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Abstract

In order to understand the major sources of particulate organic carbon (POC) in the frontal zones,
and to examine their variability with space and time, a total of five temperature fronts of different
ages were sampled in the northeastern Arabian Sea during winter. Compared to the non-frontal
regions, POC and chlorophyll-a were higher within the coastal fronts whereas, chlorophyll-a was
lower within the open ocean front (T1). The variation of POC between coastal and open ocean fronts
is attributed to the combined influence of variable vertical mixing, heterotrophic transformation and
age of the front. Relatively depleted 53Cpoc and 5*°*Npn Were observed within the fronts, suggesting
that POC pool is contributed by in-situ production supported by upwelling of nutrient-rich water, and
zooplankton biomass. Elemental C:N ratios, POC:Chl-a, 8*3Cpoc and &°Npn suggest that POC is
mainly contributed from primary producers and heterotrophs in the study region. However, relative
contributions from these two sources vary spatially from coastal to open ocean and with the age of
the front. SIAR model revealed that zooplankton biomass largely contributed to POC in the open
ocean (60-80%) than phytoplankton (20-40%) and nearly equal contribution was observed in the
coastal fronts (50-60% and 40-50%, respectively). This study, thus, demonstrate that dominant
heterotrophy and autotrophy in the open ocean and coastal fronts and it is consistent with their
biomasses. Predominant heterotrophy in the open ocean is attributed to deeper mixed layer resulting
in upwelling of bacteria-rich and phytoplankton-poor water to surface leading to existence of
microbial loop.

Keywords: temperature fronts, nutrients, particulate organic carbon, Arabian Sea, primary
production.



1. Introduction

Ocean fronts are commonly defined as the regions where the sharp horizontal gradient in
physicochemical parameters, such as temperature, salinity, chlorophyll-a, occurs between two
adjacent water masses [Franks, 1992; Belkin and Commillon, 2005; Belkin et al., 2009]. Several
mechanisms have been proposed for the formation of different types of fronts (upwelling, tidal,
bouncy and topographic fronts) in estuarine, coastal and open ocean regions [Franks, 1992; Asaro et
al., 2011; Vipin et al., 2015]. For instance, alongshore wind-stress at surface waters causes wind
driven coastal fronts [Halpern, 1976; Barton et al., 1977; Shannon, 1985], commonly known as the
‘upwelling fronts’. More common mechanism for the formation of an oceanic temperature front is
the upwelling of onshore flowing relatively cool deep water, which counterbalances the offshore
Ekman flux of the surface waters, near the coast due to the upward bend and intersection of
pycnocline with the surface [Csanady, 1982]. The main feature of the temperature front is the
vertical mixing of relatively cool and nutrient-rich deep water with that of the surface [Pollard and
Regier, 1990; Rudnick and Luyten, 1996; Vipin et al., 2015]. Because of this vertical mixing, frontal
regions are known to be biologically more productive [Holligan et al., 1984a,b; Dengler, 1985;
Traganza et al., 1987; Yoder et al., 1994; Roy et al., 2015] and often sites of phytoplankton blooms
[Hesse et al., 1989; Franks, 1992; Thurman and Trujillo, 1999; Levy et al., 2001; Mahadevan and
Tandon, 2006; Taylor and Ferrari, 2011; Olita et al., 2014; Oguz et al., 2014]. Frontal instabilities
that re-stratify the upper ocean further support primary production in the frontal regions. Even in the
presence of surface winds and heat loss, the frontal instabilities are able to re-stratify the upper ocean
[Fox-Kemper et al., 2008; Taylor and Ferrari, 2010; Thomas and Taylor, 2010; Mahadevan et al.,
2010; Taylor and Ferrari, 2011] that inhibits vertical turbulent mixing and causes phytoplankton
blooms. Relatively high phytoplankton biomass in the frontal zones attracts secondary producers
that lead to fish aggregation [Solanki et al., 2003; 2005]. Ocean fronts are generally developed at the
edge of the filaments [Ramp et al., 1991; Haynes et al., 1993], with a high gradients in water
properties.  However, fronts may not be formed at the edges of all filaments [Randerson and
Simpson, 1993] due to the diffusive boundaries rather than sharp gradients at the edge of some

filaments.

Many studies were conducted on fronts and associated changes in the biogeochemical
processes in the subtropical [Mahadevan and Archer, 2000; Levy et al., 2001; Mahadevan and
Tandon, 2006] and sub-polar regions [Taylor and Ferrari, 2011]. Such studies from the tropical
regions, such as the north Indian Ocean, are very limited. The northeastern Arabian Sea (NEAS) is

the only region, where the plenty of temperature fronts were reported [Obenour, 2014; Vipin et al.,



2015] during winter than any other region in the north Indian Ocean. The chlorophyll-rich fronts in
the NEAS are shown to be linked to the shelf processes [Vipin et al., 2015], as was observed
elsewhere [Strub et al., 1991; Haynes et al., 1993; Smyth et al., 2001], because they develop during
bursts of cross-shore component of the west Indian coastal current (WICC) at the shelf break and
advect offshore. Amol et al. [2014] reported that such current bursts occur frequently off the west
coast of India during winter. Though, the temperature fronts are ubiquitous in the NEAS, during the
winter monsoon [Obenour, 2014; Vipin et al., 2015], however, the formation of temperature fronts
and associated changes in the physical, chemical and biological processes remain poorly understood.
Recently, some studies have focused on the front-induced changes in the biogeochemical processes
in the NEAS.

Based on in-situ observations and satellite data, Vipin et al. [2015] suggested that pumping of
water from the base of the ~60m thick mixed layer takes place within the frontal regions in the
NEAS. In the same region, Roy et al. [2015] found relatively higher chlorophyll within the fronts
compared to the surrounding waters and attributed it to the strong response of phytoplankton groups
to the nutrient enrichment within the fronts. Relatively under-saturation of dissolved oxygen and
higher dissolved inorganic carbon (DIC) were found within the fronts of the NEAS during winter
[Sarma et al., 2015]. The authors [Sarma et al., 2015] suggested that the strength of the mixing
process determines the front whether it is a source or sink of atmospheric CO». Very recently, it was
also found that the depth integrated total bacterial count (TBC) and zooplankton biomass in the
upper 50m of the water column were higher within the fronts than those outside the fronts in the
NEAS [Sarma et al., 2017]. All these studies were focussed on the vertical mixing of nutrients and
associated changes in autotrophic and heterotrophic activities within the frontal regions. Although,
the rapid cycling of carbon and nitrogen within the frontal zones decreases their turnover times
compared to the surround non-frontal regions due to the active biological processes, such as high
primary production, grazing pressure and microbial degradation in the former than the latter,
however, the composition of particulate organic carbon (POC) and its cycling within the temperature
fronts of the NEAS remain unclear. The main objectives of this study are to (i) examine variations
in content of POC and PN in the frontal and non-frontal regions, (ii) evaluate variable sources of
POC and PN in the frontal and non-frontal regions with reference to time (age of the front) and space
(coastal and open ocean) and (iii) understand dominance of plankton (autotrophy or heterotrophy) in
frontal regions of coastal and open ocean. Here, we present the results of five temperature fronts of

different ages investigated in the coastal and open ocean regions of the NEAS during winter.



