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Abstract :

The Bay of Bengal (BoB) is a low prodtive, oligotrophic ecosystem. Picophytoplankton (Pico)
plays a significant role in the biogeochemistry of such ecosystemtheAsformation on thePicois
exiguous from this Bay, seasonal and spatial variations in abundan@ardodbiomass of Pico
groupswere investigated July '08 to April '09) in the central andhorthern BoB in relation to the
environmental conditionsSurface samples were collected fromventy-two stations arossthe
ChennaiPort BlairKolkata sectorThe Synechococcugroupwas dminant during most of the year,
both in abundance and biomass, with few exceptions Whenhlorococcusdominated thePico
community. The Synechococcuabundance and carbon biomasgsre higher in the nutrientrich
coastal regiongand correlated negativelyith salinity. The Picoeukaryotes exhibited a distribution
pattern similar to Synechococcusalthough relatively lower in numberand biomass The
Prochlorococcusabundancend biomassverehigher in the open ocean regions of the centcd.B
The relativéy lower abundancef Prochlorococcusn the northern BB implies an influence of the
freshwater influx, as depicted from the positive correlation with saliDilying the winter monsoon,
a cyclonicstormcoincided with a deep mixed layer characterizedhigi» concentrations of nutrients
andchlorophylta in the CBoB. The Picoabundancend biomassvererelatively higher during this
period,with the Prochlorococcuslominating thdormer andSynechococcushe latter Thereaktime
observations of the sate distribution oPico abundance andarbonbiomassin the BoB revealed
seasonal variatiorthatwere modulated by the episodic mesoscale features.

Keywords Picophytoplankton Prochlorococcus SynechococcusBay of Bengal Oligotrophic
Carbon biomass
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Introduction

The Bay of Bengal (BoB)the largestBay globally, forms thelndian Ocean'’s nortlastern partThe
semienclosed basjwhich extends from 6°N to 24 N, and 80 E to 92 E, occupies 2,172 x £&m?
andis about 1,600 km widw/ith anaverage depth exceeding 2,600 m. The Andaman and Nicobar
Islands, theBays only islands, separate itoim the Andaman Sea (AS) to the southeasé BtB
comes under the influence of the seannual seasonality of the Asian monsoon system characterised
by two distinct monsoon periods, the winter mons@dfiM) and the summer monsodSuM).
During the dry, redtively calm WiM (from November to Februa)y winds from the northeast
dominate, while the SuMfrom June to Septembgers characterised by higher precipitation and
stronger winds from the southwe3the Bay receivedreshwaterfrom oceanic precipitation5000

km?® yr1) andrunoff from continentativer systemsthe GangaBrahmaputra (annual mean 16186
and 11892 rhs?, respectively), Irrawaddy (13018%mw™), Mahanadi (1710 As?), Godavari (3180

m® s1) and Krishna (1730 tns?), which substantially lowes the salinity (Varkey et al., 1996).
Oceaniccirculation is characterised by a seimmnual reversal of flow patterrontrolledby the
seasonally changing wind fields (Shetye et al. 1991). Cyclones occur thesging intermonsoon
(SpIM; Marchto May) and fall intermonsoon (FIM; October) perio@&ao et al. 2006; Girishkumar
and Ravichandran 20L2The monsoonal regime primarily governs the temperature, salinity, and
density in the BoB and the AShe annual mean sea surface salinity (SSS) ranges3@oim the
north to 34 towards the southern part (Prasanna Kumar et al. Z0@f)g the SpIM the surface
waters in the BoB and AS become warmer and more saline, reaithithg year's maximum
temperature and salinity in MaRuring theSuM, southwestely wind-drivenupwelling is confined
very close to the coast (mostly within 40 km) along the southwestern bousmtiseems to be
episodic (Murty and Varadachari 1968; Shetye et al. 19Bbwever, despite the upwelling
favourable soutlwesterly winds,the equatomward flow of the freshwater plume overwhalrthe
offshore Ekman transportesultingin weakening of the upwelling intensif{sopalakrishna and
Sastry 1985)Thus, intense stratification and lack of nutrient influx to the surface waters leads to
low productive (PrasannaKumar et al. 2002; Madhupratap et al. 2008lgotrophic system
(Radhakrishna et al. 1978; Bhattathiri et al. 980

Due to its specific characteristics, tBeB represents a unique setting to examine the effect of
seasonally ltanging oceanographic processes on biology, which is less explored. In this regard, most
of the studies on phytoplankton biomass are based on remote sensing and moseénegn
extensive bloom occurreree the northern and southern BaiBe reportedVinayachandran 2003,

2005) However,in situ observations on the phytoplankton community structure encompassing the
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coastal and offshore regions of the Bay are el et al. 2007 and references therblaik et al.,
2017). Consideringthe predominaninaure as a primary producerunder diverse hydrological
conditions(Platt et al. 1983)the picophytoplanktorf< 3 um; Pico)can play an essentialrole in
shaping productivity and eventualbjogeochemistry irthe oligotrophic BoB waterdreliminary
reportson the picoplankton fronthe BoB through microscopic and flow cytometric observations
were given byMadhupratap et a(2003 andMitbavkar and Anil(2017). Naik et al. (2011,)through
high performance liquid chromatograpl{ldPLC) analysis showed thathe contribution ofPicoto

the total phytoplankton biomas®udd be as high as 70% in the oceanic regiGenerally,the
phytoplankton community structure in the BoB is dominated by prokaryotes followed by flagellates
and diatoms, with low total chlorophy& (Chl-a) biomass(Naik et al. 2011 Wei et al. (2020)
reported highdepthintegrated abundances of Pico in the central BolBng OctobeiDecember
2016 However, no extensive studiesre availableon the seasonalPico abundance, community

structure, cebon biomassand responses to the environmental conditioritke BoB

Here we preserd detailed study othe Pico communityto investigae (i) the seasonal patterns of
Pico community structurand carbon biomass the centraland northern BoB(ii) and influence of
environmental factors and hydrography on the Pico distributiomttainmentPico samples were
collected monthly via ships of opportunity from the BoB under the Indian Expendable
Bathythermograph (XBT) programme. To the best of our knovegettgs is the first extensive study
on Pico spatial and temporal variativam the surface waters of thBoB.

