic currents) were retrieved from AVISO (Archiving,
Validation and Interpretation of Satellite Oceanographic
data) live access server. The data sets were processed to-
gether in the PyFerret software tool (v7.4) to generate
MSLA maps with 1 cm contour interval and overlaid with
geostrophic currents. The output images were visually an-
alyzed to detect eddies by checking the presence of multi-
ple (> 3) closed contours of MSLA and a circulation pattern
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of geostrophic currents. Vinayachandran et al. (2009) pre-
ferred 10 cm MSL anomaly as a criterion to detect eddies,
and we used 20 cm MSL anomaly as a criterion (< —20 cm
as cold and > 20 cm as warm-core) to distinguish stronger
mesoscale eddies. To show the impact of the warm-core
eddy on SST and chlorophyll-a, we have overlaid 25 cm MSLA
contours on weekly mean images. The time series of MSLA
data sets were plotted on longitude-time axes and latitude-
time axes to understand the origin and propagation of ed-
dies. The MSLA data of the longitude-time plot was centred
at 14.9°N and the latitude-time plot was centred at 82.9°E,
where we noticed the highest MSLA of the warm-core eddy.

2.5. Laboratory analysis of plankton samples

Water samples were analysed through a portable FlowCAM
and images of particles present in samples were captured
(Karnan et al., 2017). The preserved plankton samples were
diluted with filtered saline water to remove the pungency of
Lugol’s iodine and concentrated to 20 mL. In FlowCAM, the
hardware components such as 300 um flow cell with 100%
field of view (FOV) with a combination of 4X objective lens
were used and images were captured in auto image mode.
In this mode, all particles were imaged at regular intervals
and each sample was manually classified up to the genera
level. Along with each image, its morphological properties
such as length, width, diameter, aspect ratio and volume
were exported. The carbon biomass of the individual plank-
ton was estimated from its biovolume by applying the re-
spective numerical conversion factors (Menden-Deuer and
Lessard, 2000; Verity et al., 1992). The shape of plank-
ton was assessed based on the aspect ratio (AR). The AR
ranges between 0 to 1, in which low range (0—0.4) indicates
cylindrical/needle shape and high range (0.6—1) indicates
spheroid/sphere shape (Alvarez et al., 2012).

2.6. Statistical analyses

We used Pearson multiple correlation analysis to under-
stand the relationship among the physicochemical and bi-
ological parameters using corrgram package in R-Studio
(Friendly, 2002). The correlation matrix is presented as a
shade with the line in the lower-left diagonal in which,
red shade with downslope lines represent negative and blue
shade with upslope lines represent the positive correlation.
The correlation coefficients are presented in upper right di-
agonal with red (— values) and blue (+ values) colours.

3. Results
3.1. Sea Surface Temperature (SST)

The synoptic view of SST in the sampling region shows the
occurrence of a large warm pool of water (Figure 2a). The
overlaid MSLA contour (+25 cm) on the SST plot clearly
shows the close association of the warm pool water with the
warm-core eddy. Also, the strong EICC (> 0.7 m/s) carries
warm water along the east coast and around the eddy. The
regional weekly mean SST ranged from av. 29.4 + 0.2 to
av. 29.8 + 0.3°C. Overall, the northern part of the study
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Figure 2

(a) Weekly distribution of sea surface temperature (SST) in the sampling region overlaid with contours of strong warm-

core eddy (black line; MSL + 25 cm) and high geostrophic velocity (blue line; > 0.7 m s=') in April 2015. In panel (b), the monthly
distribution of SST in the sampling region is represented by box plot (error bars: lowest and highest values; box: 1%t quartile, median
and 2™ quartile), wherein the star marks represent the mean SST.

area was found to be cooler than the south. In specific, the
presence of cooler water in the north-east coastal region
shows the possibilities of cold-core eddy/coastal upwelling
(Figure 2a). The SST showed a positive relationship with
MSLA and size of autotrophs (r = 0.28, 0.37, respectively;
Figure 10a). The monthly distribution of SST over sampling
area showed warmer surface ocean throughout the year
(2015; > 28°C), except during the late Northeast Monsoon
period (January—February; av. 26.3°C). The peak SST was
noticed during Pre-Southwest Monsoon, especially in May
(av. 30.1 £ 0.3°C) followed by October (av. 29.9 + 0.2°C;
Figure 2b).