2. Study region

The Arabian Sea, the northwestern Indian Ocean, is one of the most productive zones in the
world [Madhupratap et al., 1996; Smith, 2001; Kumar et al., 2010] due to upwelling and convective
mixing during southwest (SW) and northeast (NE) monsoons, respectively [Shetye et al., 1994,
Madhupratap et al., 1996; Muraleedharan and Prasannakumar, 1996]. However, there exists a
considerable spatial variability in the primary production over the basin, for example, the western
Arabian Sea (off Somalia and off Oman) and the southeastern Arabian Sea (off southwest coast of
India) are highly productive due to strong upwelling during SW monsoon [Wyrtki, 1971;
Unnikrishnan and Antony, 1992; McCreary et al. 1996]. The present study region, the northeastern
Arabian Sea (NEAS, off Saurashtra coast) is a productive zone during the NE monsoon (December —
February) due to the winter convective mixing [Banse and McClain, 1986; Prasannakumar and
Prasad, 1996; Madhupratap et al., 1996]. The cool and dry winds blowing from the continents
during this period [Banse, 1968; Shetye, 1998] causes evaporation leading to an increase in the sea
surface salinity that deepens the mixed layer. Relatively deeper mixed layer, resulted from the
convective mixing, brings nutrients into the euphotic zone and enhances the surface primary
production in the NEAS during winter monsoon [Banse, 1984; Madhupratap et al., 1996; McCreary
et al., 2009]. On the other hand, the deeper mixed layer than the depth of the euphotic zone during
winter, however, tends to suppresses primary production in this region, despite nutrients are available
[Naqvi et al., 2002].

2.1. Temperature fronts in the NEAS

The offshore Ekman flux of surface waters during winter, due to the equatorward flowing wind stress
in eastern ocean basin of the north-south oriented coast (west coast of India), is counter balanced by
the flow of deep water in the onshore direction which upwells to the surface near the coast,
generating temperature fronts during this period. The occurrence of these meso-scale features
enhances the surface primary production in NEAS during winter monsoon [Roy et al., 2015] by
injection of nutrients into the euphotic zone through vertical mixing from base of the mixed layer
[Vipin et al., 2015]. Though, the horizontal temperature gradients are weaker in the tropics (2-5°C)
[Lendt et al., 1999; Barber et al., 2001] than the sub-tropical and temperate regions (10-15°C) [Dong
et al., 2006; Belkin et al., 2009], however, the weak upwelling velocities are quite enough to pump
water into the surface from the base of the mixed layer in the NEAS [Vipin et al., 2015]. The fronts
move along with currents in the northwestward direction due to prevailing currents during winter
monsoon last for few days, typically 1-2 weeks. The temperature fronts in the NEAS extend from 10
to 20 km in width and about 100 km in length [Vipin et al., 2015]. In the present study, the fronts of
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different ages at the time of their sampling, ranging from as young as 0.5 to as old as 11 days [Sarma
et al.,, 2017], in the NEAS were investigated. Among the five fronts sampled, front T5 is the
youngest (0.5 day) following T1 (3.3 days), T2 (6 days), whereas T3 and T4 are the oldest (9-11
days) at the time of our sampling [Sarma et al., 2017]

3. Material and Methods
3.1 Sample collection

A cruise onboard research vessel Sindhu Sankalp (#SSK-60) was undertaken from 22"
January to 3™ February, 2014 for in-situ observations and sampling in the frontal and surrounding
non-frontal (NF) regions of the northeastern Arabian Sea (Fig. 1). A total of five fronts were sampled
in the NEAS; two fronts in the open ocean (fronts T1 and T2), two fronts in the coastal region (T4 and
T5), and one in between (T3) (Fig. 1). Water samples at different depth intervals were taken by using
a Conductivity-Temperature-Depth (CTD) profiler attached to the rosette system (Seabird, USA)
fitted with 10 L Niskin bottles. = Water samples (4.5 ml) in triplicate were fixed with 1%
paraformaldehyde (final concentration) and stored at -80°C until analysis of total bacterial count
(TBC) in the onshore laboratory. Zooplankton samples were collected by vertical hauling of 200 um
cylindrical net along with CTD-rosette system from 50m below surface to the surface. Meso-
zooplankton samples were collected through 200pum bongo net while phytoplankton samples were

obtained by passing the seawater sample through 10um mesh.
3.2 Biogeochemical parameters

High resolution temperature and salinity data was obtained from CTD (SBE 19 plus) attached
to the rosette. Dissolved inorganic nutrients (nitrate, nitrite, phosphate and silicate) were determined
by the colorimetric procedure using an Autoanalyzer (Skalar San Plus, The Netherlands) following
[Grashoff et al., 1992]. Dissolved oxygen (DO) concentrations were measured by the Winkler
titration method [Carritt and Carpenter, 1966] using a potentiometric end point detection (Titrando
835; Metrohm, Switzerland). Water samples (~5L) were filtered through a pre-combusted (300°C; 6
hours) GF/F filters (nominal pore size: 0.7 um; 47 mm diameter; Whatman) at a moderate vacuum
and the filtrate was stored at -20°C until further analysis of content and stable isotopes of carbon (C)
and nitrogen (N). The phytoplankton biomass (Chlorophyll-a) on the filtrate obtained by filtering
~5L of seawater through GF/F filter under moderate vacuum was determined using high pressure
liquid chromatography (Agilent 1200, USA) following Van Heukelem [2002]. The detailed
procedure was described elsewhere [Roy et al., 2006; 2015]. Since the zooplankton samples were
collected by vertical hauling from 50m deep to surface, the estimated zooplankton biomass reported



here is an integrated value in the upper 50m of the water column in all stations. For TBC analysis,
the frozen samples were thawed to room temperature and stained with SYBR Green | (1:10000,
Molecular probes, USA) and kept for incubation in the dark. After completion of incubation period
of 15 minutes, flow cytometric absolute cell counting was done using BD FACS Aria Il instrument
fitted with 488 nm blue laser with sheath fluid of BD FACS flow. The filter sets 488/10 and 530/30
band passes collected the emitted light for right angle light scatter and green fluorescence,
respectively. Fluorescent beads of 1 um (Polysciences) were used as internal standards and for
calibration [Khandeparker et al., 2017]. The software BD FACS ARIA Il was used to process the
flow cytometric data. Nutrients, DO, Zooplankton biomass and TBC data of these fronts were

described in detail elsewhere [Sarma et al., 2017].

