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Abstract
The Northeastern Arabian Sea (NEAS) experiences convective mixing during winter monsoon,
which facilitates nutrient enrichment in the surface layers. This region is also known to harbour
several sea surface temperature (SST) fronts and filaments, hotspots of primary production and
bacterioplankton activity, which play an important role in the microbial loop. Observations on
bacterioplankton with an emphasis on their physiological state, i.e., metabolically active (HNA; High
Nucleic Acid content) bacteria and metabolically inactive (LNA; Low Nucleic Acid content) bacteria
were carried out in the NEAS region during early and peak winter monsoon (EWM and PWM).
HNA bacteria were dominant in frontal zones coupled with high bacterial production (BP) indicating
their significant role, whereas, LNA bacteria were abundant in non-frontal regions irrespective of the
seasons. The differentiation in bacterial metabolic types points out organic matter enrichment in the
fronts. During PWM, the nutrient concentration increased resulting in a further increase in HNA
bacteria and BP in frontal regions. The transparent exopolysaccharides (TEP) were also higher in
frontal zones, and inversely related to total bacterial abundance indicating a fast turnover of the
organic matter. The age of the front and background condition prior to the formation of the front
influences the relative contribution by bacterioplankton food web dynamics and these attributes
would probably also help predict bacterial activities.
Keywords: Bacteria; Northeastern Arabian Sea (NEAS); Fronts; Transparent exopolysaccharides
(TEP); Protists; Temperature.
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Introduction
The Arabian Sea possesses many qualities that make it unique among the world’s oceans. It is highly
productive and a distinctive tropical basin characterised by intense meteorological forcing during the
summer monsoon (Madhupratap et al. 1996; Shankar et al. 2005). The northeastern Arabian Sea
(NEAS) also experiences high production during the winter monsoon due to a convective mixing
process bringing nutrients to the surface from the base of the mixed layer (Banse and McClain 1986;
Madhupratap et al. 1996). This region is also known to harbour several SST fronts and filaments
during this time (Solanki et al. 2008; Roy et al. 2015; Vipin et al. 2015). Fronts and filaments are
regions of enhanced biological activity with a greater accessibility of nutrients in contrast to adjacent
waters (Fernández et al. 1994; Videau et al. 1994; Read et al. 2000; Muelbert et al. 2008; Belkin et
al. 2009; Samo et al. 2012; Lohmann and Belkin, 2014). A recent study in California current
ecosystem (CCE) described the role of dynamic microbial populations in carbon cycling at oceanic
fronts and this study shed light on the role of hydrography in regulating the metabolism and growth
of autotrophic and heterotrophic microbes (Samo et al. 2012 and references within). In such hot spots
of primary production, one can expect an enhancement in the dissolved organic matter (DOM). The
DOM is mainly composed of sticky, acidic polysaccharides, which further aggregate into transparent
exopolysaccharides (TEP) (Schuster and Herndl 1995; Grossart and Simon 1997; Søndergaard et al.
2000). Bacteria are often found embedded within or attached to TEP particles (Passow and Alldredge
1994; Grossart et al. 2006). Moreover, these particles and their precursors are utilized as organic
substrates by heterotrophic organisms (Passow 2002). The Biological Carbon Pump (BCP) transfers
these organic rich particles from the sunlit surface waters to the ocean’s interior (Sanders et al.
2014), and this fuels heterotrophic microbial population (bacteria and protists) via the microbial loop
(Azam et al. 1983). Earlier studies have reported maximal bacterial biomass and growth rates in the
frontal regions of North Atlantic as well as Mediterranean waters (Pedrós-Alió et al. 1999; Tarran et
al. 2001). However, the response of microbial communities varies with the environmental conditions,
thus featuring their importance in different biological processes (Samo et al. 2012).