Materials and methods
Study area andasmpling

The sirface seawater samples were collected ftbeBoB along two transects, one in thentral
BoB (CBoB) from Chennai to Port Blairl@°00 N / 81°00 E to 11°23 N / 92°00 E) and the other in
the northern BoBNBoB) from Port Blair to Kolkata 12°00N / 93°14' E to 21°00N / 88°23E) at
monthly intervals from July 2008 thpril 2009on-boardpasenger vesselgperaing between these
routes (Fig. 1)The monsoorseasonality controls the oceanographic and biological characteoistics
this region Thus to evidence, the influence of the seasonally varying environnfaciiaison the
Picocommunity the sampling months wereharcateds per the standard four monsoon seasons
the North Indian Oceani.e., SuM (July 2008 to September 2008), FI@ctober 2008), WiM
(November 2008 to February 200ahd SpIM(March 2009 to April 2009)The spatiafesdution of
the sampling waef onedegree intervall® longitude or latitude, about 60 nautical mjlesong both
the transects tjvelve stations (S1 to S12) along tl@BoB transect anden stations (S13 to S22)



along the NBoB transecivhich includes the AdamanSea(AS; S1314) andtheriver plume (RP;
S22) regions]The ampling was carried out from a moving shigth a navigationtime of 4 to 6
hours between consecutive stations. The vertical temperature profiles of the water column were
recordel throughthe deployment of XBIMK21-T7 probegqSippican IncUSA) from which the sea
surface temperature (SSWas acquiredand the mixed layer depth (MLD; depth at which the
temperaturechange from the surface temperature i@).5vas calculated.The ®llected surface
seawatersamples (100 nlL) were stored for salinity measurementand later analysed in the
laboratory usingsuildline's Autosal 8400B For nutrient analysesseawatersampleswvere collected
into sterile 10 mL cryovials, capped, and immediately fnoeliquid nitrogen until analysisn the
laboratory, the samples wesemalysedfor nitrate NOgz), nitrite (NOy), phosphate (P£), and
silicate §iOs*) using an autoanalyzer (Technocon; Parsons 1984). Surfacatseaamples (4 mL)
for the Pico andysis were collected(in triplicateg into sterile cryovialsand preserved in
paraformaldehyde (0.2% final concentratioffie cryovials wersubsequentl§lash-frozen inliquid
nitrogen and stored &0°C in the laboratory until further anabgs The amples (2.5 to 5 Ljor Chl-

a estimationwere filtered through Whatman GF/F filter papers, along whthaddition of a few
drops of MgCQ, and stored at20°C until analysis. In the laboratorfiiter papers werextractedn
90% acetonat £C in dark canditions for 24 h SubsequentlyChl-a concentratioa weredetermined
on a Turner Design 18U fluorometer calibrated wittommercialChl-a standardgParsons et al.,
1984).

Flow cytometric analysis of picophytoplankton

A BD FACSAria™ 1l flow cytometer egipped with a laser emitting at 488 nm and a 70 um nozzle
was used fothe Pico analysisThe emitted light was collected through the following set of filters:
488/10 bandpass (BP) for side scatter, 575/26 BP for orange fluorescence, 530/30 BP fandreen
695/40 BP for red fluorescenc&he Pico groupswere enumerated according to their specific
autofluorescence propertjiendthelight scatter differences. Fluorescent beads (2 flogresbrite®
Microspheres, Polysciengesere used as internal standafdr calibration of the above parameters.

Flow cytometric data were collected and saved asliste files.
Picophytoplanktortarbon biomass

The Pico abundance data were converted to carbon biomass using the abtodarimen
conversion factors giveryb\ei et al. (2020) (32, 129, and 160 fg C ¢dtr PRO, SYN, and PEUK,

respectively).



Data analyses

The 1ow cytometry datavereprocessed with the BD FacsDiva (Version 6.2) software. Three groups
of Pico were identified in the BoB, Prochlorococcus (PRO), SynechococcugSYN, and
picoeukaryotes (PEUK)'he PROcells weredetermired based on the smailight-angle light scatter
(which is a proxy for cell size) compared to the other groups, red autofluoreséeiclea and lack

of orange fluorescenceThe PEUK were identifiedbased on their larger side scatteed
autofluorescencef Chl-a, and lack of orange fluorescendde SYNgroupwasdetermired based on

the orangehycoerythrinpigment fluorescence.

The monthly abundance dataresubjected tawo-way analysis of varianceANOVA) based on
months and station® ascertain the monthly variability within each seasire seasonahverage
values for theenvironmental and Pico abundance data (for each group sepavetetypbtained
Furthemore the sessonal data vere subjected to ANOVA to assess the seasonal ragibnal
variability (Statistica software V7pllowed by the Tukey podtoc tests to estimate the significant
differences The averagabundance and carbon biomadssa weresubjected to Rundancy analysis
(RDA) to evaluatethe relationship between environmental parameters and each of the three Pico
groups abundanceand biomassvith the CANOCO software version 4.%e( Braak and Smilauer

2002).Beforeanalyses, the Pico abundarme®l carba biomassiata verelog (x+1)-transformed.
Results
Hydrography, nutrientsand Chl-a distribution in the Bay of Bengal