The age of a front, at the time of sampling, was determined by tracking its evolution and
movement using sea surface temperature (SST) images from MeTop-B, NOAA-18, and NOAA-19
continuously for 10-15 days, with a temporal resolution of six times in a day, based the availability
of a cloud-free SST images. The time elapsed between its evolution and sampling was taken as the
age of the front. Variations in the shape and size of the fronts with time after its evolution were also

considered for determining the age of a front.
3.3 Content and stable isotopes of POC and particulate nitrogen (PN)

The GF/F filters stored at -20°C brought to room temperature and dried in an oven for 24
hours at 60°C. An aliquot of the filter was acid fumigated for 12h in a desiccator to remove the traces
of inorganic carbon. The content of POC and PN on the filter, and their stable isotope ratios (§*Cpoc
and 8Npn, respectively) were measured using an elemental analyzer (Flash EA, Thermo Electron,
Germany) coupled to an isotope ratios mass spectrophotometer (Delta V plus, Thermo) via conflo 1V
interface. Internal reference materials, such as Glutamic Acid, Alanine, Marine sediments and IAEA
standards were used for internal calibration. The long term precision of the instrument was +0.02%
for content and +0.2%o for stable isotope ratios of both carbon and nitrogen [Sarma et al., 2012;
2014]. The results of 8**Cpoc and 8'°Npn were expressed in & notation as given below.

Ksamp
dR = [K—_ 1}}: 10% o

std

where R = BC or ©®N, Xsa = 3C/*2C or N/“N of standard and Xsam = 2*C/*2C or ®N/**N of sample

for carbon and nitrogen respectively.

3.4 31C and 8N of phytoplankton and meso-zooplankton



Specimens of meso-zooplankton and phytoplankton (group level) were identified under the
microscope and picked out into tin cups using an injection syringe and needle. The tin cups along
with specimens were dried at 60°C for 12h. The content and isotopic ratios of C and N in the dried
samples were measured using an elemental analyzer coupled to Isotope ratio mass spectrometer (EA-
IRMS-Delta V, Finnigan, Germany) through Conflo IV interface, and the results were expressed in &

notation as mentioned above.
3.5 Estimation of proportional contributions of organic matter from major sources

Dual isotope mixing model SIAR (Stable Isotope Analysis in R) that solves mixing models
within a Bayesian framework [Parnell et al. 2008; 2010] was used to estimate the proportional
contributions from major sources to the POC pool within the fronts. The advantage of this model is
that the inclusion of the residual error term in the form of standard deviation, unlike the model
MixSIR [Jackson et al., 2009; Parnell et al., 2010]. Complete description of the model was given
elsewhere [Krishna et al., 2014]. The model ‘SIAR’ has been used for the source apportionment of
organic matter in the coastal regions elsewhere [Dubois et al., 2012; Carreon-Palau et al., 2013;
Krishna et al., 2014; Sarma et al., 2014). However, the selection of the end members is critical for
the estimation of proportional contributions from different sources. The measured &*3C and §*°N of
phytoplankton and zooplankton groups collected from the frontal regions of the present study were
used as end members in the model. Software program ‘Ocean Data View’ (ODV; version 4.0) was

used for graphical representation of the data and VG gridding was used for extrapolation.
4. Results

SST ranged from 23.8 to 24.8°C in the frontal and from 24.9 to 25.4°C in the non-frontal
regions. Mean temperature difference in the upper 50m of the water column between within and
outside the fronts varied from as low as 0.4°C (in front T1) to as high as 1.6°C (in front T2). Fronts,
T3 (0.6 °C), T4 (0.6 °C) and T5 (0.5 °C) showed intermediate values (Fig. 2; Table 1).

4.1 Phytoplankton and zooplankton biomass in the frontal and non-frontal regions

Phytoplankton biomass, in terms of Chlorophyll-a (Chl-a), showed considerable difference
between the frontal and non-frontal regions of the open (T1 and T2) and coastal (T3, T4 and T5)
oceans. Integrated Chl-a in the upper 50m of the water column was relatively higher within the
coastal fronts T3 (36.2 mg m2), T4 (27.4) and T5 (44.1 mg m) and open ocean front T2 (67.9 mg
m-2) than their non-frontal regions (27.8, 23.2, 18.2 and 31.6 mg m, respectively) (Table 1). In
contrast, Chl-a was slightly lower within the open ocean front T1 (30.1 mg m) than the surrounding
non-frontal region (31.5 mg m?) (Table 1). All the fronts, T1, T2, T3, T4 and T5, recorded
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relatively higher zooplankton biomass within the fronts (576, 906, 1919, 3379 and 1649 mg m~,
respectively) than those observed outside region of these fronts (177, 480, 1154, 1258 and 1137 mg
m, respectively). Relatively higher TBC was found within the open ocean fronts T1 and T2
(1.30x108 and 4.12x108 Nos. I, respectively) than the non-frontal regions (0.70x10% and 1.17x10®
Nos. I'1), whereas, more or less similar TBC was found within the front and non-frontal regions of T4
(0.90x108 and 0.85x108 Nos. I, respectively) and T5 (1.33x10% and 1.30x108 Nos. I'!). However,
relatively lower TBC was found in the frontal (1.04x108 Nos. I'Y) than non-frontal region (1.28x108
Nos. I') of T3.