The present study was undertaken in the Northeastern Arabian Sea, which has a wide
continental shelf. This region is also known for active fishing and is facilitated by upwelling during
summer monsoon and convective mixing during the winter monsoon. Earlier observations in this
region under a large interdisciplinary program ‘Ocean Finder’ had characterized physical signatures
and diversity of phytoplankton through chemotaxonomy (Vipin et al. 2015; Roy and Anil 2015). It is
pertinent to note that bacterial dynamics forms an integral part of such productive systems. Studies in
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temperate frontal regions reveal a significant increase in bacterial abundance, biomass and
production within the frontal regions as compared to outside/surrounding water column (Landry et
al. 2012; Samo et al. 2012; Taylor et al. 2012). However, no such study has been conducted in the
tropical region. The temperature fronts represent diverse hydrographic conditions (high nutrients,
low water temperature), heterotrophic bacteria seem to play an important role in the frontal regions
with congregated biomass and turnover of organic matter.
Although several studies have examined heterotrophic bacterial dynamics in the Arabian Sea
(Ducklow 1993; Ramaiah et al. 1996; 2000; Wiebinga et al. 1997; Pomeroy and Joint 1999), no
studies are conducted on their response and role in the frontal regions. We hypothesised that
depending on the physical environment the response of heterotrophic bacteria would be different,
especially the higher biomass and activity are asserted to occur in fronts and filaments when
compared with non-frontal regions. In view of this, the following objectives were laid (i) To
investigate the physiological state of microbes in the temperature fronts in the NEAS during early
and peak winter monsoon and (ii) To evaluate their role in the dynamic frontal food web systems.
Formatted: Indent: First line: 0.32", Space After: 6 pt,
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Description of the study site and sampling
The present study is part of Ocean Finder program. Two cruises were undertaken under this program
in the eastern Arabian Sea. The first cruise was from 23rd November to 11th December 2012
corresponding to early winter monsoon (EWM). The second cruise was conducted in the peak winter
monsoon (PWM) from 22nd January to 3rd February 2014. The study area is located off Gujarat coast
of the Northeastern Arabian Sea (Fig. 1). The physical signatures such as temperature and salinity
results during EWM cruise revealed that the front and filament sections were distinct from the
surrounding waters (Vipin et al. 2015). Similar signatures with enhanced nutrient concentrations
were evident during PWM cruise (Roy and Anil 2015; Sarma et al. 2015). The front and filament
sections in NEAS were dominated by nanoplanktonic Prymnesiophytes and Prasinophytes, and nonfrontal section showed the dominance of picoplankton (Prochlorococcus). A total of 26 stations
were sampled during EWM and PWM cruises in NEAS region. Seawater samples were collected
using 10 l Niskin bottles fitted to the rosette frame (Model: ODF; SBE32) with Sea-Bird Electronics
(SBE) 9plus Conductivity-Temperature-Depth (CTD) probe (ODF #381) consisting of a dual
temperature (SBE3plus), dual conductivity (SBE4) sensor, dissolved oxygen
4

(SBE43),

transmissometer (Wetlabs C-Star) and fluorometer (Sea point Sensors). During the EWM cruise, 20
CTD stations were sampled for the total bacterial count (TBC), high nucleic acid and low nucleic
acid content (HNA and LNA) bacteria, TEP, protists, and nutrients between (69.2 ºE, 18.85 ºN) to
(69.2 ºE, 20.50 ºN) as depicted in Fig. 1. During the PWM cruise, 6 CTD stations were sampled for
similar parameters in the same region, (Fig. 1) that includes 2 frontal (T1-F and T2-F) and 4 nonfrontal stations (T1-NF and T2-NF) from two transects between 69.34 ºE, 19.67 ºN - 68.74 ºE, 20. 24
ºN.
The methods followed for nutrient analysis (mainly nitrite, nitrate, silicate, and phosphate) and
chl a are provided in Roy et al. (2015).
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Enumeration of Total Bacterial Count (TBC) and protists
Aliquots of 4.5ml were taken in triplicates from each CTD cast for TBC and protists analysis and
fixed with 1% paraformaldehyde final concentration and stored at -80 0C until samples could be
processed on shore (not more than a month). The samples were thawed at room temperature and
subsequently stained with SYBR Green I (1:10000 final concentration Molecular Probes, USA) and
incubated in the dark for 15 mins before measurement. Flow cytometric absolute cell counting was
achieved using BD FACS Aria II instrument equipped with a 488nm blue laser using 1μm size
fluorescent beads (Polysciences, USA) as an internal standard. The sheath fluid was BD FACS flow.