During the SuM, the SS{Fig. 2a, b; 3a, band SSSFig. 2c, d; 3c, dyanged from28.8 to 296°C

and 33.9 to 32 respectively, with ratively higher values in the CBoB'he MLD rangedfrom
62+17 m in the CBoBto 29422 m in the NBoB(Table 1) The relativelydeeperMLD with
corresponding highédOs (0.71 + 0.78uM; Fig. 4 andChl-a concentrations (Fig2e, f;3g, f) in the
CBoB indicaes vertical mixing. The lowering gradient of SSS in the AS and NBoB towards the RP
(MLD: 19 m)indicatesa freshwater influence from therawaddyand Hooghly Rivers, respectively
(Fig. Z, d; 3c, d). During the M, the SSS was relatively lower th#me SuM with corresponding
higherNOs concentrationgFig. 4a, b and a shallower ML¥Table 1) The SST in the NBoB was
relatively higher (2% to 30°C), whereas the SSS was relatively lower (32 to 34) than the SuM. The
relatively lower SSS in the NBoB (28® 32.28) and RP (18.9) than in the CBoB, wé&h
corresponding increase MOz (0.52 pM), silicate (0.4 pM) and Chl-a concentrations in the RP
(MLD: 22 m), indicates riverine influence. During the WiM, SST and SSS declined, recording the
lowest annual perature. The SST ranged from 25.4 to Z8,.3vith the lowest in the NBoB and



RP. The SSS showed a declining trend from the CBoB (31.7 to 33.8) to the AS (31.4 to 32.2) and
NBoB (30.2 to 31.5with the lowest salinity athe RP (30).The concentrations dfiO3 (0.4 + 0.7

MM Fig. 4a) andChl-ain the CBoB were higér, with aMLD of 65 + 15m (from 85 to 9PE). In the
NBoB, highNOs concentrations(Q.58 + 0.64uM; Fig. 4b) corresponded witha shallow MLD. The
vertical profile of temperature during Januand February 200@& the NBoBdepictedthe presence

of a barrier layer with a warm layer (283 sandwiched between surface and subsurface colder
(25°C) waters (Fig5). The Chl-a values were higher in the CBaBom 85 to 88°E) and AS, with
peals towardsthe RPregion (Fig. 2e, f; 3e, f) During the SpIM, the highest seasonal SST (28.4 to
29.7C) with lower SS$31.2 to 33.3was recordedn the CBoB and AStheNOs concentrations at
81°E were highwith intermittent peakgFig. 4c) In the NBoB and RPthe relatively lower SSS
shallower MLD @8+4m), higherPQ:* (0.22 + 0.25.uM; Fig. 4d), andChl-a concentrationgFig. 2e,

f; 3e, f)indicate riverine influence.

The tvo-way ANOVA revealed significant inteseasonal variations the SST (P < 0.001)The
ANOVA revealed significant inteseasonal variations ithe SSS (P < 0.001) whereithe SuM
differedfrom the other three seasons (Tukey HSD teBhle nterregionalvariations showed thahe
RP was different fronthe otherregiors (P < 0.001).Similar results were diinedfor the Chl-a
concentration§P < 0.001 Tukey HSD test)The NOs, PQ:* (P < 0.001) andiOs* (P < 0.005)

concentrationgxhibited nterseasonal variability
Picophytoplankton community structurethecentral and northeriBay d Bengal

During the SuM seasonthe highesSYNabundance was observadAugust at the RP, coinciding
with the lowest salinityf{Fig. 6a, b) This alsorepresented the highestasoal abundance foSYN
Furthermorehigh SYNabundanceavasalsoobserved irthe westernCBoB (81to 82E) and ASin

July and August, respectivelPROwas observed in higher numbers during July and August in the
eastern CBoRFig. 6¢c, d). The PEUK were higher during August in the RP, similaStoN(Fig. 6e,

f). The wo-way ANOVA did not reveal significant intraeasonal ancegionalvariations in theSYN

PRQ and PEUK abundances. The average values of total Pico abundance ranged from 2.7 to 86.1 x
10° cells mL* with SYNas the dominant contributor (21 to 99%; 2.3 X t1064.8x 10° cells mL?;

Fig. 7a, . PROwas theseconehighest contributor (0.2 to 49.7%; 0.09 X 1®33.9 x 16cells mL

- Fig. 7c, d and PEUK contributed the least (0.9 to 39.6%; 0.1%td®4.1 x 18cells mL?; Fig.

7e, ). Spatially, the Pico abundane washighestin the RP (15.6 x Tcells mL?; Fig. 7g, h). The
SYNabundancevashigher in the RRAndCBoB (especiallyat the westwardoastal stationNgFig 7a,

b), wheread?ROin the CBoB.



During the FM (October), the average total Pico abundanoged up to 91.& 10° cells mL?
with SYNas the dominant contributor (1.2 to 98.6 03 x 1§ and 30.7 x 1®cells mL?) followed
by PEUK (0.8 to 62.2%; 0.04 to 30.8x1lls mLY) andPRO(0 to 50.4%; 0 to 30.3x #@ells mL
1), The SYNabundance pé&ad in the eastern CBoBt was higher at 81°E (S1) followed by a
subsequent declinand an increasing trend fro87°E (S7)with a peak aB1°E (S11) The PEUK
showed similar distribution throughout the transect, exceiOd in the NBoB (S20) where it
peaked. The®?RO abundancencreasedn the eastern CBoBS9 to S12) Regionally the highest
average abundance thfetotal Pico was observedwards the eastern CBoB1(8 x 10° cells mL?),
especially at S1yith thedominance o5YNandPRQ

During the WiM, SYNwas the dominant contribut¢81.9 to 97.7%; 2.4 x £@o 42.3 x 18cells
mL71), with some exceptionThe SYNabundance walatively higherfrom November to February
in the RP along with peaks in the CBoB in Janu&ig. 6a, b) In the later period January, PRO
abundance was higher at°81(S1) and declinecat thesubsequent statiorisom 82°E (S2)to 83E
(S3), followed by anincreas from 84°E to 88E (S4 to S8) Thethree Pico groups contributed to the
latter increase, witfPRO domimating the Pico community (54 to 61%ln the NBoB, sibsequent
Picoabundance peaks were observed fBHE to 91°E, including theAS and RP region®lthough
the PROabundance reduced in the NBoB ahd RP, SYNand PEUK contributed tthe increased
abundace during December and Januarkie tvo-way ANOVA revealed significant intraeasonal
andintra-regioral variations (P < 0.005) in th8YNabundanceThe Tukey PostHoc testsshowed
that the variation was due tioe Januarymonthandthe RPregion The tdal average Pico abundance
ranged from 3.3 x o 43.5x 10° cells mL* with SYNdominanceg(31.9 to 97.6%; 2.4 x faand
42.3 x 18 cells mLY) followed by PRO (1.1 to 60.9%; 0.15 x £aand 9.2 x 1®cells mLY). The
PEUK contribution was the least (0.8Y 37.2%; 0.06 to 8 x £Qcells mL?). Spatially the highest
averagePico abundance was observed in the RP (43.53%c&lls mLt), mainly contributed byhe
SYN