3.2. Wind velocity

The wind speed in the sampling region showed a decreasing
trend from the first week (av. 5.9 & 1.7 m s~') to the fourth
week (av. 3 £ 1.6 ms~") in April 2015 (av. 4.4 £ 0.7 ms™").
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The wind direction shifted from south-westerly to southerly
and south-easterly during the sampling period (Figure 3a).
The wind speed was comparatively stronger along/closer to
the coastal region than offshore during most of the sampling
period. The monthly mean wind speed over the sampling re-
gion for the year 2015 showed (Figure 3b) weakest during
the inter monsoon months (March: av. 3.3 + 0.5 m s~' and
October: av. 4.1 + 0.5 m s~') and strongest during South-
west Monsoon months (June—July: av. 7.5 &£ 1 m s~' and
August: av. 6.9 = 1 m s~'). The annual mean wind speed
was av. 5.5 + 1.5 m s~ in the sampling region.

3.3. MSLA and geostrophic currents

The weekly MSLA overlaid with corresponding geostrophic
currents presented the northward-flowing EICC along the
western boundary of the BoB with a velocity of 0.5—0.95
m s~ (Figure 4a). The EICC is deflected eastward due to
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Figure 3

(a) The weekly distribution of wind velocity over the sampling region in April 2015. In panel (b), the monthly distribution

of wind velocity in the sampling region is represented in a box plot with the star mark representing the mean wind speed.

the topographic hindrance of the Indian sub-continent. The
offshore-ward deflection and return current of mainstream
created a clockwise circular motion of water mass with a
velocity of > 0.5 m s~', which significantly converged the
warmer surface water towards its core and caused a strong
warm-core eddy circulation. The height of the eddy core
was ranged from 34.7 cm to 38.6 cm, whereas the adja-
cent/coastal region has negative or near zero during the
sampling period. The area of eddy calculated by applying 20
cm MSLA contour was ~93,580 km? and the diameter of the
eddy was ~345 km. Also, two cold-core eddies (relatively
smaller) were found during the sampling period, one along
the northern coastline and another in the offshore. The
MSLA is negatively correlated to nutrients and autotrophic
abundance and biomass (Figure 10a). The monthly distri-
bution of MSLA showed a significant dominance of positive
mean sea level (2.1 = 7.7 cm t0 9.9 £ 10.7 cm) in the sam-
pling domain, which indicates the presence/dominance of
warm-core eddies throughout the year 2015 (Figure 4b). It
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shows that a large area of the sampling domain was occu-
pied by warm-core eddies during April—May and also, there
were possibilities for the occurrence of cold-core eddies
during September—November (Figure 4b). The longitude-
time and latitude-time plots evidenced that the warm-core
eddy was originated in the western BoB between 12°N—16°N
and 81°E—85°E (Figure 5). The warm-core eddy was very
prolonged, it originated in mid-March and was extinct in
early-June. The strong EICC and its deflection during these
periods could be the sole reason for the origin and strength-
ening of the warm-core eddy.

3.4. Salinity and nutrients

During the in situ sampling, surface salinity ranged from
33.1—34.4 (Figure 6a; Table 1). In contrast to the general
view, coastal waters have slightly higher salinity (av. 33.9 +
0.11) than the offshore waters (av. 33.3 £ 0.05), which evi-
dences that the northward-flowing EICC carries high salinity
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(a) The weekly time-series of mean sea level anomaly (MSLA) overlaid with geostrophic currents evidencing the existence

of strong warm-core eddy over a month in the sampling region. The blue contour line indicates the swift geostrophic currents
(velocity 0.7 m/s). Panel (b) shows the monthly distribution of MSLA in the sampling region represented as a box plot and the mean
sea level in each month is indicated with a star mark. The MSLA values were truncated to &+ 30 cm.