Emitted light was collected through the following filter sets: (1) 488/10 band pass for right angle
light scatter (RALS/SSC) and (2) 530/30 band pass for green fluorescence. The total bacterial
abundance (TBC) was expressed as cells L-1. High Nucleic Acid content (HNA) bacteria were
discriminated from Low Nucleic Acid content (LNA) bacteria. Each subgroup was defined by gating
against right angle light scatter (RALS) versus the green fluorescence (FITC). The flow cytometric
data were processed using BD FACS Diva (version 6.2) software (Khandeparker et al. 2017).
For protists enumeration, the photomultiplier tube (Detector) was standardised by reducing the
voltage with reference to SSC vs green fluorescence so that bacteria would be below the detection
threshold as described by Christaki et al. (2011). Emitted light was collected through the following
filter sets: (1) 488/10 band pass for right angle light scatter (SSC), (2) 530/30 band pass for green
fluorescence and (3) 695/40 for red fluorescence. Further, the bacteria and protists abundance was
integrated over the depth by adding the areas of rectangles with the base equal to the difference in
depth between two sample points and length equal to the abundance of the deepest sampled depth
5

Formatted: Space After: 6 pt, Line spacing: 1.5 lines

(Chin-Leo and Benner 1992).

Bacterial production (BP)
In the present study, 5-Bromo-2-Deoxyuridine (BrdU) was used for bacterial production (BP) in the
NEAS samples which were collected during PWM cruise. Various studies have successfully applied
BrdU in measuring the metabolically active cells and bacterial production (BP) in aquatic
environments (Hamasaki et al. 2004; Nelson and Carlson 2005; Pernthaler et al. 2002; Steward and
Azam 1999). BrdU is an analog of thymidine and binds to actively synthesizing DNA in place of
thymidine. BrdU was added to the water samples (1µM final concentration; BD-Biosciences, USA)
and incubated for 3 hrs in the dark at in situ temperature. After incubation, the samples were fixed
with 0.22 µm filtered paraformaldehyde (1 % final concentration) and stored at -80 °C until BrdU
immunofluorescence detection. Immunofluorescence staining was performed using FITC labelled
anti-BrdU with DNase (BD-Biosciences, USA). BrdU fixed samples were thawed to room
temperature and stained with FITC labelled anti - BrdU with DNase (BD-Biosciences, USA as per
manufacturer’s instructions) for 30 min in dark and analyzed using a BD FACSAriaTM II flow
cytometer equipped with a 488nm nuclear blue laser. Control samples were also prepared without the
addition of anti-BrdU. Emitted light and fluorescence signals were collected through different filter
sets: (1) 488/10 band pass for right angle light scatter (RALS), (2) 530/30 band pass filter for green
fluorescence signal from anti-BrdU (Eswaran and Khandeparker 2017). Further bacterial carbon
production was calculated using 11 fg C per bacterium as a cell-to-carbon conversion factor and
expressed as µg C l-1 h-1 (Garrison et al. 2009).
Transparent exopolysaccharides (TEP) estimation
TEP were estimated by using the colorimetric method described by Klein et al. (2011). Briefly, 100
ml of seawater was filtered in triplicate onto a 0.4 μm polycarbonate filter (Millipore). After
filtration, particulate material present on the filter paper was immediately resuspended in 5ml of
GF/F filtered seawater and centrifuged for 10 min at 3200 × g. After centrifugation pellets were
stored at –20°C until analysis. During the analysis, the pellets were treated with 2 ml of 0.02%
Alcian Blue prepared in 0.06% acetic acid. Subsequently, the samples were centrifuged (3200 × g,
20 min) to remove the excess dye. The pellets were then rinsed several times with 1 ml of distilled
water and centrifuged until a clear supernatant was obtained. A volume of 4 ml of 80% H2SO4 was
then added to the pellets. After 2hrs, the absorption of the supernatant was measured by
6

spectrophotometer at 787 nm. TEP values are expressed as xanthan gum weight equivalent (μg
equiv. X l–1), calculated by using xanthan gum standard calibration curve. Depth integrated
concentration was calculated as described above.