During the SpIMthe Picoabundanceavasrelatively higherin March than April(Fig. 6g, h) The
SYNabundancavas highest at the R&nd then from 9E (S15) to 9% (AS) (Fig. 6b) The PRO
abundancevas higher irthe AS andNBoB, while the PEUK werehigher in the CBoRS6), AS, and
RP.The ANOVA revealed significant intrgeasonal (P < 0.005ha@regioral variations (P < 0.05) in
the SYNand PEUK abundances. The total Pico abundance ranged from 1.9 to 32.8edsimL?
with SYNas the dominant contributor (56 to 98%; 1.4 X t030.8 x 18 cells mLY). The PEUK
formedthe second dominamfroup (1.7 to 42.8%; 0.2 x faand 3.2 x 18 cells mLY) whereashe
least contributiorwasfrom PRO(0.09 to 8.5%; 0.2 x £aand 0.36 x 1®cells mL1). On aregional
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basis the highest averadgeico abundancevas observed in the RP (32.2 x3tells mLY), with SYN
as thedominan groupfollowed by PRQ

The nterseasonal total Pico abundance revealed the highest seasonal average during the FIM
Spatially, the highestabundancevas observed in the RHhe twwo-way ANOVA revealed inter
seasonal (P < 0.01) amater-regional variability in theSYNabundance (P < 0.00IJhe RPostHoc
Tukey HSD tests showed thttte regional variability was due to the higher abundamecehe RR
while interseasonal variability was due to the differencéhmFIM and SuM.The PRO abundance
exhibited intraseasonal variability (P < 0.00Hue to the difference of SpIM from the other three
season@andregional variability(P < 0.001)due to thehigherabundance in the NBoBan CBoB
The PEUK were equally distributed during #lle seasonsexcept SpIM.The PEUK did not exhibit
significant interseasonal oregional variability.

Overall, te total(annua) Pico abundance ranged from 0.8291.8x 10* cells mL?! with an
average of 10.& 10° cells mL* (Fig. 7g, h). SYNwas the majocontributorto the totalannualPico
abundancé7.6 x 10 cells mLY; 71%) followed byPRO (1.9 x 16 cells mL?Y; 17.5%) and PEUK
(1.2 x 10 cells mLY; 11%).

Picophytoplanktorcarbon biomas#n thecentral and northerriBay of Bengal

Thetotal Picocarbam biomass ranged from 0.1 to 8.3 pug &with an annual average of 1.1ug G L
(Table2). The highest seasonal averageurredduring the WiM (1.3 pug C ££) and SpIM (1.1 ug C
L), whereagegionally, it was observed in the RP (4.4 ug C)Lfollowed byAS (1.1 pg C ).
SYNwas the major contributdo the total Pico carbon biomag9 pg C L; 89%) followed by
PRO(0.06 ug C [*; 5.3%) and PEUK (0.05 ug C% 4.75%).

Relationship between the picophytoplankton groups and environmental variables

The influence of the seasonallgnd regionally changing environmentdhctors on the Pico
populationand their carbon biomasgs evidenced in the RDA anaggs During the SuM, thdirst
two RDA axes(RDAs 1 and 2)pf the Pico populatioexplained62.3% and35.8% of thespecies
environmental relation, respectively, with 26.1% of the cumulative varidfige 8a). The SYN
grouppositively correlated with nutrients and negatively with salimtlgich supportsts dominance

in the RPand AS (Fig. 8a)Similarly, the PRO population was also supported by thetrient
enrichment in the RBnd AS(Fig. 8d). The orientation oPEUK dominant stationgh the AS(S14)
and RP $22) towards thenutrient vectors as opposed to the other stations with low PEUK
abundanceuggsts thé sustenance undéighernutrientconditions(Fig. 8a). In the RDA of Pico

carbon biomass, the RDAs 1 and 2 represent 99.3% afd & Speciesenvironment relation
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respectively, with 46.3% of the cumulativariancein the mode(Fig. 9a) The SYN carbon biomass
(Fig. 9a) showed similar trends the SYNpopulationin the RDA triplots (Fig. 8a 99. The low
saline and nutrieatich regions RP, western CBoBand AS) supportedYNand PEUKcarbon
biomass, whereas low nutriepteanic waters favoedthe PROcabon biomasgFig. 9a)

During the FM, the RDA results of the Pico population revealed tR&i+NO2 explainsa
significant <0.09 part ofthe data variation (Fig. 8bTable3). TheSYNabundancén the CBoBat
81°E (S1) andfrom 87 °E to 91°E (S7 to S11) was positively correlated with @3 +NO,, PQ:*
and salinity vectors (Fig. $bThe PRO dominance towards the eastern CBoBs also positively
influencedby NO3+NO;". The orientatiorof PEUK dominant statistowards thePQ> and 304
vectoss suggest the influence oltrientson their growth. In the RDA triplot of carbon biomass, the
first two axes represent 70.5% and 5.7% of the variance, respectively (Fig. 9b). Oveifad, in
carbon biomass RDA, the orientation of all three Rjcmups at the sampling regions was similar to
the Pico population RDA triplot (Fig. 8blHowever, unlike the Pico populatiothe SYNcarbon
biomass was positively correlated with the -@ltat RPand CBoB, depicting its role as significant
contributorto the total phytoplankton bioma@sg. 9b).