4.2 Content of POC and PN in the frontal and non-frontal regions

Mean POC concentrations in the surface were relatively lower within the open ocean fronts
T1 (114 pg L) and T2 (179 pg L) than those outside the fronts (193 and 210 ug L™, respectively)
(Fig. 2). Integrated POC content in the upper 50m of the water column was higher within the front
(5352 pg m) than outside the front T1 (4704 ug m?). However, the difference is negligible in the
front T2 (5253 and 5159 pg m, respectively) (Table 1). Relatively lower POC and PN was observed
in the coastal front T4 (5144 and 25.2 mg m2, respectively) than the non-frontal region (5916 and
30.8 mg m respectively). Similar concentration of POC was found in the frontal and non-frontal

regions of T2 (5159 and 5253 mg m™, respectively) and T3 (4623 and 4729 mg m, respectively).

Integrated PN content in the upper 50m of the water column was higher in the non-front T2
(1190 pg m2) than within the front (1014 pg m), whereas this difference is small in the front T1
(957 and 940 pg m2, respectively) (Table 1). Coastal fronts showed a contrasting pattern to that of
the open ocean fronts, with a relatively higher integrated POC within the fronts T3 (mean 4778 pug m-
2), T4 (5306) and T5 (6591) compared to those of the non-frontal regions of these fronts (4219, 5027
and 6144 ug m?, respectively; Table 1). Similarly, integrated PN was also higher within the coastal
fronts T3 (1367 pug m?), T4 (1354) and T5 (1323 pg m) than non-frontal region of these fronts
(1230, 1313, and 1222 pg m2 respectively, Table 1), consistent with that of the POC distribution.
Mean elemental C:N ratios in the upper 50m of the water column ranged from 4.8 to 8.0, with a
relatively higher ratios within the frontal regions of the open ocean (mean: 6.9+2.8) than the coastal
ocean (5.0+2.0) (Fig. 3).

4.3 Stable isotopes of POC (5'3Cpoc) and PN (8°Npn) in the frontal and non-frontal regions

The 8%3Cpoc in the surface ranged from -26.3 to -24.4%o in the frontal and from -26.1 to -
23.5%o (Table 2) in the non-frontal regions. Slightly depleted 5'3Cpoc were observed within the fronts
T1 (-25.2%0), T2 (-26.1) and T5 (-25.7) than the surrounding non-frontal regions (-24.5, -25.5 and -



24.4%o, respectively, Table 2). The mean 3*3Cpoc were relatively depleted within the fronts (-
25.740.4%0) than the non-frontal regions (-24.8+0.6%o), except for the fronts T3 and T4 where
relatively enriched 8*Cpoc were observed within the fronts (-24.6 and -25.3%, respectively) than the
non-frontal regions (-25.1 and -25.7%o). The 8®Npn in the surface varied from 4.7 to 13.7%o and
from 5.2 to 26.6%, in the frontal and non-frontal regions, respectively (Table 2). Relatively depleted
5Npn were observed within the fronts (8.4+1.7%o) than the surrounding non-frontal regions
(12.8+5.7), except the front T4, where 8°Npn was slightly enriched within (10.5%o) than outside
(10.0%o) front.

In order to understand the statistical significance of the difference between frontal and non-
frontal regions of several variables, a homoscedastic (two-sample equal variance) Student’s t-Test
with a two tailed distribution was performed between the frontal and non-frontal regions. The
probability (p) associated with this t-test for different variables were listed in Table 3. Except 5°Nen
in fronts T4 and T5, the remaining variables showed statistically significant difference between the

frontal and non-frontal regions (Table 3).
4.4. Isotopic composition of phytoplankton and zooplankton in the frontal and non-frontal regions

The 8'3C of dominant phytoplankton groups collected in the study region (diatoms and
dinoflagellates) showed slightly depleted values within the fronts (-25.1+0.5%o) than the non-frontal
regions (-24.2+0.7%o, Table 2). Similarly, zooplankton also showed relatively depleted 5'3C within
the fronts (-25.4+0.6%0) compared to those observed in the non-frontal region (-24.6+0.1%., Table
2). On the other hand, both phytoplankton and zooplankton were characterized by the relatively
enriched 8N in the frontal (4.2+0.3 and 5.8+0.5%., respectively) than the non-frontal regions
(3.8+0.3 and 5.0+0.5%o, respectively) (Table 2), contrasting to that of the 5*°C.

5. Discussion
5.1 Variable hydrographic conditions and sources of nutrients in temperature fronts

The SST difference between the frontal and non-frontal regions of this study are similar to
those observed earlier in the northeastern Arabian Sea (0.3-1.0°C) [Vipin et al., 2015; Roy et al.,
2015, Sarma et al., 2015] and the western Arabian Sea [Lendt et al., 1999; Barber et al., 2001], but
weaker than those reported elsewhere in the world oceans [Hickox et al., 2000], for example, Florida
Current (2-10°C) and the Gulf Steam (1.5-4.5°C) [Belkin et al., 2009] and in the temperate region
[Moore et al., 1999; Dong et al., 2006] due to variable mixing rates [Park and Chu, 2006].

Prevailing hydrographic conditions in the frontal and non-frontal regions of the temperature
fronts (T1 to T5) in the NEAS during the study period were given in detail elsewhere [Sarma et al.,
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2017]. Briefly, the distribution of temperature and salinity in the upper 50 m of the water column
(Fig. 2) showed an upwelling of the high salinity and cooler deep waters into the surface within the
frontal regions. An inverse relationship between nutrients and temperature indicates an upwelling of
nutrient-rich sub-surface waters in to the surface within the fronts, resulting in relatively higher
concentrations of integrated nutrients in the mixed layer of the frontal regions compared to the
surrounding non-frontal regions. A significant linear relationship between nutrients and the depth-
integrated phytoplankton biomass indicated that the nutrients injected into mixed layer through the
upwelling supported the primary production within the frontal regions. As a result, relatively higher
integrated phytoplankton biomass was found within the frontal than the corresponding non-frontal
regions, except T1 (Table 1). Further, phytoplankton cells were found to be healthy and active
within the frontal than the non-frontal regions from relatively higher Fv/Fm ratios in the former than
the latter [Sarma et al., 2017].