Statistical analysis
The data were log transformed to meet the normality assumption. Before data analysis, logtransformed data were tested for normality using Shapiro-Wilk’s W test using STATISTICA 8.0
software. The datasets fulfilling the assumptions for parametric analysis were analysed through oneway analysis of variance (ANOVA), for evaluating significant variations between the frontal and
non-frontal regions, followed by post hoc Tukey’s HSD test (Bonferroni corrected). Further, a
correlation matrix (STATISTICA 8.0) was used to determine the relationship among the biotic
(bacterial abundance, HNA, LNA, protists TEP, and Chl a) and abiotic (temperature, salinity, nitrate,
nitrite, phosphate, silicate) parameters wherein Bonferroni correction was also applied to avoid false
positive results at the significance level of ≤ 0.01.
Formatted: Space After: 6 pt, Line spacing: 1.5 lines,
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Environmental variables
During EWM, a warm parcel of water was encountered on the southern side of transect between
18.85 - 19.25 °N from station 1 to 9 (Fig. 2a-b). However, towards the north the CTD data showed
two relatively cold parcels of water between 19.25 - 19.48 °N and 19.95 - 20.20 °N with a
temperature decrease of 0.5 to 1.0 ºC. Based on their physical characteristics, the first feature was
identified as a filament between stations 10 to 14 and the second one as a front from stations 19 and
20 (Fig. 2a-b). Similar to temperature, salinity was also low and ranged from 35.7- 36.55 PSU at the
surface in the filament and front region. In the case of PWM, the sea surface temperature (SST) in
the frontal regions were 0.56 – 1.02 °C lower than the surrounding water column (Fig. 3a-b). The
salinity variations between fronts and non-fronts ranged from 0.03 to 0.13 PSU (Fig. 3b). Similarly,
Chl a, which is an indicator of phytoplankton biomass also increased from south to the northern
frontal region (df – 2; F – 13.73; p – 0.000) (Fig. 3b). The dissolved nutrient concentrations revealed
low nitrate levels at subsurface layers of frontal areas and higher below the mixed layer depth
(MLD). A similar trend was also observed for phosphate.
7

Early Winter Monsoon cruise (EWM)
The TBC in the warm patch, filament, and frontal waters ranged between 1.63 × 107 and 1.85 × 109
cells L-1 (Fig. 4a), was higher in the filament (3.64× 108 cells L-1) and the front (3.33x× 108 cells L-1)
and low in the warm patch region (2.47× 108 cells L-1) (Fig. 4a). High TBC in the filament and the
front was negatively related to TEP (Table. 1a). The depth-integrated bacterial abundance was
calculated as described above. The integrated bacterial abundance was significantly higher at station
9, which is located close the filament when compared to other stations (Fig. 5a). Similar to TBC, the
HNA bacterial abundance was also high in the front (8.96 × 107 cells L-1) and the filament (7.30 ×
107 cells L-1) and decreased in the warm patch region (6.81 × 107 cells L-1) (Fig. 4b). The one-way
ANOVA also indicated that the HNA bacterial abundance significantly varied from south to north
frontal region (df – 2; F – 3.245; p – 0.04), and their high abundance was positively related to TBC
and chl a indicating that most of the population in the fronts and filaments were metabolically active
when compared with the warm patch (Table. 1a). HNA bacteria also showed a significant negative
relation to dissolved nutrients (Table. 1b). Whereas, LNA bacteria were higher in the warm patch
(7.56x× 107 cells L-1) and least in the frontal region (6.77 × 107 cells L-1) (Fig. 4c).
Protist abundance in the warm patch, filament, and frontal waters was typically 107 cells L-1. It
varied between 5.93 × 106 and 8.53 × 107 cells L-1 (Fig. 4d). The abundance was higher in the front
(2.33 x107 cells L-1) when compared with the filament (1.63 x107 cells L-1) and positively related to
HNA bacterial abundance (Table.1a). The depth-integrated protist abundance was also higher in the
frontal region (Fig. 5b). The ratio between bacteria and protist was higher in the MLD of the filament
and frontal regions indicating a high abundance of heterotrophic bacteria in these regions (Fig. 4e).