During WiM, in the RDA analysis of the Pico population and carbon biomideesfirst two aves
(RDAs 1 and 2represent 62.7% and 47.9%tbe total cumulative variance, respectively (Fig. 8c,
9c). Among tle environmental variables, SSS contralsignificant (p<0.05) part othe Pico
population and biomass variation during the WiM (Fig. 8¢, ™ables 3 and4). The orientation of
PRO dominant stations from CBoB (S4 to S8) towards the 8&6 SSTvectos emphaskes the
influence ofrelatively higher salinity and temperature thantiie NBoB. The increased nutrient
concentration positively influendghe SYNand PEUK populatianand their carbon biomass in the
AS, NBoB, and RP regions (Fig. 8c; 9c). Ithe cabon biomass triplotSYNs positive correlation
towards Chla signifies its contribution tthetotal phytoplankton carbon biomass (Fig. 9c).

During the SpIM, the RDA analysis showed that SSS exphasgignificant variation (p<0.05) in
the Pico populatio and their carbon biomass distribution in the BoB (Fig. 8¢, Tadhle 3and 4).
The SYNabundance in the &and RP regions was positively correlated with nutrients and negatively
with SSS (Fig. 8d)suggestinghe influenceof riverine influx. Similar tothe FIM seasonthe PRO
population was orientated opposite to SSS, towaMNin both the RDA triplots (Pico population
and carbon biomass), suggesting their survival capabilities in low saline, nutfemtaters (Fig.
8d; 9d). The PBJK population andtheir carbon biomass exhibd adaptability to diverse

environments with the nutriemich freshwater influx ithe RPandwarm salinewvaters inthe CBoB.



In the carbon biomass triplot, the positive correlatiols¥Nand PEUK towards CH signifies its

contribution to the total phytoplankton carbon biomass (Fdy. 9
Discussion

The seasonally changing monsoonal pattern and restrigghtvateinflux (from the Himalayan and
peninsula rivers) have a strong bearing on thepatiectemporalvariability within the abiotic and
biotic characteristicef the BoB.Herewe present thd?ico community's responge such dynamic
monsoonal interventiain theoligotrophic waters of th8oB. The Picoabundance observed in our
study was within the rangef anearlierreport (Madhupratap et gl2003)from this regionwith the

Pico communityexhibiting a strongregional variability

During the SuMjn the CBoB (13N, 81°E), the lower SST and higher SSS coincided with higher
concentrations oNO3z and Chl-a (Fig. 2a, c, £48. Since tle sampling regiorwasaway from the
influence of rivers, the increase could very well indicate the prevalence of upwelling signatures
usuallyrestricted to a 40 km wide band along most of the coast (Sheayel€191).Earlier, Gomes
et d. (2000) also reported high concentrationgChi-a along the western BoBuring this season
The dominance o8YNtowards the western CBoBI’E to 82°E) signifies the influence of nutrient
enrichment on their growthirurthemore in the CBoB,Prasanna Kmar et al. (2002) reported MLD
values and a nitracline depti around 50 to 100 m along @during the SuM. In the present
study, theincreasing trend ilNOs and Chl-a concentrationsith deeperMLD's (Table 1) could
emphasize thautrientsupplyfrom the subsurface waters due to water column mixing. ddusd be
due tothe occurrence of transient mesoscale features such as ,addiels are common in the BoB
(Prasanna Kumar et al., 2004; 201Dyothibabu et al.2015 reported the occurrence of addg at
10PN 85°E in July 2009 with a corresponding increase in phytoplankton abundantiee 8¥Nare
known to respond positively to nutrient inputs even under disturbed conditions in coastal and open
ocean waters (Agawin 2080 higher abundance was obgsd with intermittent declineThe
declining SYNabundance suggests a dilution effect due to the vertical mixing and/or loss due to
heterotrophic grazer&Stockner and Antia 1986; Simek et al. 129@ the CBoB (S6 to S12), the
surfacePRO abundance waselatively higherthan SYN(Fig. 79. PRO appears highly adapted for
growth in a nutrient irpoverishedenvironment, having a minimal genome that presumably helps
minimize N and P requirements (Dufresne et al., 2003). In the southern BoB, the domin@R¢2 of
in the Pico community was observed in the oligotrophic oceanic regions earlier (Wei et al., 2020). In
the RDA triplot,PROdominant stations from CBoB (S6 to S12) oriented towardS 8% however
opposite to the N©+NO> vector (Fig 8a) This observaibn could suggest theintroduction from
the deeper waters due to vertical mixing
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In the AS, the higilNOs™ concentrations indicate the influenaprecipitation induced terrigenous
inputs (Khodse et al. 2008)roughthe Irrawaddy River flow, flowing dong the eastern BoB. In the
NBoB, the lowest SSS values froh®N up to the RP indicatea freshwater influence from the
Hooghly estuary which was substantiated by the higi> concentrations. The stratification due
to riverine influx was reflectechithe shallower MLD. The coinciding high@hl-a concentrations
and the loweNOs and SiOs* concentrations indicate nutrient consumption by phytoplankton such
as diatoms, which proliferate in this region (Madhu et al. 2006; Paul et al. 2007; Nai2@t B\

The higherChl-a concentrations in the offshore NBoBO{N) could be due to the offshore spread of
the freshwater plume as reflected in the salinity valbas 2d). These observations corroborate with
those of Gomes et al. (2000hearea betweel1° and 19N lies in a salinity front at the outer edge

of the upwelling band and the river plunvéhere the river plumgetspushed offshore by the band
(Shetye et al. 1991). The freshwater leads to the formation of a strong halocline below the mixed
layer (Vinaychandran et al2002). The stratification is so strong that even the strong southwest
monsoon windsannotbreak it (Shenoi et al. 2002)ike Chl-a, the SYNabundance and biomass
were relatively lower in the NBoB but higher froh®N with peaksat 20°N and in the RP,
suggesting a preference for stratified, isaline,nutrientrich surfacewaterlayers(Fig. 8a,9a). The
relatively higher abundance @YNat the coastahanthe offshore stations indicates overriding
influence ofthe nutrientconcentrationshan theturbidity/cloud influencedight conditions The SYN

was positively correlated with turbidityPQ,®> and dissolved oxygen in thsmutheast coast of India
(Jyothibabu et al. 2013Although SYNare known tadominate in waters with <iM NOz” + NOy
(Agawin 2000, nutrient pulses in the oligotrophic oceigralso known tancrease their population
size preceding the testablishrent of balanced growth and grazing ratagawin et al. 2000). The

small size of Pico also confershagher efficiency to absorb and use the incident light compared to
larger autotrophs (Agusti et al. 1994).

