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Abstract

The eastern Arabian Sea over the continental margin is a dynamic region subjected to short-term
variability in hydrography as a result of various physical forcings such as coastal advection and
vertical mixing. In order to assess the influence of hydrography on the picophytoplankton
community, a temporal high resolution (every 3 h for nine days) study was carried out at a fixed
location (15° 18” 46”N, 72”41 53”E) in the eastern Arabian Sea during the early north-east monsoon
(November 2011). The picophytoplankton community comprised of Synechococcus,
Prochlorococcus, and picoeukaryotes. Based on the temperature and salinity distribution, the study
period was divided into phase I representing a stratified water column and phase II representing a
vertically mixed water column. Phase I had higher picophytoplankton abundance with the initial
dominance of Prochlorococcus which was later taken over by picoeukaryotes. Towards the end of
phase I, with the initiation of vertical mixing, picoeukaryotes were the first to respond to the nutrient
influx. As the vertical mixing intensified during phase II, the picophytoplankton abundance declined.
Picophytoplankton carbon biomass and their contribution to total phytoplankton biomass was
relatively higher during phase I with picoeukaryotes as the major contributors. These transient
variations in picophytoplankton abundance highlights the importance of high frequency observations
at the single cell level for better understanding the population dynamics in such environments.
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1. Introduction

The Arabian Sea (AS) constitutes the north-western part of the Indian Ocean and its semi-enclosed
feature leads to an unusual climate, hydrography, and biogeochemical processes (Naqvi et al., 2003).
As a result of the semiannual reversal of monsoon winds, seasonal variation of water column
characteristics is also observed (Qasim, 1982; Banse, 1987). During the south west monsoon
(SWM), coastal upwelling is a common phenomenon (Banse, 1968; Banse and McClain, 1986;
Shetye et al., 1994) whereas during the north-east monsoon (NEM) convective mixing is prominent
in the northern AS (Madhupratap et al.,, 1996) with decreasing intensity of mixing towards the
southern AS (Prasanna Kumar et al., 2000). Additionally, during this period downwelling is also
observed (Rao et al., 2008). Monsoonal forcing results in seasonal variations in the mixed layer
depth, flux of nutrients to the upper mixed layer and thereby on pelagic food web structure and
production (Madhupratap et al., 1996; Morrison et al., 1998; Prasanna Kumar et al., 2000; Wiggert et
al., 2000; Shankar et al., 2005).

In the AS, phytoplankton biomass and primary productivity are high during the SWM and the
NEM (Marra et al., 1998; Prasanna Kumar et al., 2000). During the NEM, interannual variations in
the phytoplankton biomass and primary production are significant along the eastern (Bhattathiri et
al., 1996; Sawant and Madhupratap, 1996; Parab et al., 2006; Ahmed et al., 2016) and the western
AS (Campbell et al., 1998; Brown et al., 1999; Garrison et al., 2000). Only a few of the above studies
have dealt with the smaller sized phytoplankton groups in the eastern AS (Roy et al., 2015; Ahmed et
al., 2016).

During the last decades, the importance of picophytoplankton (PP; < 3 um) has been
demonstrated in the marine environment as major contributors to the phytoplankton biomass
(Worden et al., 2004; Richardson and Jackson, 2007). PP comprises of three major groups,
Prochlorococcus (PRO), Synechococcus (SYN) and picoeukaryotes (PEUK). PRO dominates the
oligotrophic waters and is encountered down to 150 m depth (Chisholm et al., 1988; Partensky et al.,
1999; Johnson et al., 2006; Fuller et al., 2006). SYN is abundant in mesotrophic waters with a
shallower vertical distribution than that of PRO (Bouman et al., 2006; Zwirglmaier et al., 2007;
Flombaum et al., 2013). PEUK, along with SYN dominate the nutrient-rich coastal ecosystems
(Blanchot et al., 2001; Jiao et al., 2005; Sharples et al., 2009). Although limited information is
available on the PP community from the eastern AS, short-term variability which can impart an in-

depth understanding of the PP dynamics still remains unknown.