TEP ranged from 84 – 1086 μg equiv. X L-1 along the transect (Fig. 4f). The concentration was
higher in the surface waters of the filament. However, below MLD and in the mixed layer waters of
warm patch region patches of TEP were evident, where depth-integrated values for protists and HNA
bacteria were lower (Fig. 5c). Besides, depth-integrated TEP concentration did not show variation
from warm patch to the frontal section, except at station 1 at the southern side of the warm patch.
Interestingly, TEP and HNA signatures were also seen towards the edge of the filament at 19.55 °N
at high concentration at the surface; the depth of MLD was very shallow (~20 m). A significant
inverse relation was observed between depth-integrated TBC and TEP in the filament (r = - 0.98, p =
0.002).
8
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Peak Winter Monsoon (PWM)
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In the case of PWM, the TBC, HNA bacteria, and TEP values were higher when compared with
EWM. During PWM, TBC abundance in the frontal and non-frontal regions was significantly
different (df – 1; F – 8.36; p – 0.006) and ranged between 4.35 × 108 - 6.65 × 109 cells L-1 (Fig. 6a).
Similarly, HNA and LNA bacteria were also twice as high during PWM wherein frontal stations
were dominated by HNA bacteria (df – 1; F – 10.66; p – 0.02) and adjacent non-frontal stations by
LNA bacteria (Fig. 6c, e). Further, high HNA abundance in the frontal region was positively
correlated with Chl a (r = 0. 43; p = 0.006; n = 16). The values for the depth-integrated TBC, HNA
and LNA bacteria were one fold higher during PWM as compared to EWM (Fig. 5a, 7a).
BP was significantly higher in the frontal regions especially in the T2-F front (df -1; F - 43.55; p
– 0.000) (Fig. 6b). Further, BP showed a strong positive correlation with HNA bacteria (r = 0. 49; p
= 0.01; n = 16). Overall, BP ranged between 0.09 - 10.04 µg C l-1 h-1 in the non – frontal and 1.45 21.54 µg C l-1 h-1 in the frontal stations respectively. The production rate was ̴ 2 to 4 fold higher in
the fronts as compared to non - fronts (Fig. 6b).
The variations in the protist abundance with reference to fronts differed between the seasons.
Their abundance ranged from 106 - 108 cells L-1 (Fig. 6d) and was high during PWM. It varied
between 9.11 × 106 - 1.03 × 108 cells L-1 and was higher in the non-frontal region. The depthintegrated values were high during EWM. During PWM, protists were high outside the frontal
regions and among the fronts were more abundant near the front, T2-F (Fig. 7b).
TEP ranged from 314 - 1212 μg equiv. X L-1 and were twice as high during PWM (Fig. 6g).
Low levels of TEP in the T1-F frontal stations were consistent with the elevated BP and HNA (Fig.
6b, c, and g). The depth-integrated TEP values were higher during PWM at T2-F (Fig. 7c).

Discussion
In the present study area, i.e. NEAS, the bacterial populations were categorized into HNA and LNA
bacteria. The occurrence of HNA and LNA bacteria in different water masses and seasons could be
related to nutrient availability. Overall, the nutrients were high at the surface in the frontal regions
during both the seasons. Moreover, during the PWM, an increase in nitrate, phosphate, and silicate at
the surface was evident as compared to EWM (Roy and Anil 2015). The metabolically active HNA
9
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bacteria were dominant in the frontal regions when compared with the non - frontal regions
irrespective of the seasons. In the aquatic environments, heterotrophic bacteria are almost universally
distributed into High Nucleic Acid content (HNA) and Low Nucleic Acid content (LNA) bacterial
cells (Gasol et al. 1999; Huete-Stauffer and Moran 2012). Phylogenetic analyses also indicate that
HNA and LNA groups are distinct (Schattenhofer et al. 2011). Not all cells are active within the
bacterial community especially in oligotrophic environments where resources are scarce, and several
diverse survival strategies take place (Morita 1997). HNA bacteria are considered to be metabolically
active members of a given community, highly dynamic, responsible for around 95% of total bacterial
carbon production and are significant in biogeochemical processes in the various aquatic ecosystems
(Lebaron et al. 2001; Servais et al. 2003), while the cell-specific activity (CSA) of LNA bacteria is
low and thus are regarded as inactive (Lebaron et al. 2001; 2002). These inactive or dormant cells
can resume growth if placed in a nutrient-rich or favourable environment (Wang et al. 2009).