During the FIM, the relativelylower SSSwith higher NO3™ concentration indicates freshwater
influx due to precipitation and land rundfiom the norther and eastern region¥he relatively
lower SSS(18) in the RP shows strong haline stratification of the water columithe relative
increase infSYNabundanceowardsthe AS and RP corresponded with high nutrient concentrations
depicting riverine influencérom the north(Prasanna Kumagt al.2007; Sardessait al.2007) and
eastern regiorfKhodse et aJ.2009) The nutrient availability strongly influensehe productivity
changes in this region more than the negaimpact of cloud cover and low light calitions
(Prasanna Kumar, 2002pur observationslso revealedthat SYNabundanceand biomassvere
higher inthe nutrientrich zones ig. 7; Table 2. The higher Pico abundanc&{Nand PRO was
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observed towards the eastern CBoB, especially at 12°N .($tayanna Kumar et al. (2007)
identified that the cyclonic eddyumping of nutrients controls the biological production during the
FIM period in this region (12°N to 14°N). Here, the deeper MLD (> 3®tevated Chh, and
nutrient concentrations than tiseirrounding area (Fig. 2e; Fig. 4) coultticate vertical water
column mixing. The optimumPQ:® (>0.07 uM) and NO3z+NO; (>0.9 uM) concentrations could
significantly support the coexistence ®YNandPROstrains (Fig. 8)n this eddy proneegion. The
positive correlations dPROabundance and biomass with the environmental parameters suggest that
NOs™ could play a significant role in theRO distributionin the BoB (Wei et al. 2020). However,

this aspect needs to be investigated in detail on a largkr. s

During WiM, the lower SST suggestéige cooling of surface waters by the northeasterly winds
(Shetye et al. 1996; Gomes et al. 2000). In the CBhB,increase ifNOs, SiOs* and Chl-a
concentrationgorresponded with relativelpwer SST higher S, anddeeperMLD (compared to
NBoB), indicaing vertical mixing. The hological productivity in the BoB is enhanced due to the
transport ofnutrientrich water from the deep layer into the euphotic zbgetropical cyclones
which occur more frequently dag Octobeir December (Vinayachandran and Mathew, 2003; Rao et
al., 2006; Tummala et al., 2009; Girishkumar and Ravichandran 20h2ke cyclonic circulations
occurin this location every year durinbe WiM and lead to the winter bloofnom September 190
to December 201QChen et al., 2013)During January'09, in the CBoB 84 to 88°E), the Pico
community's dominance bBlyRO anda high contribution fronthe SYNcoincided witha relatively
higher microphytoplankton abundanae a concurrent studyChitari 2019). Wei et al. (2020glso
reported high abundances BRO and SYNin the BoB, along 10N during OctobeiDecember,
coinciding with a cyclonic eddysarangi 2016, through satellite imageshowed an increase in the
chlorophyll concentrations due to thecurrence of a cyclon storm (Nishg in the BoB (off the
Tamil Nadu coastin November(25" to 27") 2008 The cyclonic storm's effeavas alsaeflected in
the Chl-a concentrationsn our study (Fig. 2e)The elevaed Pico abundance duringanwary '09
(insteadof Decembet08) coulddepicta temporal successiaf phytoplankton community structure,
from micro to Pico as the water colunstabilized after the cyclone effectGenerally,higherPRO
abundancés observedn the core of an eddy ia decayig phase compared to that in the fresh phase
(Jing and Liy 2012) However, entrainment of subsurface populations from subsurface maximum
could also be a possibility (Vinaghandran et al. 2005), aBRO was observed in higher
concentrations in the subsuréadepths ~ 50 m, close to the observed MLD (Wei et al. 202@)
postive correlation ofPROwith elevated SSS and decreasechperaturgespecially from 8% to
88°E ($4 to B) (Fig. 8c) couldcorroborate tis hypothesis.
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In contrast, ithe NBoB, theprevailing environmental conditions indicatiée winter cooling and
riverine influence with a lack of convective mixing due to intense stratification by the freshwater cap
(Gomes et al. 2000). During this period, a barrier layer formaiogported in liis region (Shetye et
al. 1996; Thadathil et al. 20Q2¥hich wasalsoevidentin our studyduringJanuary and Februal@9
from the vertical temperatuggofile (Fig. 5). Under such a scenario, the source of the Nige and
SiOs* concentrations in th&lBoB is the freshwater influx from the neighbouring rivers and not
vertical mixing.The SYNcell abundance and biomass wargher in the NBoBandthe RP than in
the CBoB whereaPROwasthe lowest(Fig. 6b, d; Table 2)The differential response betweite
two groups indicates th&YNis tolerant to variable environmental conditions as corrobotateide
negative correlation with temperature and salifiig. 8c) as compared t&®RO (Partensky et al.
1999; Flombaum et al. 2013; Mourk@arballido et al 2016).SYNs ubiquitous presencaiggests
the coexistencef different strains in coastal and offshore ecosystems (Jiao et al. B@bhtrast,
temperature and salinity are implicated as key ecological determofaPRO (Liu et al. 2016). The
positive correlation oPROwith salinity explains its lower abundance in the RP and coastal stations
(Fig. 8c, 9c) Several studies have reported low number®RO in the RP (Vaulot et al. 1990;
Shimada et al. 1995; Shang et al. 2007; Mitbavkar et al. 20dl2ping the same study area (Naik et
al. 2011) and implied that river inputs might inhibit the growtlPBIO (Chisholm et al. 1992; Jiao et
al. 2005).Theresponsef the PEUK was similar to that o8YN(Fig. 8c) suggeshg co-occurrence
in low saline, hjh PQ* coastal regions (Mackey et al. 20@othibabu et al. 20)3The highest
contribution of the PEUK and SYNto the Picocarbon biomassluring this seasoat the coastal

