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Abstract:  

We investigated the responses of the picophytoplankton (<3 µm) community to a temperature 

filament and front through high resolution spatial (~ 1 NM) sampling (November-23 to December-

11, 2012) in the northeastern Arabian Sea (69oE, 18.85oN to 20.25oN). Samples were collected at 

discrete depths within the 100 m water column. Synechococcus dominated the picophytoplankton 

community numerically whereas picoeukaryotes dominated in terms of biomass along the entire 

transect. To investigate the patterns of variability in picophytoplankton distribution, depending on 

the water mass characteristics, the entire transect was divided into four zones (1) south of filament 

(SFIL) with warm oligotrophic waters, (2) filament (FIL) with cooler and low saline waters, (3) 

north of filament (NFIL) with relatively cooler waters than the SFIL and (4) front (FRO) with 

relatively cooler and less saline waters than the FIL. Depth-integrated abundance and biomass of 

Synechococcus were relatively higher within the FIL and FRO whereas Prochlorococcus and 

picoeukaryotes were abundant in SFIL and NFIL. Redundancy analysis of environmental variables 

and picophytoplankton abundance showed that lower saline water mass within the mesoscale 

features harbored relatively higher Synechococcus abundance and biomass. Two Synechococcus 

ecotypes were distinguished based on the fluorescence intensity of the accessory pigment, 

phycoerythrin; the one with higher intensity (open ocean ecotype) dominating in the FIL and the 

other with lower intensity in the FRO (coastal ecotype). The relatively lower saline surface water 

mass at the FRO, probably a result of coastal advection, could have introduced the latter ecotype. 

Vertically, a positive correlation of Prochlorococcus with nutrients and Synechococcus with 

temperature corroborates their higher and lower abundance and biomass, respectively in the deeper 

waters. The positive correlation of Synechococcus with the total chlorophyll biomass indicates a 

similar response to environmental variables within the mesoscale features. This study shows that 

picophytoplankton contribution (16 to 24%) to the total phytoplankton carbon biomass in tropical 

mesoscale features is likely to have important consequences on the planktonic food web function. 
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Introduction 

Picophytoplankton (Pico) are numerically abundant in the ocean and play a vital role in the 

planktonic community, especially in oligo- and mesotrophic regions of the ocean where they make a 

substantial contribution to carbon production, biomass and cycling of organic matter and nutrients 

(Rii et al., 2016). They are the dominant primary producers in the oligotrophic oceanic waters due to 

the small size that enables them to have a high ability of nutrient utilization and carbon fixation 

(Raven, 1998). These primary producers become more prominent in terms of biomass when physical 

conditions cannot sustain large standing stocks of large producers (Landry et al., 1997). In recent 

studies, the contribution of Pico to the global oceanic carbon flux is also highlighted to be more 

important than previously recognized, which can be proportional to their net production through 

direct ingestion and defecation of gelatinous macrograzers or aggregate formation mediated by faecal 

pellet transport of mesozooplankton consuming macrozooplankton (Richard and Jackson, 2007). 

Pico comprises two prokaryotic groups, Prochlorococcus (PRO) and Synechococcus (SYN) and one 

eukaryotic group, picoeukaryotes (PEUK). PRO is the smallest known photosynthetic organism (0.7 

µm), and is most abundant in tropical open-ocean waters with cell concentrations in the range of 105 

cells mL-1. The slightly larger (1 µm) SYN reaches similar concentrations in tropical and temperate 

oceans and frequently demonstrates patterns in distribution opposite to those of PRO (Partensky et 

al., 1999; Zubkov et al., 2000; Johnson et al., 2006).  PEUK (0.8 to 2-3 µm) include taxonomically 

diverse populations with members scattered widely across many branches of the eukaryotic tree of 

life and are usually the least abundant amongst the Pico groups (Massana, 2011; Rii et al., 2016).  

Physical processes are a primary determinant of the dynamics of marine ecosystems (Lima and 

Olson, 2002; Mann and Lazier, 2005) which provide the environmental conditions and the physical 

structure within which biological processes occur. Mesoscale variability is particularly significant, 

influencing the distribution and rates of biological processes as well as community structure (Garçon 

et al., 2001). Fronts, eddies, plumes, and filaments are the main signatures of mesoscale activity at 

the sea surface and are primarily visible from satellite sea surface temperature (SST) images because 

the water masses involved in frontogenesis are generally of different temperatures (Demarq and 

Dagorne, 2011). Oceanic fronts are complex fluid structures often characterized by sharp sea-surface 

gradients in density, temperature, and salinity. Distributed throughout the world’s oceans, fronts 

occur at multiple spatial scales and have highly variable kinematics and flow fields (Fedorov, 1986). 