water from the southern part of the BoB. The concentration
of major nutrients in the surface waters showed noticeable
spatial differences (Figure 6b; Table 1). The concentration
of nitrate (NO3) was < 1 uM L~" at all locations; importantly,
coastal/non-eddy locations had higher concentrations (av.
0.64 + 0.07 uM L") as compared to the offshore/warm-
core eddy waters (av. 0.2 + 0.04 uM L~"). However, other
nutrients such as silicate (5i04) and phosphate (PO,) did not
show much difference. Silicate in the non-eddy regions was
slightly higher (av. 12.3 & 1.5 pM L™") than the eddy re-
gion (av. 11.2 & 0.8 wM L~"). Similar was the case of POy,
which was slightly higher in the non-eddy region (av. 0.23 +
0.03 wM L") than the eddy region (av. 0.2 + 0.03 pM L ").
The salinity and major nutrients were positively correlated
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(Figure 10a). Overall nutrient distribution showed that the
warm-core eddy had relatively poor nutrient levels.

3.5. Chlorophyll-a

Satellite-derived chlorophyll-a during April clearly showed
high concentration along the coastal stretch and outside of
the warm-core eddy boundary compared to the warm-core
eddy region (Figure 7a; Table 1). Weekly contour lines of
25 cm positive MSLA (strong warm-core) were overlaid
on the spatial image of chlorophyll-a, which encircled
the lowest concentration of chlorophyll-a, evidencing the
strong negative effect of the warm-core eddy. An extension
of chlorophyll-a patches towards offshore (~16°N; > 0.15
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The warm-core eddy propagation represented by plotting MSLA on (a) longitude-time axes and (b) latitude-time axes.

The positive MSLA (20 cm) contour evidenced the origin and extinction of warm-core eddy in the western BoB.

mg m~3) indicates the effect of EICC which deflected over
the curve-like topography of the sampling domain (around
16°N) of Indian sub-continent and could carry water from
the continental shelf and a cold-core eddy (near-shore)
in the north and fed the offshore region. Relatively high
chlorophyll-a values in the offshore/east of warm-core
eddy show the combined effect of shelf passed EICC and
cold-core eddy (offshore). Chlorophyll-a was positively
related to nutrients and autotrophic plankton parameters
(abundance and biomass) but negative to SST and MSLA. The
monthly mean chlorophyll-a in the sampling domain showed
low concentration throughout the year and most of the
area in the sampling domain was reflected in oligotrophy
(Figure 7b). The lowest concentration (av. 0.27 mg m~3) in
a large surface area of the western BoB was found between
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February and June and the remaining periods showed com-
paratively high values (av. 0.42 mg m~3). The chlorophyll-a
concentration in deep chlorophyll maxima layers in the
offshore locations (8—13) reflected eddy impacts as the
lowest concentration were detected closer to warm-core
eddy, and relatively higher values were observed away from
the warm-core eddy or near cold-core eddy (Supplementary
Figure 1).

3.6. Autotrophic plankton composition, size and
shape

The highest micro-phytoplankton abundance and biomass
were found at location 1 (496 ind. L-'; 0.7 pgC L', re-
spectively). The overall abundance and biomass of micro-
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phytoplankton were higher in the locations closer to the
continental shelf (av. 227 + 143 ind. L™ and av. 0.8 +
0.5 pgC L', respectively) (Table 1). The abundance and
biomass of micro-autotrophs were noticeably low (av. 13 +
9ind. L™'; av. 0.1 & 0.04 pngC L") in the warm-core eddy
locations (Figure 8a; Table 1). However, interestingly, the
individual size of micro-phytoplankton was quite different
from the total abundance and biomass pattern; shelf (non-
eddy) locations had smaller-sized individuals (av. 50,115
+ 21,578 uwm? ind.~") as compared to the warm-core and
cold-core eddy infested locations (av. 91760 & 12902 pm?
ind.~"). The mean diameter of individual plankton varied
from 48.8 + 29.7 to 79 + 57.6 um and the diameter size
was slightly smaller for those found in the shelf waters
(Figure 8b). The shape factor (AR) indicated that most of
the locations were dominated by cylindrical/needle-shaped
phytoplankton (AR=0.15 £ 0.19; Figure 8c). Irrespective of
locations, the contribution of spherical and elliptical phy-
toplankton was smaller. The abundance and biomass were
positively correlated to salinity and nutrients but negative
to SST, MSLA and individual biovolume (Figure 10a). The
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community analysis of micro-autotrophs showed that the
entire sampling region had the presence of the cyanobac-
terium Trichodesmium (av. 76 + 13.4%). The abundance of
Trichodesmium filaments was quite high in boundary loca-
tions of the warm-core eddy. Other forms of autotrophs
found in the study area were Rhizosolenia, Thalassiosira,
Cerataulina, Ceratium, Thalassionema, Skeletonema and
Chaetoceros (Supplementary Table 1).