In this study, we focused on the short-term vertical variations (every 3 h for 9 days) in the PP
community structure at a fixed location over the continental slope in the eastern AS, off Goa, India.
The objective of this study was to assess the influence of different hydrographic conditions such as
stratification and mixing on the PP distribution pattern. We hypothesize that in the eastern AS, the
PP community structure and carbon biomass varies in response to the short-term hydrographic
variability resulting from coastal advection and vertical water column mixing. This study will also
serve as a basis for understanding the response of phytoplankton community as a whole with

chlorophyll biomass as the proxy.
2. Materials and methods
2.1. Sampling

Sampling was conducted for 9 days (D) at an interval of 3 h at one fixed location over the
continental slope of the eastern AS (15" 18> 46”N, 72" 41’ 53”E) (Fig. 1), onboard the ocean research
vessel ORV Sindhu Sankalp (SSK-27) during the early NEM season (18-26 November 2011).
Temperature, salinity and dissolved oxygen (DO) data profiles were taken from precalibrated CTD.
Mixed layer (ML) depth was derived from the sigma-t criteria, as the depth at which a change from
the surface sigma-t of 0.125 has occurred. Water samples for nutrients and PP analyses were
collected from 7 to 10 depths in the upper 0 - 200 m water column with 12 dm® Niskin bottles
(General Oceanics, Miami, FL, USA) mounted on a CTD (Sea- Bird electronics) rosette sampler.
Nutrient samples were analyzed [nitrite (NO,") nitrate (NO3"), orthophosphate (PO4>), ammonium
(NH,"), and silicate (SiO4")] with a SKALAR SANP" auto-analyzer. For analysis of PP, water
samples were preserved in paraformaldehyde (final concentration 0.2%; Campbell, 2001). After 15
min dark incubation, the samples were quick-frozen in liquid nitrogen and stored at -80°C until
analysis. For chlorophyll a analysis, water samples (~3-4 L) were filtered through GF/F filter
followed by extraction of pigments in 90% acetone which were measured using High Performance

Liquid Chromatography (LC 1200 series, Agilent Technologies, USA; Acharyya et al., 2012).
2.2. Flow cytometric analyses of picophytoplankton

In the laboratory, samples were thawed and analyzed through FacsVerse flow cytometer
configured with 20 mW and 40 mW air-cooled lasers exciting at 488 nm (blue) and 664 nm (red),
respectively. Sample acquisition was set for 10000 events. Flow rates were calibrated before analysis
using the equation, R= (W;- W¢ )/ (T x d) where W; = initial weight of the sample (mg), W¢ = final
weight of the sample (mg), T = time (minutes), and d = density of the sample (seawater = 1.03)

(Marie et al., 2005). Forward angle light scatter (FALS; proxy for cell size) and right angle light



scatter (RALS), orange (564-606 nm) and red (> 650 nm) fluorescence intensities were collected
from each particle and analyzed with Facs Suite™ software. Yellow-green fluoresbrite fluorescent
beads (Polysciences co., USA) of 2 um diameter were added to the samples as an internal standard.
Cell fluorescence emission and light scatter signals of each PP group were normalized to that of the
beads (mean cell values/ mean bead values) to distinguish the different PP groups based on their
autofluorescence properties and size. Three major groups of PP were determined (Fig. 2a-c). SYN
was identified based on the orange fluorescence of the pigment phycoerythrin. PEUK were

differentiated from PRO based on the relatively higher red chl a fluorescence and largest FALS.
2.3. Carbon biomass estimation

Phytoplankton carbon biomass was derived from chl a using a carbon: chl a ratio of 140 and 83
g C: ug chl™ for the phase-I and phase-II ML depths, respectively (Shalapyonok et al., 2001). A C:
chl a ratio of 52 was used for depths below the ML (Brown et al., 1999; Garrison et al., 2000).
Carbon biomass of SYN, PRO (Garrison et al., 2000; Shalapyonok et al., 2001) and PEUK
(Shalapyonok et al., 2001) were estimated using conversion factors as given in Table 1. For PEUK,

the biovolume calculated from FALS was converted to carbon per cell (Shalapyonok et al., 2001).
2.4. Data analyses

The depth of euphotic zone (Z;¢,) was estimated from chl a concentration of surface layer using
the chl centered approach (Lee et al., 2007). The percentage contribution of PP to total
phytoplankton carbon biomass and individual PP group contribution to total PP carbon biomass were
estimated from the phytoplankton and PP carbon values. PP carbon biomass was depth integrated by
trapezoidal method and its percentage contribution to the total phytoplankton biomass was also

calculated.

PERMANOVA analysis (Wood et al., 2016) was performed using PRIMER 6 software to assess
the variation in the biotic (SYN, PRO, PEUK, PP carbon biomass, chl a, phytoplankton carbon
biomass, and PP carbon contribution) and abiotic (nutrients, temperature, salinity, and DO)
parameters between phase I (stratified water column) and phase I (mixed water column) samplings
in the surface (0 m), ML and below ML. Path analysis was used to explain the linear relationships
(R* = coefficient of determination) between the biological and the contextual physicochemical
parameters in the ML (phase I and phase II) and below ML (50 m, 75 m and 100 m depths). It was
conducted as a hierarchical multiple regression analysis and the obtained results were used to
establish a path diagram (SPSS Amos). The D5 data (ML and below ML) was also treated separately

in order to assess the PP response to environmental conditions during the transition phase.