Filaments are elongated and weakly energetic structures that are ejected from the mesoscale 

turbulent structures such as eddies and fronts, reaching hundreds of kilometers in length and width 

smaller than 10 km (Rudnick, 2001). These episodic phenomena where vertical advection and 
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exchange of momentum are intense, result in the injection of new nutrients to the euphotic zone 

leading to high biological productivity (Rudnick and Luyten, 1996; Taylor et al., 2012; Clayton et 

al., 2014). The resulting increased phytoplankton biomass can lead to the active aggregation of 

stronger swimming organisms searching for food [e.g. larvae, zooplankton and larger predators such 

as fish (Genin, 2004; Landaeta and Castro, 2006), seabirds and marine mammals (Bost et al., 2009) 

creating biological hotspots (Benoit-Bird et al., 2009). So these mesoscale features are indicators of 

many oceanographic processes and are sites of increased biological activity affecting all oceanic life 

forms.  

The Arabian Sea is an intensely dynamic region of the world’s oceans, driven by strong seasonal 

reversals in monsoon winds (Prasanna Kumar and Prasad, 1999). Upwelling influences the boundary 

and open ocean processes of Arabian Sea during summer and surface cooling and convective 

processes in winter that brings in high amount of nutrients into the upper ocean enhancing primary 

productivity, and ultimately the fisheries (Banse, 1968; Shetye et al., 1994; Madhupratap et al., 

2001; Shankar et al., 2002). Relation of oceanic fronts with fishery resources has been documented 

by Laurs et al. (1984), Maul et al. (1984) and Solanki et al. (2008). SST and chlorophyll 

concentration images derived from satellite observations are used for forecasting potential fishing 

zones (Solanki et al., 2008). The waters of the Arabian Sea extending from the west coast of India 

down to 100 fathoms and lying between 18º N and 24º N latitude are of great importance from the 

point of view of the fishing industry, as they support some of the richest trawling grounds off the 

Indian Coast (Jayaraman and Gogate, 1957) especially during winter monsoon (Bhattathiri et al., 

1996; Solanki et al., 2008).  

Although Pico is known to be a significant contributor to phytoplankton biomass in the Arabian 

Sea (Brown et al., 1999), observations of patterns of their assemblages at the scale of these physical 

features are rare and still in its infancy, especially in the northeastern Arabian Sea (NEAS) 

(Madhupratap et al., 2001; Solanki et al., 2008). Across the sub-tropical front in the southwest Indian 

Ocean, <2 µm cells contributed 56% to the total chlorophyll concentration (Fiala et al., 2004). In the 

California Current System, variable responses to frontal dynamics were observed wherein at some 

regions the larger phytoplankton increased with a reduction in Pico within the fronts (Taylor et al., 

2012) and at other regions, phytoplankton biomass increased outside the fronts (Hood et al., 1991; 

Venrick, 2000). These observations imply that responses of the Pico vary across the globe. In this 

regard, it is essential to assess the Pico responses to better understand its role in the functioning of 

the microbial food web of tropical regions.  

An interdisciplinary cruise was carried out in the NEAS between 18.85ºN and 20.25ºN along 

69ºE from 23 November to 11 December 2012, with the aim of understanding the ecosystem 
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dynamics of the mesoscale features in the Indian EEZ. Vipin et al. (2015) detected a filament and 

front within this region, with relatively higher nutrient and phytoplankton pigment concentrations 

measured through high performance liquid chromatography (HPLC) than the surrounding waters 

(Roy et al., 2015). The present study was undertaken with the aim of investigating the response of 

Pico community structure/abundance/biomass to the prevailing hydrography and environmental 

conditions, horizontally and vertically across a transect encompassing a front and filament in the 

NEAS. We hypothesized that within the mesoscale features, the relatively lower temperature, salinity 

and higher nutrient concentrations induced by the upward mixing of the water column, will increase 

the abundance and carbon biomass of SYN but reduce that of PRO.  