Although, the fronts were identified by the difference in SST at the time of our sampling,
however, characterization of the frontal and non-frontal region is a difficult task because the front is
dynamic in nature and laterally advects in the direction of the mean flow. Since, the prevailing
currents in the NEAS during our study period were in the northwestward, the fronts move laterally
towards northwest direction [Sarma et al., 2017]. The open ocean fronts T1 and T2 were sampled
from northwest to southeast direction, while the coastal fronts T3 and T5 were sampled from east to
west except T4 which was sampled from west to east (Fig. 1). Therefore, non-frontal regions in our
study might have influenced by the fronts before our sampling. Further, some residual signatures
were found to be left behind after the movement of the front. For instance, Vipin et al. [2015]
noticed residual chlorophyll signals after the front had passed the region. Nevertheless, the prevailing
conditions in the surrounding non-frontal region at the time of our sampling were considered as
initial (background) conditions because the upwelling of subsurface waters with different
characteristics changes the initial surface conditions within the fronts. The background conditions
from which fronts evolve are important in understanding the variability of particulate organic matter

(POM) within the frontal regions of coastal and open oceans.
5.2 Variations in the content of POC and PN in the frontal and non-frontal regions

The range of POC concentrations observed in this study is similar to those reported earlier in
the eastern Arabian Sea [Sardessai et al., 1999]. Relatively higher POC within the frontal than the
non-frontal region (Table 1 and 3) can be explained by the enhanced primary production in the
former than the latter as relatively higher integrated Chl-a was found within the frontal (mean 41+16

mg m?) than the non-frontal regions (2626 mg m2). A significant linear relationship between the
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integrated POC and phytoplankton biomass (Chl-a) (r?=0.48; p<0.001) conform that significant
contribution of organic matter from in-situ production during the study period. Elevated primary
production within the frontal regions could be due to (i) the availability of nutrients that were
brought to the surface by upwelling of the nutrient-rich subsurface water into the surface [Levy,
2001; Mahadevan et al., 2008; Vipin et al., 2015] and (ii) re-stratification of the water column by the
frontal instabilities [Fox-Kemper et al., 2008; Mahadevan et al., 2010; Thomas and Taylor, 2010;
Behrenfeld, 2010; Taylor and Ferrari, 2010] which hinders the turbulent vertical mixing in the
frontal zones. A negative relationship of nitrate with Chl-a within the frontal regions (r>=0.30;
p<0.001) suggests nutrients injected into euphotic one by vertical mixing supported in-situ primary
production in the frontal regions. Elevated levels of primary production within the ocean fronts was
also reported in the NEAS [Roy et al., 2015; Sarma et al., 2015; 2017] and elsewhere in the world
oceans [Mahadevan and Archer, 2000; Levy et al., 2001; Mahadevan and Tandon, 2006; Taylor and
Ferrari, 2011; Olita et al., 2014], and attributed to the input of nutrients in to euphotic zone through

the upwelling/vertical mixing.

However, POC was higher in the frontal than the non-frontal region of T1 (Student t-test,
p=0.63; Table 3) despite Chl-a was similar in the former and latter regions (Table 1). On the other
hand, POC concentrations were nearly equal in the frontal and non-frontal regions, despite Chl-a was
significantly higher in the former than the latter regions of T2 and T3 (Table 1). The decoupling
between Chl-a and POC and a weak negative relationship between nitrate and POC (r?=0.31,
p<0.001) in the frontal regions suggests dominant contribution from heterotrophs, or conversion of
POC to dissolved organic carbon (DOC) and/or initial background conditions. Relatively higher
zooplankton biomass and TBC (except T3) were observed in the frontal regions than the
corresponding non-frontal regions (Table 1), suggesting that significant contribution from
heterotrophs may be possible within the fronts than the non-frontal regions. Significant negative
relationship between zooplankton biomass and POC (r>= -0.41; p<0.001) suggests that zooplankton
may be feeding on POC. A linear relationship of TBC with pCO2 (r?=0.43; p<0.001) and an inverse
relation with the dissolved oxygen (r?=-0.45; p<0.001) within fronts of this region [Sarma et al.,
2015, 2017] indicate an intense bacterial decomposition of organic matter within the fronts compared
to the surrounding non-frontal regions lead to conversion of POC to DOC is possible. However, no

DOC data are available to compare.

Three times higher zooplankton biomass in the coastal fronts (mean of T3, T4 and T5:
2316+930 mg m™) than that of the open ocean fronts (mean of T1 and T2: 741+233 mg m), and less
than half of the TBC in the former (1.09+0.2 No. IY) compared to that of the latter (2.71+2.0 No. I'})
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suggest that dominant heterotrophic activity by zooplankton in the coastal and by bacteria in the
open ocean fronts. Dominance of microbial activity in the open ocean fronts could be due to the
predominant contribution from Phaeocystis (Prymnesiophyte) to the phytoplankton biomass within
the fronts of the open ocean region of the NEAS during winter [Roy et al., 2015]. This is because
Phaeocystis are known for production of higher DOC and therefore support microbial carbon
demand [Smith et al., 1998] within the frontal regions. Further, the grazing activity of Phaeocystis
blooms was found to be higher but species dependent [Schoemann et al., 2005]. Relatively higher
concentrations of 19’ hexanoyloxyfucoxanthin, 19'-butynoyloxyfucoxanthin and fucoxanthin, the
marker pigments for Prymnesiophytes, within the open ocean fronts of the present study [Dr. R. Roy,
personal communication] confirms that significant contribution from Phaeocystis to the
phytoplankton biomass. Phytoplankton composition is, therefore, responsible, at least partly, for
variable contributions to POC from different heterotrophs. However, the difference in biological
response between coastal and open ocean fronts may also be due to variable mixing depth of the
front and initial conditions. Deeper mixed layer in the open ocean (63+6m) than the coastal ocean
fronts (38+8m) brought the TBC-rich subsurface waters to the surface in the former that might have
led to existence of microbial loop in the former and dominance of heterotrophic activity than
autotrophic. In contrast, shallow mixed layer in the coastal fronts results in the upwelling of nutrient
rich and subsurface Chl-a to the surface leading to dominance of autotrophy than heterotrophy.
Nevertheless, the variability of POC within the frontal regions of coastal and open ocean could be
due to the balance between autotrophic production and heterotrophic consumption. This balance
may vary with the age of the front and initial background conditions due to variable response of

ecosystem components to nutrient enrichment.