3. Results
3.1. Environmental variables

Based on the ML depth, the sampling period was divided into two phases: phase I (from D1 to
D5) was characterized by a shallow ML (25.58 + 4.85 m) with high temperature (29.39 + 0.2°C) and
low salinity (34.34 + 2.8) water mass, and phase Il (D6 to D9) was characterized by a deep ML
(51.44 £+ 5.50 m) with lower temperature (28.62 + 0.2°C) and higher salinity (35.15+ 0.43) water
mass (Fig. 3a, b). DO concentration ranged from 3.9 to 6.1 mg dm™ in the ML (Fig. 3c). Nutrient
concentrations within the ML were significantly higher during phase II. NOs; and PO,
concentrations were <1 uM within the ML during phase I whereas during phase 11, it increased (>1
uM; Fig. 3d, Fig. 3f). PO,> concentration started increasing from the end of phase I (D4-D5; Fig.
3f). NO, concentration ranged from 0.02 to 0.97 uM in the water column (Fig. 3e). SiO4"
concentration in the ML ranged from 1.05 to 6.54 uM (Fig. 3g). In the ML, NH4" concentration
ranged from 0.01 to 5.95 uM (Fig. 3h). Nutricline deepened during the beginning of phase I and
during phase II, whereas it was shallower during end of phase I (D4-D5). The depth of euphotic layer
ranged between 60 and 70 m during the study period.

3.2. Picophytoplankton community structure

Variations of hydrographic conditions during the two phases were well reflected in the PP
community structure and its abundance, especially in the ML. At the beginning of phase I, SYN
abundance was higher in the upper 75 m water column, with maximum abundance at 50 m (6.4 x 10*
cells cm™). Its abundance reduced during the later part of phase I (except on D4 at 25 m; 9.8 x 10*
cells cm™) and phase II (Fig. 4a). At the beginning of phase I, PRO was the dominant PP group in
the water column. PRO population was observed down to 200 m depth with maximum abundance in
the ML and occasionally in deeper waters (100 m; Fig. 4b). By the end of phase I, PEUK was the
dominant PP group, especially between 25 m and 75 m depths (Fig. 4c). On D5 and D6, dominance
of PEUK extended to deeper waters (75 m). PEUK had a higher abundance at 50 m, except on D2
and D3. During phase II, the abundance of all PP groups (PRO > PEUK > SYN) reduced by an order
of magnitude in the water column. Overall, PP abundance was higher during phase I (Fig. 4d).

Pronounced diel variation was observed in the PP community during the study period. Generally,
SYN, PRO, and PEUK showed higher cell abundance during the afternoon and night (12:00 to 24:00)
and the time of attaining maximum cell abundance showed variation between the two phases. In
particular, during phase I (D1 to D3) the abundance of SYN, PRO, and PEUK was higher at 18:00,
15:00, and 12:00, respectively, which remained high till 24:00 (Fig. 4a-c). At the end of phase I,



PEUK cell abundance was higher at 9:00 but SYN and PRO did not show any change in the pattern.
During phase II, in the ML, higher abundance of SYN and PRO was observed at 12:00 and PEUK at
15:00 (Fig. 4a-c). In both phases, higher abundance of SYN and PEUK was only observed in the
upper 50 m (Fig. 4a, Fig. 4c). PRO abundance was higher in the shallower depths (upper 50 m) from
evening to night (after 15:00) and below 50 m depth before 15:00 during phase I, whereas, during
phase II, higher cell abundance was observed only in the upper 50 m (Fig. 4b).

3.3. Contribution of picophytoplankton to the total phytoplankton carbon biomass

Chl a concentration ranged from 0.07 to 1.09 ug dm™ with peak values just below the ML (50 m;
Fig. 5a). Chl a concentrations were high during afternoon and night followed by lower values in the
early morning. Phytoplankton carbon biomass varied from 2.5 to 203.1 pg dm™ in the water column
with higher concentrations below the ML. Phytoplankton carbon biomass concentration was
significantly (P < 0.05) higher during phase I than phase II in the ML and also below ML. PP
carbon biomass varied from 0.1 to 98.32 pg dm™ in the water column during the entire study period
(Fig. 5b). PP contribution to the total phytoplankton carbon in the entire water column ranged from
13 to 70% during phase I and 15 to 47% during phase II. Higher PP carbon contribution was
observed during phase I, especially on D5 (26 - 70%, entire water column, Fig. 5c). Depth-integrated
PP carbon biomass concentration was significantly (P < 0.05) higher during phase I than phase II in
surface, ML and below ML. Depth-integrated PP carbon biomass contribution to the total
phytoplankton carbon ranged from 9 to 58% in the ML during the entire study period. However,
there was not much difference in their contribution to total phytoplankton carbon biomass in surface
and ML; whereas below ML, PP carbon contribution to total carbon biomass was higher during

phase I than phase II.