3.7. Heterotrophic plankton composition, size and
shape

Heterotrophic micro-plankton showed relatively more
abundance (av. 15 £ 5 ind. L=") and biomass (av. 0.3 + 0.1
ngC L") in the shelf waters, away from the warm-core
eddy infested regions. In the warm-core eddy area, their
abundance and biomass were low (av. 6 = 4ind. L' and av.
0.2 + 0.2 ng C L~"; Figure 9a). Relatively larger individuals
were found in the eddy-infested offshore region (av. 347
+ 175 x 103 pm? ind.~") compared to those found in the
shelf region (av. 229 + 62 x 10° um? ind.~"). Though the
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Table 1 The physicochemical and biological parameters recorded in the in situ and satellite data collections.

1 2 3 4 5 6 7 8 9 10 11 12 13
SST 29.1 29.8 29.6 29.6 29.4 29.3 29.5 29.7 29.6 29.6 29.6 29.7 29.7
(°C)
SAL 34.4 33.8 33.7 34.2 33.8 33.6 33.6 33.3 33.1 33.2 334 33.3 333
(PSU)
DEN 22 21.1 21.1 21.4  21.2 20.9 20.8 20.4 20.2 20.6 20.6 20.6 20.7
(kg/m?)
MSLA 3 -1.4 -2.3 7.4 0.1 1 -0.2 -3.3 -0.8 26.6 26.5 14.2  36.3
(cm)
MLD 15.5 2.5 6 17 3 3.5 9 1.5 1.5 225 5 6 5.5
(m)
NO; 0.84 0.88 0.72 0.41 0.64 0.42 0.56 0.27 0.24 0.03 0.15 0.19 0.04
(rM/L)
PO4 0.3 0.24 0.19 0.34 0.25 0.22 0.06 0.26 0.29 0.177 0.1 0.11  0.09
(M/L)
SiO4 18.6 15.5 12.2 10.7 13.2 6.9 9.2 9.8 13.2 11.8 13.4 10.4 8.7
(mM/L)
Chl 0.89 0.56 0.73 0.13 0.66 0.3 0.19 0.16 0.15 0.13 0.12 0.13  0.11
(mg/m?3)
A.Abundance 496 309 141 217 116 72 238 14 143 6 8 26 11
(ind./L)
A.Biomass 0.70 0.73 0.55 1.29 0.24 0.39 1.70 0.15 0.72 0.04 0.08 0.13  0.07
(ng C/L)
A.Vol. (x 10°  29.5 37.2 49.0 62.9 24.5 62.8 85.0 106.4 84.7 81.3 110.5 89.2 86.0
wm?/ind.)
H.Abundance 17.20 14.20 18.60 6.60 10.00 16.00 23.00 8.00 16.50 4.40 3.00 4.60 11.80
(ind./L)
H.Biomass 0.36 0.33 0.30 0.12 0.1 0.19 0.38 0.08 0.21 0.10 0.05 0.07 0.55
(ng C/L)
H.Vol. (x 10° 318 296 199 226 138 190 236 152 189 316 272 201 601
wm?/ind.)

mean diameter did not varied much among the sampling
locations (Figure 9b), the heterotrophic plankton biovolume
was slightly higher in the warm-core eddy locations. Most
of the organisms showed elliptical to spherical shape bodies
(AR=0.64 £ 0.2; Figure 9c). Tintinnopsis, Protoperidinium,
copepod nauplii, Radiolarians, Podolampus and Stella-
dinium were found to be dominant in the study region
(Supplementary Table 1). Heterotrophs showed a positive
relation to the abundance and biomass of autotrophs
(Figure 10a).