The younger fronts T5 (0.5 days) and T1 (3.3 days) showed higher POC in frontal regions
(6591 and 5352 mg m2, respectively) than the non-frontal region (6144 and 4704 mg m?
respectively) (Table 3), whereas the relatively older fronts T2 (6 days), T3 (9 days) and T4 (11 days)
showed lower POC within the frontal (5159, 4623 and 5144 mg m™, respectively) than the respective
non-frontal regions (5253, 4729 and 5916 mg m2, respectively) (Table 3). This suggests that
production dominates over consumption (autotrophy) when fronts are formed and the dominance
shifts towards heterotrophy with increasing the age of the front due to the lag in heterotrophs to
respond to autotrophic production. Although, the open ocean front T1 is the youngest among the
fronts sampled in this study, however, relatively higher TBC within the frontal (1.30x10® Nos. 1)
than the non-frontal (0.70x10® Nos. IY) region is due to the mixing of TBC-rich deeper waters with

that of the surface because TBC was higher at depth (~50-60m) in this region [Sarma et al., 2017]
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and mixing depths are deeper (63+6m) in the open ocean. Hence, the higher TBC may not probably
be due to the age-related shifting from autotrophy to heterotrophy.

No studies on POC or its stable C isotopes are available, to the best of our knowledge, in the
frontal regions of either the Arabian Sea or the Bay of Bengal to compare our results. However, our
findings of higher POC and intense autotrophic and heterotrophic activities within the frontal regions
are concurrent with earlier reports on frontal regions elsewhere [see review by Owen, 1981], for
instance, northwest off Cape Town, South Africa [Bang, 1973], Sargasso Sea [Hulbert, 1964; Colton
et al., 1975]; Cape Columbine upwelling centre in the Southern Benguela [Armstrong et al., 1987]
and California Current off Southern California [Li et al., 2012; Ohman et al., 2012; Stukel et al.,
2017].

5.3. Potential sources of POC in the frontal region

The range of elemental C:N ratios observed within the upper 50m of the open ocean
(mean 6.3£2.0) and coastal (5.5£1.9) fronts are close to the C:N ratios of phytoplankton derived
organic matter (6-8) [Redfield et al., 1963; Onstad et al., 2000; Jennerjahn et al., 2004], but slightly
higher than the bacterial biomass (3-6) [Le Fevre-Lehoerff et al., 1993, Creach, 1995; Hedges et al.,
1997] and zooplankton biomass (3-6) [Koski, 1999; Fagerbakke et al.,1996] and lower than the
terrestrial POC (>12) [Hedges and Mann, 1979; Meyers,1994; Hedges et al., 1997; Lamb et
al.,2006], indicating that major contribution to POC from in-situ phytoplankton production and
heterotrophs rather than the terrestrial sources. The POC:Chl-a ratios can also be used to delineate
the sources of organic matter from living resources mainly from autotrophs and heterotrophs
[Cifuentes et al., 1988; Richard et al., 1997; Bentaleb et al., 1998]. The POC:Chl-a ratio of fresh
organic matter produced by the marine phytoplankton varies from ~40 [Montagnes et al., 1994] to
<200 [Cifuentes et al., 1988; Bentaleb et al., 1998] due to the regional differences in temperature,
irradiance, growth rate and species composition [Heath et al., 1990; Montagnes et al., 1994; Geider
et al., 1998]. Heterotrophic contribution to POC pool increases the POC:Chl-a ratios of particulate
matter because they contribute to POC but not to Chl-a. Mean POC:Chl-a ratios within the fronts
of the present study (187+48), indicates that considerable amount of organic matter contribution

from the phytoplankton and heterotrophy than terrestrial sources, consistent with C:N ratios.

Stable isotope ratios of C and N provide more reliable information on sources of organic
matter [Hedges et al., 1997] as the 5'C and 5'°N of POC represent the isotope ratios of their source
C and N, respectively [Thunell et al., 2004], and have been widely used for identification of organic

matter sources in marine environment [Gearing, 1988; Altabet, 1996; Middelburg and Nieuwenhuize,
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1998; Kuramoto and Minagawa, 2001; Zhang et al., 2007; Sampaio et al., 2010; Krishna et al.,
2013; 2014; Sarma et al., 2014]. The 8'3*Cpoc within the fronts (-25.7+0.4%o) are very close the
range of the measured §*°C of phytoplankton (-25.1£0.5%0) and zooplankton (-25.4+0.6%o) collected
from the frontal regions, and enriched than the typical 6*3C of terrestrial particulate organic matter (-
33 to -25%o) [Barth et al., 1998; Middelburg and Nieuwenhuize, 1998]. However, the §**Npn within
the fronts (8.4+1.7%o) were relatively enriched than the measured 8*°N of phytoplankton (4.2+0.3%o)
and typical 8'°N signatures of terrestrial organic matter (0.2-4%o) [Thornton and McManus, 1994],
but close to the measured 5°N of zooplankton (5.8+0.5%0) from frontal regions. These findings
suggest that zooplankton and phytoplankton biomass predominantly contributes to the POC pool

rather than the terrestrial sources.

Relatively depleted 8*3C and §'°N of phytoplankton in the frontal regions (-25.1£0.5%o and
4.2+0.3%o, respectively) than the typical §*C and 5'°N of marine phytoplankton (-23 to -21%o and 5-
7%o, respectively) [Dehairs et al., 2000; Altabet, 1996; Brandes and Devol., 2002; Lamb et al., 2006]
suggest that the primary production within the frontal zones is supported by the upwelling of
subsurface nutrients. This is because the mineralization of organic matter by heterotrophic activity
in the water column releases *C-depleted dissolved inorganic carbon (DIC) and °N-depleted
dissolved inorganic nitrogen (DIN) due to the preferential release of *2C and *N, respectively. The
upwelling of this *C-depleted DIC and °N-depleted DIN to the surface, and their subsequent uptake
by phytoplankton leads to the formation of relatively depleted §*3C and §'°N of phytoplankton in the
frontal regions [Altabet et al., 1996; Brandes and Devol, 2002; Thunell et al., 2004; Lamb et al.,
2006]. Though, the §*3C of DIC was not measured in this study, however, strong linear relationship
between temperature and §*3C of POC (depleted 5*3C at low temperatures) in the upper 50m of the
water column of the fronts T1 (r>=0.64, p<0.001), T2 (r?>=0.66, p<0.001), T3 (r>=0.41, p<0.001), T4
(r?=0.40, p<0.001) and T5 (r?=0.39, p<0.001) suggest that injection of *C-depleted DIC from sub-
surface to that of the surface is responsible for the depleted 3*Cpoc within the frontal regions.
Measured 5'°C of phytoplankton also showed relatively depleted values within the fronts (-
25.1+0.5%0) than the surrounding non-frontal region (-24.2+0.7%o), confirming that uptake by
phytoplankton of the *C-depletd DIC in the former. Although, the slower growth rate of
phytoplankton in oligotrophic waters depletes its &C due to the relatively larger isotope
fractionation during the photosynthesis reaction, however, it may not be responsible for the observed

depletion in 3Cpoc in the present study as the frontal regions are rich in nutrients.