stationg(Table 2)indicates their significant role as primary producers

During the SpIM, the weaker winds are unable to erode the prevalent stratifi¢&imtye et al.
1993, which leads to shallow MLD and oligotrophic, low productive conditions over the large Bay
area Prasanna Kumar et &010; Vidya et al., 2013). Howeveheteddies or recirculation zones
support the localized high production in the offshore areas (Prasanna Kumar et al. T2@07)
Trichodesmiunsp. (cyanobacteria) blooms, which are known to occur in oligotrophic conditions,
have been observed in the coastadl oceanic regions of the BoBl&dhu et al., 20081egde et al.
2008). The nitrogen fixation or the decay of the subsiding blooms @&dgrimary production
(Capone et all997 in this area (Madhu et al., 2008)he localzed increase in nutrients modes
the patchiness ithe SYNand PRJK abundance in the CBoBhe higher Chl concentrations in the
NBoB and RP corresponding to lower SSS indicated riverine influence, as reported earlier (Gomes et
al. 2000; 2016). The higher nutrient concentration as¢hzones harbored high®¥Nabundance.
Interestingly, in the SpIMPROabundance was more in the RP and AS regions than the CBoB (Fig.
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6¢c, d). In the RDA triplot,PROs orientationtowards theSYNemphasies its coexistence in low
saline, nutrienenricked environmerst (Fig. 8d 9d). Some PRO strains ould adapt to coastal
environments due to their metabolic capabilitiBglér et al. 205) as they can be cultivated in the
laboratory using coastal seawat®topre et al. 200)/ Here possiblythe differen PROstrains could

express seasonal dominance in the NBuBvever, this hypothesis needs to be investigated further.
Conclusions

The presentreattime observations at a monthly scaMere made possible through ships of
opportunity considering the anstraints related to open ocean samplifige study depictsthe
seasonal variations in tH&ico community structur@nd biomassnodulated by the episodic events
and mesoscale processes such as cyclones and e€ddimapared to the open ocean, the higher
abundance and carbon biomass fNand PEUK at the coastal statiomslicate an overriding
influence of nutrients ovarradiance In contrastPRO proliferated in the open oceaegions even
during the vertically mixed, nitrate enhanced, episodic evdntshe constantly changing climate
scenario, where stratification is considered to pronRit® growth even episodic cyclonic events
canincreasdheir abundanceand biomassthereby indicatinghe adaptability ofthe Pico community

to environmental cham®s.
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Legend to Figures
Fig. 1.The location map showing the sampled stationthe Bay of Bengal

Fig. 2. The Sea Surface Temperature(a, b), Sea Surface Salinity (c, d) and chlorophya
concentrationge, f)in the CBoB, AS, NBoB and Ré&uring the SuM, FIM, WiM and SpIM.

Fig. 3. The ®asonal mean of Sea Surface Temperature (a, b), Sea Surface Salinity (c, d) and
chlorophylla concentrationge, f) in the CBoB, AS, NBoB and RP durirtige SuM, FIM, WiM and

SpIM (Vertical lines indicate standard deviation)

Fig. 4. The ®asonal mean of nutrient concentratimgate+nitrite (a,b); phosphate (d); silicate
(e,f)] in the CBoB, AS, NBoB and Rduringthe SuM, FIM, WiM and SpIM.

Fig. 5. The ertical profile of temperature during January 2009 depicting barrier layer in the NBoB.

Fig. 6. Synechococcus(a, b) Prochlorococcus (c, d) picoeukaryote (e, f) and total
picophytoplanktor(g, h) cell abundance (x £&ells mL?) in the CBoB, AS, NBB and RPduring
the SuM, FIM, WiM and SpIM.

Fig. 7. The fasonal mean @ynechococcu&, b) Prochlorococcugc, d), picoeukaryotde, f) and
total picophytoplanktor{g, h) cell abundance (x 2ells mL?Y) in the CBoB, AS, NBoB and RP
duringthe SuM, FM, WiM and SpIM(Vertical lines indicate standard deviation)

Fig. 8. Redundancy Analysis (RDA)triplot for picophytoplankton (Synechococcuys
Prochlorococcusand picoeukaryot@ésmbundancen relation to the pysicochemical variablgSST,

SSS NOs+NOz, PQ:?, SiOs* andChl-a) in the CBoB, AS, NBoB and RP duritige SuM (a), FIM

(b), WiM (c) and SpIM (d). The sampling stations from the different regions are colour coded
[CBOB (S1 to S12plue circles; AR (S13B14)orange circles; NBOB (S15 to S2iliplet circles;

PR (S22)pink circle.

Fig. 9. Redundancy Analysis (RDA)triplot for picophytoplankton Synechococcus
Prochlorococcusand picoeukaryot¢sarbon biomass relation to the physicochemical variables
(SST, SSS NOs+NO7, PQ¥, Sig* and Chl-a) in the CBoB, AS, NBoB and RP duririge SuM

(@), FIM (b), WiM (c) and SpIM(d). The sampling stations from the different regions are colour
coded [CBOB (S1 to S1jlue circles; AR (S1&14)orange circles; NBOB (S15 to S2iliplet
circles; PR (S22pink drcle].
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Table 1. Seasonal variations in the mixed layer depth (m)
along the different regions in the Bay of Bengal during
summer monsoon, fall intermonsoon, winter monsoon and
spring intermonsoon seasons.

SuM FIM WiM SpiM
CBoB 62+17 31+13 65115 3015
AS ND ND ND ND
NBoB 29122  26x5 Barrier layer 28+4
RP 19 22 ND ND
ND = No data

Table 2. Carbon biomass of picophytoplankton along the different regions in the Bay of Bengal during summer monsoon, fall intermonsoon, winLr monsoon

and spring intermonsoon seasons.