In this study, the bacterial production was also higher in the frontal regions. The production rate
was approximately two to four fold higher in the frontal regions and showed a significant positive
relation with HNA bacteria. This observation leads to a conclusion that HNA bacteria are more
active than LNA and can be used as a proxy for measuring the active cells. A study by Longnecker et
al. (2006) off the Oregon coast also observed high cell specific leucine and thymidine incorporation
rates in HNA bacteria. The HNA bacteria are known to incorporate leucine at a faster rate, increase
in cell size, and contribute significantly to bacterial production in the aquatic environments (Morán
et al. 2011). The TBC, HNA bacteria and BP were higher in the frontal regions during PWM. This
points out that seasonal driven changes in nutrient concentrations influence and regulates the
bacterial populations in NEAS region.
Nutrient injections in the frontal zones often support bacterial production via an increase in
primary production by the larger size phytoplankton (Videau et al. 1994). A concurrent study carried
out in the NEAS frontal region also reported the dominance of larger phytoplankton
(Prymnesiophytes) as well as high auto and heterotrophic activity (Roy et al. 2015; Sarma et al.
2015). Likewise, a few studies at the frontal regions of Northern Pacific subtropical gyres and
California Current Ecosystem fronts also revealed the presence of larger phytoplankton cells
(Diatoms and Prymnesiophytes), elevated primary and bacterial production in the fronts (Leonard et
al. 2001; Juranek et al. 2012; Landry et al. 2012). In the present study, high HNA bacterial
abundance and BP in the frontal regions of NEAS with high chlorophyll and nutrients indicate the
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importance of organic matter released by phytoplankton as quality substrates for the sustenance of
their population.
The DOM released by the algal cells has long been recognized as high quality substrates for
bacteria (Cole et al. 1982). The factors such as dissolved organic matter and temperature tend to limit
the bacterial growth rates (Kirchman et al. 1993). Moreover, the temperature has a greater effect on
bacterial growth when compared to substrate supply (Yokokawa and Nagata 2005; Longnecker et al.
2006). A few studies have reported that an increase in bacterial abundance, growth rate, and
phytoplankton biomass was related to nutrients which are also temperature dependent (Behrenfeld et
al. 2006; Boyce et al. 2010). The observations under the Ocean Finder program identified the frontal
regions by observing changes in the salinity and SST; the details are presented elsewhere (Vipin et
al. 2015). During EWM, two relatively cold parcels of water were evident from the CTD data
between 19.25–19.48 °N and 19.95–20.20 °N; in both the cases, the temperature decrease was 0.5–
1.0 °C (Vipin et al. 2015). In the case of PWM, the difference in SST between fronts and non-fronts
was about 0.56 to 1.02 °C (Sarma et al. 2015). However, this subtle change in temperature may not
be significant in influencing the bacterial growth as observed in the temperate oceans, where the
cross-frontal differences in SST and sea-surface salinity (SSS) are as large as 10-15 °C and 2-3 psu
respectively (Belkin et al. 2009).
In the present study area, warm patch region showed a high abundance of LNA bacteria
irrespective of the seasons. A possible reason for this could be that LNA bacteria are less dependent
on phytoplankton substrates (Scharek and Latasa 2007) as most of the population includes dead or
dormant cells. Increase in the chl a signature in the filament region showed availability of the
nutrients for micro heterotrophs which resulted in the decrease of metabolically inactive LNA cells.
A study by Belzile et al. (2008) observed a quick response of HNA over LNA cells during
phytoplankton biomass accumulation event in in Beaufort Shelf waters.