4. Discussion

During the Pre-Southwest Monsoon, the BoB is characterised
by very weak winds, high solar radiation and warm sea
surface, which cause thermally stratified conditions with
low plankton production (Gomes et al., 2000; Jyothibabu
et al., 2008; Madhu et al., 2006). The BoB is frequented
with mesoscale eddies/gyres (both warm-core and cold-
core), which have been subjects of unprecedented re-
search interest in the recent decades (Jyothibabu et al.,
2015; Murty et al., 2000; Prasanna Kumar et al., 2002;
Sarma et al., 2020; Vinayachandran et al., 2009). The
mesoscale features can increase plankton production by in-
troducing subsurface nutrients to the surface, as in the case
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of cold-core/cyclonic eddies, or it can decrease the biolog-
ical production by the sinking of warm, nutrient-depleted
surface waters as in the case of warm-core/anticyclonic
eddies (Jyothibabu et al., 2015; Prasanna Kumar et al.,
2002; Vinayachandran et al., 2009). The in situ and satellite
datasets of SST for the present study period showed a clear
warm pool of water (> 29°C) centred in the study area. The
warm pool stayed for a prolonged period exceeding a one
month duration. The geostrophic currents and MSLA of the
region showed anticyclonic circulation with positive MSLA,
clearly indicating the occurrence of mesoscale warm-core
eddy/gyre in the study region. It is clear in the present
analysis that SST and MSLA were closely coinciding in the
sampling domain, evidencing the convergence of warmer,
low salinity and nutrient-impoverished surface water at the
centre of the mesoscale warm-core eddy.

Mesoscale ocean surface features in the open seas
could be demarcated using satellite data to understand
the associated biogeochemical processes (Sarma et al.,
2018; Vinayachandran et al., 2009). As shown by
Vinayachandran et al. (2009), a mean sea level > 10
cm along with the circulation currents can be considered
as the minimum criteria to demarcate the occurrence of
mesoscale eddies. In the present study, > 20 cm area was
considered to understand the direct impact of the warm-
core eddy. Studies showed that most of the eddies in the BoB
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(a) The spatial distribution of chlorophyll-a in the sampling domain overlaid with contours of strong warm-core eddy

infested area (MSL + 25 cm; continuous lines) and the dotted lines represent chlorophyll-a contours. The chlorophyll-a values were
truncated to 2 mg to remove outliers in the coastal region and to highlight the negative impact of the warm-core eddy. In panel
(b) the monthly distribution of surface chlorophyll-a in the sampling region and the mean chlorophyll-a values are marked with star

symbols.

were formed in the eastern/northeastern BoB and moved
towards the western/southwestern BoB (Chen et al., 2012;
Cheng et al., 2018). Though many eddies were generated in
the eastern BoB, its western part also showed a moderate
number of eddy formations (Chen et al., 2012). The present
study showed the dominant role of EICC in the formation
and strengthening of the warm-core eddy along the east
coast of India created by spin-up and pinched off from the
main path of EICC (Durand et al., 2009; Rennie et al., 2007;
Sanilkumar et al., 1997). The EICC was stronger (velocity
> 0.7 m s~") and flowing northward along the coast during
the sampling period, it was deflected towards the offshore
and in the opposite direction due to curved coastline geom-
etry around the Krishna-Godavari delta in the sampling do-
main of the Indian sub-continent (~16°N) (Figure 10b). The
weekly analysis of mesoscale eddies showed the dominance
of larger, stronger and prolonged warm-core eddy persist-
ing in the sampling domain with an area of ~93,580 km?
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and diameter ~345 km, over a month. The deflected wa-
ter current fed such a large anticyclonic eddy with warmer,
nutrient-depleted water mass, which leads to the ex-
tremely low chlorophyll-a production in the surface waters.
The weekly MSLA contours (25 cm) were overlaid on the
chlorophyll-a image and demarcated the close linkage be-
tween the warm-core eddy and low chlorophyll-a concen-
tration regions.