At the end of phase I, the PP carbon biomass was higher especially at 25 m and 50 m depth with a
major contribution by PEUK (Fig. 6¢). The major contributor to PP carbon biomass was PEUK (35 -
90%) followed by SYN (4 - 44%) and PRO (1-39%) in the upper 50 m during both phases (Fig. 6a-c).
In the deeper waters, PRO carbon biomass was dominant except at the end of phase I, where PEUK
was dominant down to 100 m depth. However, on some occasions, PRO dominated the PP carbon
biomass in the ML. There was no consistent diel pattern of PP carbon biomass and its contribution to
the total phytoplankton carbon biomass. Generally, PP contribution was higher in the upper 50 m
depth but at the end of phase I, higher PP carbon contribution was observed down to 100 m, and

extended down to 150 m in the early phase II.

3.4. Relationship between picophytoplankton and environmental variables



PERMANOVA analysis revealed significant variations (P < 0.01) in temperature, DO, PO,
Si04", chl a concentration, PEUK abundance, PRO abundance, phytoplankton carbon biomass, and
PP carbon biomass between phase I and phase II samplings in the surface waters (0 m) whereas
salinity, NH,", NO5,, NO3™ and PP contributions showed insignificant variations (Table 2). In ML,
significant variations (P < 0.01) were observed in temperature, nutrient concentrations, chl a
concentration, PP group cell abundances, phytoplankton carbon biomass, and PP carbon biomass
between phase I and phase II samplings whereas salinity, DO and PP contributions showed
insignificant variations (Table 2). Below ML, DO, nutrients (except Si04%), chl a concentration,
SYN, PEUK, phytoplankton carbon biomass, PP carbon biomass and its contribution to total
phytoplankton carbon biomass showed significant variation (P < 0.01) between phase I and phase 11
samplings, whereas temperature, salinity, PRO abundance and Si0,* showed insignificant variations

(Table 2).

In the ML, variability of SYN abundance was partially explained by the positive correlation with
temperature and NO3~ during phase I (R* = 0.17, P < 0.05) and PO,’" during phase I (R*=0.12, P <
0.05) (Fig. 7a, b). The variation of PEUK abundance was partially explained by negative correlation
with temperature, and positive correlation with PO,>” and NO;™ during phase I (R* = 0.33, P < 0.05)
and positive correlation with NHy', salinity, and temperature during phase II (R2 =0.28, P <0.05).
PRO abundance variation was partially explained by the positive correlation with temperature and
NO; during phase | (R2 =0.23, P < 0.05) and negative correlation with NH4" and positive correlation
with PO,> during phase IT (R* = 0.12, P < 0.05). The variability of PP carbon biomass was largely
explained by positive correlation with SYN, PEUK, temperature and nutrient concentrations (NH,",
PO,*, NO, and NOjy) during phase I (R* = 0.93, P < 0.05) and positive correlation with PEUK,
PRO, PO,>, and NO;; and negative correlation with NH4" and temperature during phase II (R* =
0.83, P < 0.05). The variation in phytoplankton carbon biomass was largely explained by positive
correlation with PP carbon biomass and PO43' and negative correlation with salinity, SiO44' and NO,”
during phase I (R* = 0.67, P < 0.05) and positive correlation with PP carbon biomass and salinity

during phase II (R* = 0.73, P < 0.05) (Fig. 7a, b).

At 50 m depth, variation in SYN abundance was largely explained by the positive correlation with
temperature (R> = 0.32, P < 0.05), at 75 m, partially explained by the negative correlation with NH,"
(R*=0.16, P < 0.05) and at 100 m depth, largely explained by the positive correlation with salinity,
NO;" and NOs™ and negative correlation with temperature and PO43', (R2 =0.47, P <0.05; Fig. 7c-e).
The variation in PEUK abundance at 50 m depth was largely explained by the positive correlation

with NH4", Si04*, and PO,*, and negative correlation with NO3 (R2 =0.51, P <0.05), at 75 m by