Grazing of the 3!3C depleted phytoplankton by zooplankton results in further depletion of

313C in zooplankton biomass. Predominant contribution from phytoplankton and zooplankton
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biomass, as indicated by C:N and POC:Chl-a ratios, could have also depleted the §*3C of POC within
the frontal regions. Intense degradation of organic matter in the frontal regions, as evident from a
significant linear correlation between TBC and pCO- (r?=0.43, p<0.001) and a negative relationship
between TBC and dissolved oxygen (r?=0.45, p<0.001) as mentioned previously in section 5.2, can
either deplete or enrich the 5'3C of residual POC [Cavagna et al., 2013]. However, it appears that the
depleted "*Cpoc in the present study may not be due to the bacterial modifications in 8*3C signatures
of POC because the measured 53C of microscopically separated phytoplankton groups (unaltered by
bacteria) also showed depleted $*3C (-25.1£0.5%o).

Therefore, elemental C:N and POC:Chl-a ratios, and §**C and §'°N signatures suggest that
POC within the temperature fronts of the NEAS is contributed by the in-situ production and
heterotrophs, with a predominance of the latter, consistent with their abundances. Significant
contribution from phytoplankton biomass is mainly due to enhanced primary production supported
by the nutrient input to the surface through the vertical mixing in the frontal zones, as evidenced
from a linear correlation between the integrated POC and phytoplankton biomass (Chl-a) (r=0.48;
p<0.001). Major contribution from heterotrophs is attributed to the intense heterotrophic activity
within the fronts, as also indicated by higher TBC and zooplankton biomass, due to the availability
of higher phytoplankton biomass and vertical mixing that brings TBC-rich subsurface water into the
surface. However, predominant contribution from bacterial biomass may be more unlikely because
POC samples were collected as the material retained on 0.7um pore size filters. Some fraction of the
bacterial biomass (of size <0.7um) might have lost due to filtration with 0.7um pore size filters for
POC sampling. However, particle attached bacteria may contribute to the POC. Relatively deeper
mixing in the open ocean fronts (63+6m) than the coastal fronts (38+8m), variable lag in the
biological response to the nutrients injected into the surface [Sarma et al., 2017], phytoplankton
composition and the age of the front are, therefore, determining the variable contributions from in-
situ production and heterotrophs to POC in the open ocean and coastal fronts. Nevertheless, this
study suggests that predominant heterotrophy in the open ocean and autotrophy in the coastal ocean

fronts in the northeastern Arabian Sea during winter.

Dual isotope mixing model ‘SIAR’ results (Table 4) revealed that predominant contributions
from zooplankton biomass to POC pool within the open ocean and coastal fronts, with a proportional
contribution of about 60-80% in the former and 50-60% in the latter. Contribution from
phytoplankton biomass increased from open ocean (20-40%) to the coastal fronts (40-50%). Higher
zooplankton contribution to POC within the open ocean fronts, and relatively higher contribution
from phytoplankton within the coastal fronts (40-50%) than the open ocean fronts (20-40%) are
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attributed to variable mixing depths, age of the front and phytoplankton composition in the coastal
and open ocean fronts, as explained earlier. In the non-frontal regions, zooplankton and
phytoplankton contribute equally in the coastal ocean, whereas it is slightly higher in the former (50-
70%) than from the latter (30-50%) in the open ocean (Table 4). However, these estimations are
only semi-quantitative because the two other important contributors to POC, the micro-zooplankton
and bacteria, were not included in the model as end members. Since the model gives the proportional
contributions, inclusion of the micro-zooplankton and bacterial end members may change these
estimations. For example, relatively higher contribution from zooplankton biomass in the open ocean
fronts (60-80%) than the coastal fronts (50-60%) despite the zooplankton biomass is higher by about
three times in the latter (23164930 mg m) than that of the former (741+233 mg m) suggesting
significant contribution from micro-zooplankton in the open ocean fronts, consistent with recent
observation by Sarma et al. [2017]. This study suggests that traditional food web is operational
within the frontal zones of the coastal ocean while the microbial loop is operational in the open
ocean fronts. Thus, contribution from micro-zooplankton may play a key role in the heterotrophic

activity of the open ocean fronts.

Correlations between SIAR results and TBC were examined to understand the relationship of
proportional contributions from phytoplankton and zooplankton to POC with that of the microbial
activity. Except T2, where exceptionally higher TBC (4.12x108 Nos. IY) was found, TBC showed a
strong negative correlation with phytoplankton (r>=0.99, n=3) and a strong positive correlation with
zooplankton biomass (r>=0.99, n=3) in the frontal regions, suggesting that significant modification of
POC to DOC by microbial activity and strong influence of microbial activity in the food web
dynamics in the frontal regions. However, the inverse relationships of TBC with phytoplankton and
zooplankton could also be due to the fact that the estimated contributions from phytoplankton and
zooplankton are proportional, i. e., sum of both is 100%. Inclusion of the other two important end
members, micro zooplankton and bacteria, in the SIAR model change the relative contributions from
phytoplankton and zooplankton to POC, as mentioned above. However, separation of the micro-
zooplankton and bacteria under microscope, and determination of their §**C and §'°N ratios are still

challenging and requires further efforts.
6. Summary and conclusion

A total of five temperature fronts of different ages from the coastal and open ocean regions of
the northeastern Arabian Sea were investigated to understand the particulate organic carbon (POC)
sources and characteristics within the fronts, and to examine their variability with space and age of

the front during winter. Vertical distribution of temperature and salinity showed that upwelling of
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high saline, cooler and nutrient rich waters to the surface in the frontal regions. The §!3C and 5!°N of
phytoplankton collected from surface waters of the frontal regions showed an evidence for upwelling
of subsurface waters characterized by *C-depleted DIC and *N-depleted DIN to the surface in the
frontal regions and supporting the biological production. Relatively higher phytoplankton biomass
(Chl-a) was observed within the frontal regions than the surrounding non-frontal regions of all the
fronts, except T1, due to availability of nutrients. The content of POC was found to be not
associated with Chl-a and attributed to the combined influence grazing activity, decomposition of
POC by heterotrophic activity and age of the front. Elemental C:N ratios, POC:Chl-a, §*C and §'°N
of particulate matter showed that predominant contribution from autotrophic and heterotrophic
biomass to the POC pool. However, proportional contributions from autotrophic and heterotrophic
organisms vary spatially from coastal to open ocean regions and with the age of the front. As the age
of the front progresses, predominant contribution to POC shifts from autotrophic to heterotrophic
organisms. Dual isotope mixing model SIAR revealed that predominant contribution to POC pool is
from the zooplankton biomass within the open ocean 60-80%) than coastal (50-60%) fronts of the
study region. While the contribution from phytoplankton increases from open ocean (20-40%) to
coastal ocean (40-50%) fronts. Our study, therefore, suggest that open ocean fronts are dominated by

heterotrophy whereas autotrophy dominates the coastal ocean fronts in the NEAS.
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Figure Captions