The present study showed low chlorophyll-a in the sur-
face waters of the warm core eddy region, which can be
attributed to the convergence of oligotrophic surface warm
waters. On the other hand, the cold-core eddy regions have
slightly higher chlorophyll-a, but it was not significantly re-
flected in the abundance and biomass of microplankton. A
possible reason for it could be the weaker impact of the
cold-core eddy in the study region in bringing up nutrients
to the surface layers due to the strong surface layer strat-
ification (Gauns et al., 2005; Gopalakrishna et al., 2002;
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The FlowCAM derived data showing the autotrophic plankton distribution in the sampling locations, (a) abundance,

biomass and biovolume, (b) mean diameter of individuals (+SD), and (c) aspect ratio showing the shape of the autotrophs, the area

represents the relative frequency of microautotrophs.

Jyothibbau et al., 2008). The high in abundance chlorophyll-
a patches found north of 16°N along the coast were due
to the presence of a cold-core eddy in the shelf region,
whereas the extended high chlorophyll-a patches towards
the open sea could be caused by the combined effect of the
cold-core eddy and the EICC that advects water from the
shelf and cold-core eddy.

Usually, the highest eddy kinetic energy reported in the
western BoB during Pre-Southwest Monsoon is due to insta-
bility in the flow of EICC (Chen et al., 2012, 2018). The
present study showed a high velocity of geostrophic cur-
rents along the boundaries of warm-core eddies. Also, the
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height of the core of warm-core eddy varied from 34.7 cm to
38.6 cm with the more energetic flow (> 0.7 m s~') around
which indicates strong convergence, it ultimately leads to
the deep sinking of the surface water (Sarma et al., 2018).
The strong convergence and associated down-welling help
to ventilate the oxygen to deep seas (> 100 m), where
oxygen is in demand for bacterial decomposition of organic
matter (Mahadevan, 2014; Sarma et al., 2018). A deep and
shallow chlorophyll-a maxima layers, typical of the warm-
core and cold-core eddies, respectively, were also found
in this study (Supplementary Figure 1). Earlier studies have
shown that strong stratification in the BoB due to the higher
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FlowCAM data showing the heterotrophic plankton distribution in each location (a) abundance, biomass and biovolume,

(b) mean diameter of individuals (£ SD), and (c) aspect ratio to represent the shape of heterotrophs, the area represents the

relative frequency of microheterotrophs.

influx of freshwater and weaker mixing, restricts the con-
vergence effect of the cold-core eddies below 20 m in the
subsurface (Babu et al., 1991; Gopalakrishna et al., 2002;
Gordon et al., 2017; Prasanna Kumar et al., 2007). Even
the coastal upwelling is very much limited to the northern
BoB due to the strong capping effect of low saline water
(Shetye et al., 1991). In such a region during Pre-Southwest
Monsoon (March—May), when the solar heating is highest
keeping the water column thermally stratified, the warm-
core eddies play a significant role in injecting warmer and
less-dense surface water into deep seas due to the anticy-
clonic circulations. Focused in situ studies along with nu-
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merical modelling are required to comprehend the energy
utilization and mixing depths of warm- and cold-core eddies
in stratified water columns and their implications on biogeo-
chemical processes.

Along with the physical structure of the water mass, the
availability of macronutrients such as nitrate, phosphate
and silicate also determines the phytoplankton abundance,
biomass, size and community structure in aquatic systems
(Sarma et al., 2020; Tilman et al., 1982; Turner et al., 1998;
Zhou et al., 2008). The availability of the seasonal highest
solar radiation and the significantly low concentration of
nutrients at the surface water caused the lowest seasonal
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(a) Correlogram shows the relationship between the physicochemical and biological variables in the study domain.