Materials and methods 

Study area and sampling 

A research cruise was conducted aboard the R/V Sindhu Sankalp in the NEAS off the west coast of 

India from 23 November 2012 (10:45 h local time) to 11 December 2012 (Fig. 1). A filament (FIL; 

19.35-19.48ºN) and front (FRO; 20.08-20.20ºN) were identified along the sampled transect between 

25 November and 01 December 2012 (Vipin et al. 2015; Fig. 2). In brief, for mapping the SST 

fronts, satellite data from November-December 2008-2011 were analyzed with a cut-off of 0.15ºC 

(due to weaker SST gradients in the NEAS) for the mean temperature difference between the two 

populations on either side of the FRO. The FIL was identified by analyzing both SST contours and 

SST fronts. These mesoscale features were associated with weak temperature gradients (0.07ºC km-

1), ~ 100 km long and lasted for a week.  The temperature and salinity data from CTD suggest 

upward mixing or pumping of water from the base of the mixed layer (Vipin et al. 2015), where a 

chlorophyll maximum was present, into the mixed layer that was about 60 m thick (Fig. 2).  

A characteristic feature that differentiated the FRO from the FIL was the warm (~ 27.40ºC), high 

salinity (~ 36.50) layer about ~ 20 m thick in the former sandwiched between the colder and fresher 

surface mixed layer and the salinity minimum below the mixed layer. The sea surface salinity in the 

northern side of the FRO (20.20ºN) was relatively lower (36.0) resulting in a shallow mixed layer ~ 

15 m thick and enriched with chlorophyll a. A similar (~ 15 m deep) lower salinity patch (~ 36.10) 

was also observed between the FIL and FRO (19.55ºN; Fig. 2).  

A CTD section was carried out along the 69.2ºE longitude between 18.85ºN (the southernmost 

point of cruise track) and 20.50ºN (northernmost point of cruise track) over a distance of ~ 140 km 

from 28 November 2012 to 01 December 2012. A total of 22 stations were sampled at an interval of 

5 nautical miles (NM) which was reduced to 1 NM in the vicinity of the FRO and FIL, which were 

identified based on SST difference of the order of 0.15ºC.  A CTD rosette with 10 L Niskin bottles 
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was deployed at each station to collect discrete samples from seven to eight depths through the 

euphotic zone (0, 10, 25, 40, 50, 60, 75, 100 m and additional 200 and 300 m only for Pico analysis). 

Niskin bottles were sampled for analysis of nutrients [(nitrate (NO3
-), nitrite (NO2

-), phosphate (PO4
3-

) and silicate (SiO4
4-)] by a nutrient analyzer, SKALAR SANplus ANALYSER (Roy et al. 2015). 

Total chlorophyll a data was obtained from HPLC measurements (Roy et al. 2015; data not shown). 

Total fluorescence data was collected from the chlorophyll sensor (WetLabs) attached to the CTD 

which correlated significantly with the HPLC data (Vipin et al. 2015; Roy et al. 2015). To analyze 

Pico abundance and composition, 2 mL seawater was preserved with paraformaldehyde (0.2% final 

concentration), flash frozen in liquid nitrogen and stored at -80ºC. 

Picophytoplankton analysis by flow cytometry 

In the laboratory, frozen samples were thawed, and yellow-green latex beads of 2 µm size 

(Polysciences co., USA) were added to 1 mL of each sample as an internal standard to calibrate cell 

fluorescence emission, and light scatter signals. Samples were analyzed with FACS Aria II flow 

cytometer equipped with blue (488 nm) and red (630 nm) lasers. Data analysis was done with the BD 

FACS Diva software. Based on flow cytometric analysis, three Pico groups which included two 

cyanobacteria and one PEUK were distinguished based on the forward and right angle light scatter 

(FALS and RALS; proxy for cell size), red fluorescence from chlorophyll (>650 nm) and orange 

fluorescence from phycoerythrin (578 nm; Fig. 3). Cyanobacteria included two major groups, PRO 

and SYN. Within SYN, two sub-groups were differentiated based on the phycoerythrin orange 

fluorescence intensity. The one with lower intensity was designated as SYN-PEI and other with 

higher intensity was designated as SYN-PEII. PEUK and PRO were identified based on their larger 

and smaller RALS and higher and lower red fluorescence intensities, respectively.  

Data analyses 

The depth of euphotic zone (Z1%) was estimated from chl a concentration of surface layer using the 

chl centered approach (Lee et al., 2007; Rajaneesh et al. 2017). Phytoplankton carbon biomass was 

derived from HPLC measured chl a (Roy et al. 2015; data not shown) using a carbon: chl a ratio of 

83 µg C: µg chl−1 for the mixed layer (ML) depths (Shalapyonok et al., 2001). At some instances 

where the HPLC data was not available (station 8 (10 m), 13, 16, 17 (10 m), 18 (0, 10, 25 m), 19 

(except 0 and 10 m)), the respective CTD fluorescence data (Wetlabs sensor) was used. The CTD 

obtained fluorescence (Wetlabs sensor) and HPLC measured chl a data were significantly correlated 

(Vipin et al. 2015). 