Figure 1: Map showing the Arabian Sea, the northwestern Indian Ocean. The inset box shows the
region investigated during this study in the northeastern Arabian Sea (NEAS). The expansion of the
box in the map shows the average SST (°C) during the sampling period (24-30 January 2014).
Transects sampled (T1 to T5) were shown by solid black lines while the station locations were
shown by filled black squares. Starting station of each transect was shown by the alphabet ‘a’ and
increases the station numbers with ascending alphabets. For instance, T1a and T1j indicate the first
and last stations on Transect 1. Only in the case of transect T2, starting station ‘a’ is not at the end of
transect. Initially samples were collected at T2a to capture the front and then moved to northwest
direction and sampled T2b following T2c and T2d. The PFZ advisories given by INCOIS on
different dates during our sampling period (24-30 January, 2014) in the NEAS were also marked.
Different color of the curves indicates the PFZ advisory on different dates.

Figure 2: Horizontal and vertical distribution of (a) temperature (°C), (b) salinity, (c) chlorophyll-a
(mg m®), (d) particulate organic carbon (UM L) and (e) particulate nitrogen(uM L) in temperature
fronts T1, T2, T3, T4 and T5 in the north eastern Arabian Sea during winter. X- axis refers to the
distance computed from northwest to southeast for fronts T1 and T2, and from west to east for T3,
T4 and T5. The sampling was done in an opposite direction for fronts T3 and T5.

Figure 3: Horizontal and vertical distribution of (a) stable isotope ratio of particulate organic carbon
(8Cproc, %o), (b) stable isotope ratio of particulate nitrogen (5°Nen, %0) and (c) elemental carbon to
nitrogen ratio (C:N) in temperature fronts T1, T2, T3, T4 and T5 in the north eastern Arabian Sea
during winter. X-axis refers to the distance computed for different fronts as given in caption of Fig.
2.

Table Captions

Table 1: Difference between within the front (frontal) and outside the front (non-frontal) regions in
temperature (°C) and integrated content of phytoplankton biomass (Chlorophyll-a; mg m),
particulate organic carbon (POC, mg m2) and particulate nitrogen (PN, mg m) in elemental
C:N ratio and POC:Chl-a ratios in surface 50m of water column of the fronts T1, T2,T3, T4
and T5 in the northeastern Arabian Sea.

Table 2: Variability in the mean stable carbon and nitrogen isotopes of particulate organic carbon
(8%3Cpoc and 8™Nen, %o respectively), phytoplankton groups (8*CeryTo and 8°NewyTo, %o0)
and Zooplankton groups (3*3Czoo and §**Nzoo, %o) collected within the frontal (F) and non-
frontal (NF) regions of T1, T2, T3 and T4 in the northeastern Arabian Sea

Table 3: Probability associated with the two-sample equal variance (homoscedastic) Student’s t-
Test, with a two tailed distribution, between the frontal and non-frontal regions of integrated
particulate organic carbon (Int. POC), particulate nitrogen (Int. PN) and chlorophyll-a (Int.
Chl-a), and POC:Chl-a, §*C and &N ratios of suspended particulate organic matter.
Asterisk (*) indicates significant p value (p<0.01) for 8*°N values between the frontal and
non-frontal regions of the fronts T4 and T5.

Table 4: Proportional contributions of organic matter from phytoplankton and zooplankton to
suspended particulate organic matter in the frontal and non-frontal regions of T1, T2, T3 and
T4 fronts in the northeastern Arabian Sea during winter.
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Transect Temperature Chlorophyll-a POC PN Zooplankton biomass C:N ratio POC:Chl-a
(°C) (mg m?) (ng m?) (g m?) (mg m?)
F NF F NF F NF F NF F NF F NF F NF
T1 248 25.2 30.1 31.5 5352 4704 941 957 576 177 6.7 7.5 162 192
T2 23.8 254 67.9 31.6 5159 5253 1014 1190 906 480 6.7 5.0 225 213
T3 247 25.3 36.2 27.8 4623 4729 1367 1230 1919 1154 4.6 49 141 191
T4 246 25.2 27.4 23.2 5144 5916 1354 1313 3379 1258 5.8 49 253 195
T5 245 249 44.1 18.2 6591 6144 1323 1222 1649 1137 5.6 6.0 157 205
Table 1
Transect 613Cpoc (%o) 613CPHYT0 (%o) 613Czoo (%o) 615NPN (%o) 615NPHYT0 (%o) 615Nzoo (%o)

F NF F NF F NF F NF F NF F NF

T1 -25.2 -24.5 -22.3 -24.3 -24.7 -24.6 8.8 20.0 4.5 4.1 5.8 49

T2 -26.1 -25.5 -24.6 -23.4 -26.1 -24.7 6.4 7.7 4.5 4.0 6.1 5.0

T3 -24.6 -25.1 -25.6 -25.1 -25.7 -24.7 10.5 14.9 3.9 3.5 6.1 6.1

T4 -25.3 -25.7 -25.1 -24.1 -24.9 -24.4 10.5 10.0 4.0 3.5 5.0 5.1

Table 2
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Front Int. POC  Int.PN Int.Chl-a  POC:Chl-a 83C &N
T1 0.63 0.61 0.48 0.57 0.08 0.03
T2 - - - 0.84 0.25 0.42
T3 0.12 0.87 0.01 0.39 0.49 0.02
T4 0.79 0.65 1.00 0.22 0.20 0.00"
T5 0.60 0.57 0.79 0.12 0.19 0.00"

*: p<0.01, -: not performed as only one station was sampled within the front

Table 3:
Front Front non-front
Phyto (%) Zoo (%) Phyto (%) Zoo (%)
T1 20 80 50 50
T2 40 60 30 70
T3 40 60 45 45
T4 50 50 30 70

Table 4:
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