SYN carbon PRO carbon
Annual average (ug CIL) 0.9 0.056
Annual % 89.24 53
SuM FIM WiM SpIM SuM FIM WiM SpIM
Seasonalrange (g CL) 0.1t083  0.1to5 01t083 01t78 0t0067 0t0097 0t01.02 0to0.017
Seasonal average (ug CL) 0.7+1.4 0.9£1.0 1.1+16 1.0£1.3 0.045x0.11 0.122+0.24 0.086x0.2 0.004+0
Seasonal % 91.65 84.74 87.34 93.18 5.03 10.49 6.63 0.34
CBoB AS NBoB RP CBoB AS NBoB RP
Zonal range 01t073 0lto45 011083 041083 0t01.02 0t0.093 0t0.13 0t0o0.05
Zonal average 0.7£0.93 1.1+1.2 0.8£1.23 4.3£3.3 0.097x0.2 0.014+0.02 0.01x0.02 0.008+0.02
Zonal % 82.62 96.35 93.61 97.55 10.61 1.09 1.06 0.18
PEUK carbon Total Pico carbon
Annual average (ug CIL) 0.05 11
Annual % 475
SuM FIM WiM SpIM SuM FIM WiM SpIM
Seasonal range (g C/L)  0t00.19 0t00.3 0to134 0t0013 01t083 01to5 01t83 0.1t7.8

Seasonal average (ug C/L) 0.02+0.03

0.04+0.06  0.07+0.19  0.070.15 08+14  1.1+12 13£17  1.1#13
3.38 5.60 6.48
AS NBoB RP CBoB AS NBoB RP

Seasonal % 2.05
CBoB
Zonal range 0to1.34
Zonal average 0.06£0.17
Zonal % 6.47

0.005t00.06 0t00.88 001t0022 01t073 0.1to45

011083 041083
0.03+0.01  0.05+0.12  0.1+0.07 0.9+1.09 1.1+1.2 09412 44433

2.19 5.02 2.27
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Table 3 Marginal and conditional effects obtained from the summary of forward selection during the

Redundancy Analysis (RDA) of Pico population during the different seasons. Lambda (1) is the

eigenvalue explained by the environmentaialslesP-v al ues O 0. 05 ar e
highlighted in bold red colour.
Seasong Marginal Effects Conditional Effects
Variable Lambda-1 Variable 'I&ambda- P- F-
value | value
SuM SSS 0.09 SSS 0.09 0.09 |1.91
Chla 0.05 Chla 0.05 0.262 | 1.17
SST 0.03 PO 0.06 0.25 | 1.39
NOs+NOy 0.02 NOs+NOy 0.05 0.376 | 0.99
PO 0.01 SST 0.01 0.664 | 0.36
Sio* 0.00 Sio* 0.01 0.942 | 0.07
FIM NOs+NOy 0.25 NOs+NOy 0.25 0.004 | 6.54
Silicate 0.17 SSS 0.07 0.144 | 2.07
SSS 0.12 PO 0.08 0.148 | 2.23
SST 0.11 SST 0.05 0.204 | 1.53
PO 0.08 Chla 0.04 0.292 | 1.26
Chla 0.01 SiOs* 0.01 0.574 | 0.53
WiM SSS 0.51 SSS 0.51 0.002 | 21.2
Chla 0.09 NO3+NOy 0.06 0.086 | 2.65
PO 0.06 PO 0.04 0.174 | 1.72
NOs+NOy 0.06 Chla 0.01 0.616 | 0.46
SST 0.05 Sios* 0.01 0.54 | 0.59
Sio* 0.02 SST 0.01 0.96 | 0.08
SpIM SSS 0.22 SSS 0.22 0.004 | 5.8
Chla 0.14 PO 0.05 0.338 | 1.25
SST 0.12 SST 0.04 0.372 | 0.92
PO* 0.03 Chla 0.03 0.496 | 0.85
NOs+NOy 0.02 NO3+NOy 0.01 0.792 | 0.32
Siog* 0.01 Siog* 0.03 0.606 | 0.56
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Table4: Marginal and conditional effects obtainfedm the summary of forward selection during the
Redundancy Analysis (RDA) of Pico carbon biomass during the different seasons. Lambda (1) is the
eigenvalue explained by the environmental variatles.al ues O 0. 05 are stati
highlighted in bold red colour.

Seasons '\Eﬂf?égitgal Conditional Effects
Variable Lambda-1 \ \ Variable Lambda-A | P-value | F-value
SuM SSS 0.3 SSS 0.3 0.034 8.47
SST 0.11 PO* 0.11 0.066 3.52
NOz+NO2 | 0.01 Chla 0.01 0.52 0.29
PO 0.01 NOz+NOy 0.01 0.578 0.35
Sios*+ 0.00 SST 0.01 0.654 0.19
Chla 0.00 Sio* 0.00 0.928 0.03
FIM SST 0.4 SST 0.4 0.002 13.45
Chla 0.35 Chla 0.21 0.044 10.12
NOs+NO7 | 0.24 NO3+NO; 0.07 0.078 3.65
Sio* 0.14 PO 0.05 0.062 3.52
SSS 0.02 Sios* 0.03 0.212 1.82
PO* 0.02 SSS 0.00 0.618 0.35
WiM SSS 0.25 SSS 0.25 0.006 6.64
PO 0.23 PO 0.13 0.054 4.13
SST 0.14 NO3+NOy 0.07 0.166 2.21
Chla 0.11 Sios* 0.02 0.478 0.57
NOs+NO2 | 0.04 Chla 0.01 0.672 0.24
Sios* 0.03 SST 0.00 0.752 0.17
SpIM SSS 0.49 SSS 0.49 0.002 19.6
Chla 0.29 Chla 0.05 0.166 1.97
SST 0.18 SST 0.03 0.256 1.15
NOz+NO. | 0.01 NO3+NOy 0.02 0.382 0.78
PO 0.00 Si0s* 0.01 0.534 0.45
SiO* 0.00 PO* 0.01 0.666 0.29
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Fig. 9
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