the positive correlation with salinity and negative correlation with temperature and PO, (R* = 0.33,
P <0.05) and 100 m depth, partially by the positive correlation with NO3™ (R* = 0.14, P < 0.05). The
variation in PRO abundance was largely explained by the positive correlation with temperature and
NH," at 50 m depth (R* = 0.53, P < 0.05), whereas at 75 m by the positive correlation with
temperature (R> = 0.13, P < 0.05). At 50 m, variation in PP carbon biomass was largely explained by
the positive correlation with PEUK, NO3™ and NH," and negative correlation with SiO44' (R2 =0.73,
P <0.05), at 75 m, largely explained by the negative correlation with salinity and positive correlation
with PEUK abundance and temperature (R> = 0.65, P < 0.05) and at 100 m, largely explained by the
positive correlation with PEUK abundance (R = 0.41, P < 0.05). At 50 m, the positive correlation
with PP carbon biomass largely explained the variation in phytoplankton carbon biomass (R* = 0.42,
P <0.05), at 75 m, largely explained by the positive correlation with PP carbon biomass and negative
correlation with NO3’ (R2 = 0.43, P < 0.05) and at 100 m depth, largely explained by the positive
correlation with salinity and PP carbon biomass (R2 =0.40, P<0.001).

On D5, variability of SYN abundance was largely explained by the positive correlation with
temperature, PO,>” and NO5™ in ML (R* = 0.82, P < 0.05; Fig. 7f), whereas below ML by the positive
influence of salinity, temperature and NO;™ and negative correlation with PO4> (R* = 0.96, P < 0.05;
Fig. 7g). The variation in PEUK abundance was largely explained by the positive correlation with
temperature, NH,", PO,>, and NO;™ and negative correlation with NO,™ in ML (R2 =0.88, P <0.05);
whereas below ML by the positive correlation with temperature, NH,", Si04*, and PO,* and
negative correlation with salinity, NO,, and NO3 (R* = 1.00, P < 0.05). The variation in PRO
abundance in the ML was largely explained by the positive correlation with PO,> and temperature
(R* = 0.67, P < 0.05) whereas below ML, by the positive correlation with PO4>, and negative
correlation with NO;” and NH," (R2 = 0.77, P < 0.05). The variability of PP carbon biomass was
largely explained by the positive correlation with salinity, temperature, PO,>, NO,, NOy", PEUK and
PRO and negative correlation with SYN and SiO4* in the ML (R* = 1.00, P < 0.05) whereas below
ML by a positive correlation with NO,", NOs’, and PEUK and negative correlation with NH.,", SiO44',
PO4> and PRO (R*> = 1.00, P < 0.05). The variation in phytoplankton carbon biomass (R* = 0.92, P <
0.05) was largely explained by the positive correlation with PP carbon biomass and negative
correlation with salinity, PO4> and NH4" in the ML, whereas below ML, by the positive correlation
with PP carbon biomass, temperature and NO;™ and negative correlation with salinity, SiO4* and

PO (R* = 1.00, P < 0.05).
4. Discussion

4.1. Variations in picophytoplankton community structure



There is a scarcity of information on the short-term variability in PP (Jacquet et al., 2002),
especially in the AS where monsoonal winds influence the hydrography. Hence a high resolution
study at a fixed station over the continental slope of the eastern AS was carried out to better
understand the impact of short-term variability in hydrography and environmental conditions on the
PP community dynamics. During this study, the dynamic hydrography was well reflected in the PP
community structure. The ML depth evolved from shallow (phase I) to deep (phase II). The
relatively lower salinity (34) surface waters during phase I could be attributed to the advection of low
saline coastal waters (Shankar et al. 2005). The resultant oligotrophic conditions during phase I
favored PRO and SYN growth within the mixed layer (Anderson et al., 2008; Dongen-Vogels et al.,
2012), with PRO as the dominant group. In the north western AS and Alboran Sea, SYN and PEUK
dominated the mesotrophic conditions whereas oligotrophic conditions were dominated by PRO
(Campbell et al., 1998; Jacquet et al., 2002). Generally, in surface waters, PRO cells are better
adapted to high temperature, low nutrient and stratified water column (Campbell et al., 1998; Liu et
al., 1998; Zubkov et al., 1998; Agawin et al., 2000; Jiao et al., 2005). This is also supported by path
analysis where PRO positively correlated with temperature but showed an insignificant relation with
NO;™ and PO,> within the mixed layer. The degree of mixing in euphotic layer of the water column
was also associated with differences in temperature of around 30 C in the mixed layer compared with
25°C at 50-75 m. Hence, the temperature of each layer could have influenced the PRO populations in
the euphotic layer. Below the mixed layer, the positive correlation of PRO with the prevailing
temperature at 50 m and 75 m suggests the influence of this parameter on its vertical distribution.
Different ecotypes of PRO such as high light (HL) and low light (LL) adapted have been reported in
the oceanic waters (Partensky et al., 1993; Moore and Chisholm, 1999). Depending on their ability to
adapt to different light optima for growth, HL ecotype dominates in the surface waters and LL
ecotype in the deeper waters (Partensky et al., 1999). Similar observations have been reported from
the NEAS (Roy and Anil, 2015). As the euphotic depth in the present study area ranged between 60
and 70 m, vertical distribution of light could have played an important role in the distribution of HL

and LL adapted PRO strains.