In the lower-left diagonal, red colour shade with downslope lines inside represents negative and blue shade with upslope lines
represents positive correlation. The correlation coefficients presented in upper right diagonal with red (negative) and blue (positive)
colours. Abbreviations: SST: Sea surface temperature; SAL: salinity; DEN: density; MSLA: mean sea level anomaly; NO3: nitrate;
PO4: phosphate; SiO4: silicate; Chl: Chlorophyll-a; AV: biovolume of autotrophs; AA: the abundance of autotrophs; AB: biomass
of autotrophs; HV: biovolume of heterotrophs; HA: the abundance of heterotrophs; and HB: biomass of heterotrophs. Panel (b)
presents a conceptual diagram of the eddy features in the Bay of Bengal. The extent of anti-cyclonic eddy (convergence; yellow
arrows and contours) is stronger in the Bay of Bengal as compared to the cyclonic eddy (divergence; blue arrows and contours)
in vertical penetration. The contour lines in the vertical water column can be considered as water temperature distribution. The
depth of Deep Chlorophyll Maxima (DCM) layer shifted vertically as response to the type of eddies depicted.

abundance and biomass of autotrophs in the present study
domain. On the other hand, the locations in the shelf waters
beyond the warm-core eddy had relatively high abundance
and biomass of micro-autotrophs due to moderately high
concentrations of nutrients. The microplankton samples
analysed through FlowCAM showed the presence of smaller-
sized autotrophs in locations in the shelf waters outside
the warm-core eddy and relatively large individuals in
the mesoscale warm-core eddy region. The Pre-Southwest
Monsoon season favours the blooming of cyanobacterium
Trichodesmium sp., and warm-core eddies increase the
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chances of formation of such blooms (Jyothibabu et al.,
2017). The larger sized micro-autotrophs recorded in the
FlowCAM analysis were Trichodesmium filaments. However,
the autotrophs found in the high-light water column (near-
surface) showed a low concentration of light-harvesting
pigments and a comparatively high quantity of photo-
protective pigments (Jyothibabu et al., 2018). This also
could be one of the reasons for low chlorophyll-a in the
surface waters and deepened chlorophyll maxima layers in
both warm- and cold-core locations. The FlowCAM data ev-
idenced the predominant occurrence of cylindrical/needle
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shape phytoplankton in the all sampling locations, which
indicates the oligotrophic situation where the high-surface
area (to volume) of needle shape phytoplankton used to as-
similate low concentration of nutrients more efficiently as
compared to spherical phytoplankton (lesser surface-area
to volume).

It is well known that numerous long-living mesoscale
ocean features occur in the BoB throughout the year
(Chen et al., 2012; Dandapath and Chakraborty, 2016).
Our recent study based on longtime satellite data analy-
ses revealed that a large area in the BoB is occupied by
warm-core as compared to cold-core features throughout
the year which leads to oligotrophic and low productive BoB
(Jyothibabu et al., 2021). As stated in the previous section,
Jyothibabu et al. (2017) showed that the warm-core eddies
in the northern Indian Ocean are inducers of Trichodesmium
blooms. It is showed that the Trichodesmium stock sinks
along with the converged water mass (warm-core eddy) to
the deep where it gets an optimum temperature, light and
nutrients to proliferate (Mahadevan et al., 2012). During
the growth period, Trichodesmium filaments attach and
move to the surface by buoyancy (Capone et al., 1997). The
individual filaments or bundles tend to migrate to the sea
surface along the eddy boundaries where the eddy suction
is neutralized by the in situ water mass (Mahadevan et al.,
2012). In the present study, we excluded longer filaments
and colonies (tufts and puffs), which are larger than 300
pm in diameter, to avoid clogging in the flow cell of the
FlowCAM. However, FlowCAM data evidenced the relatively
high occurrence of Trichodesmium filaments in the warm-
core eddy locations and diatoms in the non-warm-core eddy
locations. Though Trichodesmium sp. was abundant in the
surface waters, low chlorophyll-a showed in satellite as
well as in situ analysis could be caused by the impact of the
highest light at the surface, as stated above, which could
significantly decrease/deactivate light-harvesting pigments
(Jyothibabu et al., 2018).