The present study indicated a significant increase in TEP, TBC, and BP from EWM to PWM. A
significant negative correlation between TBC and TEP in the filament, as well as the frontal regions,
indicate a possible role of bacteria in the fast turnover of the organic matter present in the frontal
zones during both the seasons. Besides, an increase in HNA bacteria led to depletion of TEP possibly
indicating their active utilization. Aggregate associated bacteria may contribute a significant fraction
of bacterial production and remineralization in surrounding water column (Kiørboe and Jackson
2001). They solubilize particulate organic matter by expression of various enzymes depending on the
substrate availability (Hollibaugh and Azam 1983). A study by Arnous et al. (2010) reported that
11

TEP is involved in the dynamics of bacteria and protozoa abundance in freshwater pelagic
environments. Understanding the mechanisms involved in the expression of enzymes that are
involved in the dissolution of TEP would be a step ahead.
Earlier studies have reported the distribution and influence of TEP on bacterial activity and their
role in the biogeochemical process in the marine environment (Passow and Alldredge, 1994; Dam
and Drapeau, 1995). A study by Ramaiah et al. (2000) during the summer monsoon in this region
also suggested that bacterial metabolism is supported by the availability of the TEP in the Arabian
Sea. In the present study, positive relation between TEP and Chl a in the front indicate the role of in
situ production in generating TEP.
In this study, a low-saline surface patch was seen in the EWM-CTD section around 19.55 °N
where no corresponding signatures of temperature and chlorophyll were observed. Interestingly, in
this region signatures of TEP and HNA bacteria were seen. Vipin et al. (2015) suggested that this
could be due to the rainfall event at (69.90 °E, 16.50 °N) and was related to advection. Long-distance
advection of low-salinity patches is reported earlier from the central part of the Indian west coast
(Shankar et al. 2005). The present study supports this hypothesis as the abundance of bacteria
especially HNA bacteria and TEP were high, and the coastal production which is mainly dominated
by bacteria during the rainfall might have advected with the water parcel. It is also possible that the
presence of this biological signature could be due to the fronts that crossed this transect in the region
earlier and could be a signature of a trailing front.
The standing stock of bacteria was similar up to 100 m depth in both frontal and non-frontal
zones. Ducklow (1999) also pointed out, while explaining the pattern in the bacterial variability, that
the bacterial standing stocks are similar in the euphotic zones ranging 35-135 m deep throughout the
world ocean, while production rates vary more widely. This can be attributed to the differences in the
metabolic activity of bacterial population as evident in this study. Sarma et al. (2015) suggested that
physical mixing determines the conditions for a biological response to occur and is dependent on the
age of the front. Roy and Anil (2015) pointed out that the convective mixing during the winter and
ventilation of the subsurface water together with irradiance exerts ecological pressure on different
phytoplankton enforcing changes in food web dynamics. Their observations also pointed out that
low-light adapted Prochlorococcus population collapses during this period of intensive convective
mixing and have significant implications possibly influencing the microbial loop. Studies elucidating
the role of the microbial loop on food web dynamics and quantifying their influence on carbon
export is a step ahead.
12

In pelagic ecosystems, predaceous protists are ubiquitous and range in size from 2 μm
flagellates to >100 μm ciliates and dinoflagellates (Sherr and Sherr 2002). Sherr and Sherr (2002)
also stated that predation by protists is a significant source of mortality for both autotrophic as well
as heterotrophic bacteria. A significant positive correlation between protists and HNA bacteria was
observed in the front during EWM. A previous study by Krstulović et al. (1998) also reported a
strong positive relationship between bacteria and protists. In general, the standing stocks of aquatic
bacterial communities are governed by two major factors, i.e., resource supply (both inorganic and
organic nutrients), and predation (either by bacterivores or viral mortality) (Sherr and Sherr 2002). In
the case of predation, bacterial cell size has a vital role in determining bacterial susceptibility to
predation pressure (Gude 1989; Hahn and Hofle 2001). It has been reported that size-selective
grazing by protists (mainly bacterivorous nanoflagellates (HNF)) exerts strong grazing pressure on
medium and larger size cells (Lampert 1987; Montagnes et al., 2008). This could be one of the
reasons for the preference of protists for HNA bacteria, as their size is larger than LNA bacteria.