SYN, the next abundant group during phase I, which correlated positively with the prevailing
temperature within the mixed layer (30°C) and at 50 m (25 C) suggests a temperature maxima
regulating its vertical distribution in the water column. In the deeper waters (75-100 m), its minimal
abundance in spite of the high nutrient concentrations could be due to lowered growth rates. Since
SYN is a mesotrophic form, its vertically decreasing trend shows that temperature and irradiance

effect overrides the nutrient needs to optimize growth (Mourifio-Carballido et al., 2016). Another



loss factor resulting in its lower abundance could be the high grazing pressure exerted by the small
heterotrophic nanoflagellates (Reckermann and Veldhuis, 1997). The vertical distribution of the least
abundant group, PEUK, were generally controlled by the nutrients as seen from the positive
correlation. PEUK are the main carbon source for the microzooplankton (Reckermann and Veldhuis,
1997). However, the role of grazers as the controller of PEUK in the open oceans is unclear (Hirose
et al., 2008). PEUK mortality losses (50-100%) due to viral lysis was also reported with rates
ranging from 0.1 to 0.8 d” (Baudoux et al., 2007).

With the initiation of vertical mixing during the transition phase (D5) at the end of phase I,
increased abundance of the PP groups within the mixed layer, with SYN dominating the community,
suggests a positive influence of increased nutrient concentrations. This was supported by the positive
correlation with the prevailing temperature, NOs™ and PO,>". Below the ML, the highest PEUK
abundance at the subsurface chl @ maxima where SYN and PRO exhibited relatively lower numbers,
coincided with increased nutrient concentrations. This was supported by the positive correlation of
PEUK with nutrients (Si044', PO43', and NH4+). During this period, PEUK cell abundance peaked
earlier than that of PRO and SYN, implying cell division, which could be mainly driven by variations
in nutrient concentrations. This also suggests that during pulses of nutrient inputs, PEUK are the
fastest to respond amongst the PP groups, followed by PRO. Amongst the larger phytoplankton,
diatoms respond to pulsed nutrient inputs (Ornolfsdottir et al., 2004). Some diatom species such as
Chaetoceros throndsenii which attain a minimum size of 1.5 um have also been observed in the PP
community (Vaulot et al., 2008). Not et al. (2008) also reported the presence of picoplanktonic
diatom in Indian ocean. Minutocellus species, strains RCC703 which belongs to Bacillariophyceae
was isolated from Indian ocean (Giovagnetti et al., 2012). However, till date there is no published
data suggesting that pico-diatoms are an important fraction of the picophytoplankton in the present
study area. The positive correlation of PEUK with Si04*" implies representation by some smaller
diatoms that are quick in responding to nutrient pulses due to their greater capacity for assimilation
of nutrients at high concentrations (Agawin et al., 2000; Jiao et al., 2005; Paulsen et al., 2015). The
present study area was located above the continental slope, and usually, at the continental shelf break
and slope, formation of internal tides and nonlinear waves (Smith and Sandstrom, 1988; Shenoi and
Antony, 1991; Shankar et al., 2005), cause churning of water column (Wolanski and Pickard, 1983;
Kurapov et al., 2010) that results in nutrient influx from the sediment to the upper water column
yielding high productivity (Sharples et al., 2001). In the shelf edge of north east Atlantic Ocean
complete dominance of PEUK was observed due to the supply of NO;™ from bottom waters, whereas

SYN and PRO were dominant in the NO;3™ depleted continental shelf region (Sharples et al., 2009).
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Dongen-Vogels et al. (2011) observed that the mixing process decreases the light irradiance and
increases the nutrient input which led to a proliferation of eukaryotes and decline of prokaryotes. The
PEUK abundance was the highest recorded for the entire study period and also coincided with the
higher chl a biomass below the ML. Their contribution to the total phytoplankton biomass (26 -
70%) implies that PEUK were the major contributors. Sharples et al. (2009) reported a higher rate of
primary production in the shelf edge, which can support higher trophic levels including fishes,
thereby serving as a potential fishery zone. The short life span of PEUK abundance peak could be
attributed to the grazing by heterotrophic nanoflagellates whose growth response is as quick as the
PP (Eccleston-Parry and Leadbeater, 1994; Landry et al., 1998) leading to a succession of the
phytoplankton community by diatoms. The high resolution vertical sampling strategy allowed us to
capture such refined transient observations in situ which are essential for further understanding of the

microbial loop functioning in such dynamic ecosystems.