The abundance of micro-heterotrophs depends on the
environmental conditions and the occurrence of pico and
nanoplankton, which are their most preferred food items
(Bernard and Rassoulzadegan, 1990; Rassoulzadegan et al.,
1988). Due to extreme oligotrophy and the warmer water
mass in the warm-core eddy, the availability of such smaller
plankton could be lesser than in the coastal and nutrient-
rich waters. The lowest organic matter production in such
an oligotrophic environment could also reduce the bacte-
rial production, which has a vital role in the microbial path-
way of energy transfer to micro-heterotrophs directly and
through heterotrophic nanoflagellates (Bernard and Ras-
soulzadegan, 1990; Jurgens et al., 1996). Focused studies
with high-resolution sampling are required to comprehend
the distribution and response of micro-heterotrophs to the
warm-core eddies as reported by Jagadeesan et al. (2019) in
a cold-core eddy in the western BoB for mesozooplankton.

Based on the understanding from present and previous
studies, we have made a schematic picture of the western
BoB (Figure 10b), which depicts that the deflection of EICC
generates mesoscale eddies and the deep chlorophyll layers
are significantly pushed-down in the converging warm-core
eddy (clock-wise/anticyclonic circulation) and lifted up in
the diverging cold-core eddy (counter clock-wise/cyclonic
circulation). Also, the warm-core eddy creates an olig-
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otrophic condition that supports abundant Trichodesmium
filaments in the surface waters (Jyothibabu et al., 2017) and
pico-autotrophs in the entire water column (Sarma et al.,
2020). Conversely, the cold-core eddy supports abundant
micro-autotrophs by bringing-up nutrients from the deep
sea (Sarma et al., 2020). The size-fractionated primary
production measurements in the warm-core, cold-core and
no-eddy regions in the BoB during the onset of Southwest
Monsoon verified that the micro-autotrophic plankton
production was ~2.7 times higher in the cold-core eddy
compared to the warm-core eddy (Sarma et al., 2020).
Studies have reported the frequent occurrence of Tri-
chodesmium blooms in the surface waters of the BoB
(Hegde et al., 2008; Jyothibabu et al., 2003, 2014). It is
fairly known now that warm-core eddies in the northern In-
dian ocean provide conducive environmental conditions for
the formation of Trichodesmium blooms (Jyothibabu et al.,
2017). Given this fact, the present study showed that
larger micro-autotrophs in the warm-core eddy region were
mainly contributed by the Trichodesmium, a characteristic
feature of extreme oligotrophic warm-core eddies. We
propose that the traditional belief that phytoplankton size
decreases significantly in oligotrophy (Agawin et al., 2000;
Raven, 1986), may not be so much foolproof in warm-core
eddy regions of the northern Indian ocean.

5. Conclusion

The present study utilized in situ as well as various satellite
datasets to understand the impacts of mesoscale warm-core
eddies on chlorophyll-a and micro-plankton size structure in
the western BoB. The warm-core mesoscale eddy persisted
during the Pre-Southwest Monsoon period in the sampling
region with an area of ~93,580 km? and diameter ~345 km
(> 20 cm MSLA), strongly reducing the surface chlorophyll-
a (av. 0.1 & 0.01 mg m=3). The satellite-based MSLA and
chlorophyll-a analysis showed a strong negative correlation
between each other and the prolonged existence of warm-
core eddies in a large area of the study domain. The warmer
and nutrient-depleted water mass in the warm-core eddy
facilitated the high abundance of the cyanobacteria species
Trichodesmium instead of the usual micro-autotrophs such
as diatoms and dinoflagellates. The mesoscale warm-core
eddy occupied waters showed > 6 fold lesser abundance and
biomass of micro-autotrophs as compared to the non-eddy
regions. On the other hand, a high abundance of smaller-
sized micro-autotrophs was found outside the warm-core
eddy. These features present the view that the usual no-
tion that the intensification of oligotrophy favours the de-
crease in size of autotrophs in marine systems may not be
fully true in warm-core eddy regions in the northern Indian
ocean infested with high Trichodesmium filaments. The low
production in the warm-core eddy is also reflected by lower
abundance and biomass of micro-heterotrophs as compared
to the coastal waters.
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