Other than cell size, taxonomic composition, cell morphology, and activity also have a pronounced
role in predator-prey interactions (Gasol et al., 1999; Gasol and del Giorgio 2000; Gerea et al.,
2013).
Overall, the present study indicated that the temporal variation in the abundance of bacteria and
their activity in frontal regions was influenced by the early and peak winter monsoon conditions.
Sarma et al. (2018) pointed out that the plankton response depended on the age of the front, and,
more importantly, the initial or background conditions under which a front form. Further, their data
also showed that the advection of fronts adds to this intraseasonal variability in the background
condition which in turn influences the average concentration of nutrients or of biomass. In such a
scenario, the response at each of the trophic levels would have a specific lag period which in itself is
complex. The bacterial population will thus be influenced by trophic interactions. However,
information regarding such short lived interactions in the tropical frontal system is non-existant
except for the observations made herein and needs further attention.
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Legends to Figures:
Fig. 1. Map showing sampling stations (EWM and PWM cruise – Ocean Finder programme) in the
north-eastern Arabian Sea (NEAS).
Fig. 2. a) Satellite sea surface temperature (SST; temperature) image illustrating the formation of
filament (denoted by red curve) and front (denoted by pink curve). b) Vertical profiles of
temperature (oC, first panel), salinity (second panel) and chlorophyll a (mg m-3, third panel)
measured during the EWM CTD transect. The sampling locations are marked by inverted triangles
on the top axis of the temperature panel in the warm patch region, the black asterisks designate
stations in the filament and the circle designates stations in the frontal region. The dashed lines in
these three panels denote the base of the mixed layer.
Fig. 3. a) Satellite SST image illustrating the formation of fronts (denoted by red and blue line), b)
Vertical profiles of temperature (oC, first panel), salinity (second panel) and chlorophyll a (mg m-3,
third panel) measured during the PWM CTD transects (T1 and T2). The sampling locations are
marked by inverted triangles on the top axis of the temperature panel in the non-frontal region, the
black asterisks designate stations in the frontal region. The dashed lines in these three panels denote
the base of the mixed layer.
Fig. 4. Spatial and vertical profiles of a) Total Bacterial Count (TBC), b) High nucleic acid content
(HNA) bacteria, c) Low nucleic acid content (LNA) bacteria, d) Protists abundance, e) the ratio of
bacteria: protists, and f) Transparent exopolysaccharides (TEP). Cell abundance expressed as cells L1
during EWM cruise. Dots indicate the sampled depth and dotted line indicates the variability in the
mixed layer depth along the section.
Fig. 5. Depth integrated values of a) total bacterial count (TBC), High nucleic acid (HNA) bacteria
and Low nucleic acid (LNA) bacteria, b) Protist abundance, c) Transparent exopolysaccharides
(TEP) and Chlorophyll a (Chl a) concentration during the EWM cruise.
Fig. 6. Spatial and vertical profiles of a) Total Bacterial Count (TBC), b) Bacterial production (BP),
c) High nucleic acid content (HNA) bacteria, d) Protists, e) Low nucleic acid content (LNA)
bacteria, f) Bacteria: Protists ratio and g) transparent exopolysaccharides (TEP) during PWM cruise.
Cell abundance is expressed as cells L-1. Dots indicate the sampled depth and dotted line indicates
the variability in the mixed layer depth along the section.
Fig. 7. Depth integrated values of a) total bacterial count (TBC), High nucleic acid (HNA) bacteria
and Low nucleic acid (LNA) bacteria, b) Protist abundance, c) Transparent exopolysaccharides
(TEP) and Chlorophyll a (Chl a) concentration during the PWM cruise.

Legends to Tables:
Table 1: Results of correlation analyses (‘r’, between (a) biotic ((HNA & LNA) bacteria, chlorophyll
a, protists and TEPs, and (b) abiotic variables (Bonferroni corrected with significance at p (≤ 0.01)
during EWM.
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