The vertical mixing of water column during phase II caused deepening of the mixed layer leading
to a uniform distribution of PP within the ML, with significantly lower PP abundance and biomass
compared to phase 1. On the other hand, phytoplankton biomass did not vary much during this
period. This suggests that during vertical mixing, increased nutrient concentration favored larger
phytoplankton. However, the prevalence of lower numbers of PP for a longer period of time (4 days)
suggests lowered growth rates due to certain unfavorable environmental perturbation due to
deepening of ML. In addition to the physical factors, the observed diel patterns in SYN, PRO and
PEUK abundance could be attributed to biological factors such as cell division, cell death and loss
factors such as grazing, viral infection and parasitism (Crumpton and Wetzel, 1982; Banse, 1994;
Vaulot and Marie, 1999; Behrenfeld, 2010). The biological processes are in turn driven by nutrient or
irradiance availability. The dephased abundance peaks for the three PP groups during the day time
could be attributed to the cell division and the decreasing cell abundance during the night to higher
grazing pressure (Reckermann and Veldhuis, 1997; Partensky et al., 1999; Gauns et al., 2005). As

the cells divide their reduced size makes them more vulnerable to predation (Tsai et al., 2005).
4.2. Picophytoplankton carbon biomass

The appropriate selection of the C:Chl a ratios and carbon cell conversion factors for PP from that
reported in literature is a challenging task as they are known to vary with growth conditions (Booth
et al., 1993; Buck et al., 1996; Taylor et al., 1997). As such, the values determined in the open ocean
are more realistic than in cultures. Taking into consideration the contrasting conditions under which
the sampling was conducted, the closest match was found in Garrison et al. (2000) and Shalapyonok

et al. (2001). This study was carried out in the AS during NEM wherein carbon cell” for both PRO
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and SYN varied significantly between cells from within and below ML, which was in the range
observed in our study (< 50 m). For the C:Chl « ratios in ML, we used the upper (for phase I) and
lower (for phase II) limits of the average value (112 + 29; Shalapyonok et al., 2001). For below ML,
we used a factor (52) suggested by Brown et al. (1999) and Garrison et al. (2000) for the AS when
the ML was > 50 m. The relative contribution of the PP carbon to total phytoplankton carbon
biomass (up to 70%) obtained by this approach was consistent with the previous studies carried out
in the AS during NEM (Shalapyonok et al., 2001). Using lower factors led to over estimation of the
carbon values. Thus, these biomass assessments can be considered reliable and useful for further PP

studies in these waters.

The PP carbon biomass contribution to total carbon biomass increases in these waters when
stratified conditions prevail. On the other hand, the vertical mixing and the associated deepening of
the surface layer lead to a decrease of PP carbon biomass indicating that increasing mixed layer
depth is less supportive for PP growth (Lindell and Post, 1995). This tendency suggests that mixing
of the water column contributes to the maintenance of large cells such as diatoms in the water
column, since diatoms are otherwise subjected to high sinking losses, as observed earlier in the AS
(Campbell et al., 1998). These variations were driven by the gradual increase in nutrient
concentration due to vertical mixing, from phase I to II as was evident from the positive correlation
of chl a and phytoplankton carbon biomass with nutrients. Higher abundance of SYN and PEUK
coincided with the maximum chl a peak signifying that the total phytoplankton biomass was largely
contributed by PP. This is also evident from a significant positive relation between total
phytoplankton carbon biomass and PP carbon biomass. The major component of PP carbon biomass
was PEUK (35 - 90%) even though their abundance was low. This is mainly due to their larger size
compared to PRO and SYN (Buitenhuis et al., 2012). Through this study it is evident that transient
bursts in PP abundance can be captured via high resolution sampling which can be missed during the
spatial observations depending on the sampling time. The short duration of these abundance peaks
suggest incorporation of this biomass into higher trophic levels. Future high resolution studies at
different regions in the continental margin encompassing the other components of the food web will

help in validating and better elucidating the PP responses under varying environmental conditions.
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Table 1

Conversion factors used to estimate carbon biomass of PP groups (fg C cell™") and total

phytoplankton (ng C pg'l chl a) in the mixed layer (ML) and below mixed layer during phase I and

phase II.

Phase I Phase-1I
ML Below ML ML  Below ML
SYN 106.2 185.1 101.0 152.0
PRO 34.2 84.5 32.0 72.0
PEUK 601.0 647.0 522.0 528.0
C:Chla 140.0 52.0 83.0 52.0
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Table 2

PERMANOVA analysis of environmental variables, PP groups, total phytoplankton carbon biomass, PP carbon biomass, and PP carbon
contribution to the total phytoplankton carbon biomass between phase I and phase II samplings in surface waters (0 m), mixed layer (ML) and
below mixed layer. Bold text denotes significant variation between the two phases.

Surface waters (0 m) ML Below ML

Source df SS MS  Pseudo-F P df SS MS  Pseudo-F P df SS MS  Pseudo-F P

Temperature 1 112.6 112.6 3.09 0.00 1 93.6 93.6 11.5  0.01 1 294.1 294.1 2.7 0.09
Salinity 1 91.3 91.3 .17 0.38 1 14.3 14.3 0.8 036 1 0.3 0.3 1.5 0.23
DO 1 337.1 337.1 1.64  0.00 1 78.4 78.4 1.4 036 1 11965.0 11965.0 53 0.01
NO; 1 3734.4 3734.4 2.13  0.09 1 13175.0 13175.0 8.8 0.01 1 53855 53855 57  0.01
NOy 1 1132.9 1132.9 .05 032 1 8364.6 8364.6 7.5 0.01 1 12118.0 12118.0 10.6  0.01
PO,* 1 799.8 799.8 9.91 0.00 1 4564.1 4564.1 40.0 0.01 1 70612 7061.2 19.0  0.01
NH," 1 729.2 729.2 1.09  0.30 1 4110.1 4110.1 6.8 0.01 1 11460.0 11460.0 159  0.01
Si0,* 1 3313.8 3313.8 4.84  0.00 1 2867.8 2867.8 4.1  0.04 1 775.3 775.3 0.8 0.45
Chl a 1 1224.0 1224.0 64  0.01 1 3499.6 3499.6 6.2 0.01 1 88875 8887.5 7.6 0.01
SYN 1 59.3 59.3 3.08 0.09 1 5026.9 5026.9 54 0.01 1 29312.0 29312.0 12.3 0.01
PEUK 1 113.7 113.7 13.01 0.00 1 3886.3 3886.3 6.0 0.01 1 16992.0 16992.0 6.2  0.01
PRO 1 170.2 170.2 824  0.01 1 23308.0 23308.0 274 0.01 1 23159 23159 1.2 028
Phytoplankton carbon 1 1549.5 1549.5 789  0.00 1 5029.7 5029.7 254 0.01 1 42562  4256.2 15.8  0.01
PP carbon 1 2490.3 2490.3 282 0.00 1 7797.3 7797.3 7.8 0.01 1 22374.0 22374.0 16.3 0.01
PP contribution (%) 1 55.5 55.5 1.6  0.23 1 115.1 115.1 045 0.64 1 41677 4167.7 12.1 0.01
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Figure Legends

Fig. 1 Location of sampling station in the eastern Arabian Sea.

Fig. 2 Dot plot of flow cytometric analysis showing PP groups from the eastern Arabian Sea.
Fig. 3 Vertical profiles of temporal variation in (a) temperature, (b) salinity, (¢) dissolved
oxygen, (d) nitrate, (e) nitrite, (f) orthophosphate, (g) silicate, and (h) ammonium over the
continental slope of the eastern Arabian Sea. Black line indicates mixed layer depth.

Fig. 4 Vertical profiles of temporal variation in cell abundance of (a) SYN, (b) PRO, (c)
PEUK, and (d) total PP over the continental slope of the eastern Arabian Sea. Black line
indicates mixed layer depth.

Fig. 5 Vertical profiles of temporal variation in (a) chlorophyll a (b) PP carbon, and (c) PP
carbon contribution (%) to the total phytoplankton carbon biomass over the continental slope
of the eastern Arabian Sea. Black line indicates mixed layer depth.

Fig. 6 Vertical profiles of temporal variation in (a) SYN, (b) PRO and (c) PEUK carbon
contribution to the total PP carbon biomass over the continental slope of the eastern Arabian
Sea. Black line indicates mixed layer depth.

Fig. 7 Path diagrams showing the relationships between the environmental variables and PP
groups, total phytoplankton carbon biomass, PP carbon biomass, and chl a within the mixed
layer of phase I (a) phase II (b), below mixed layer at 50 m (c), 75 m (d), 100 m (e), and on
day 5 within mixed layer (f) and below mixed layer (g). Bold values are the coefficient of
determination of the linear regression (R) and colored values are the regression coefficients

for the specific standardized independent variables.
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