Carbon biomass of SYN and PRO for the ML depths were estimated using conversion factors of 

0.101 and 0.032 pg C cell-1, respectively (Garrison et al., 2000). For PEUK, the biovolume 
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calculated from FALS was converted to carbon per cell using a modified Strathmann equation 

(Eppley et al. 1970; Shalapyonok et al., 2001; Rajaneesh et al., 2017): 

log C (pg cell-1) = 0.94 x log Vol (µm3) - 0.6. 

The percentage contribution of individual Pico group to total Pico carbon biomass and Pico to total 

phytoplankton carbon biomass was estimated from the Pico and phytoplankton carbon biomass.  

To investigate the patterns of variability in Pico distribution, the data were grouped into four 

zones depending on the water mass characteristics within the upper 60 m of the water column. The 

four zones comprised (1) south of filament (SFIL) with warm waters, (2) FIL with cooler and low 

saline waters, (3) north of filament (NFIL) with relatively colder waters than the SFIL and (4) FRO 

with relatively colder and less saline waters than the FIL (Fig. 2). Horizontal and vertical profiles of 

variations in the Pico group abundances were generated using Ocean Data View (ODV; version 4). 

To determine the spatial variability pattern, abundance and biomass data of the three Pico groups for 

the four zones were depth-integrated (up to 60 m, the mean mixed layer depth) by trapezoidal 

method. The environmental and Pico data (depth-integrated up to 60 m) were subjected to one-way 

analysis of variance (ANOVA) after confirming that all assumptions were met. This was followed by 

Tukey’s post-hoc tests to assess the statistical significance of the differences among the four zones 

and also depths (individual depths up to 60 m) within each zone. Statistical analyses were performed 

using the Statistica 8.0 (Statsoft Inc. 1984-2007) software. 

Detrended correspondence analysis (DCA) was performed on log (x+1) transformed data (up to 

60 m) to determine the most robust canonical analysis for modelling the relationship between the 

Pico groups (SYN-PEI, SYN-PEII, PRO, PEUK) and the environmental variables (temperature, 

salinity, chl a, NO3
-, NO2

-, PO4
3-, SiO4

4-). Based on the environmental gradient length of < 2 

standard deviations, Redundancy analysis (RDA) which is a linear ordination technique, was 

selected. The RDA analysis was performed with a quantitative matrix constructed using the 

abundance of Pico groups as log-transformed values [log(x+1)] and a second matrix obtained from 

environmental variables corresponding to the samples with the scaling focused on the inter-group 

correlations. The results obtained from all the sampling depths in the vertical profile were tested 

through the direct gradient technique of RDA using forward selection and the Monte Carlo 

permutation test with 499 unrestricted permutations of the constraining variable to determine the 

significant environmental variables explaining the individual variation of each Pico group. In the 

RDA triplots, lines pointing in the same direction are positively correlated, and lines pointing in the 

opposite direction are negatively correlated. The ordinations were performed using CANOCO 4.5 

package (ter Braak and Smilauer 2002).  
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Results 

Environmental factors 

Temperature and nutrients did not vary significantly amongst the zones. Salinity of FRO was 

significantly different from SFIL (p < 0.001), FIL and NFIL (p < 0.01). Chl a concentration in the 

FIL was significantly higher than the other zones (p < 0.001). In the FRO, chl a was significantly 

different from FIL and SFIL (p < 0.001) but not NFIL. Amongst the individual depths,  temperature, 

salinity, NO3
- at 60 m depth were significantly different (p < 0.001) from the above waters (0 to 40 

m) and chl a at 60 m depth from 0 and 10 m depth (p < 0.001, 0.02 respectively).  

Picophytoplankton composition, abundance and carbon biomass 

The Pico composition, abundance, (Fig. 4, 5A) and biomass (Table 1; Fig. 5B) displayed zonal 

variability. SYN-PE dominated the Pico community numerically in all 4 zones with highest in the FIL 

and FRO (79% and 74%, respectively; Fig. 5A) followed by PRO and PEUK. In the FIL, FRO, and 

SFIL, a major contributor to Pico carbon biomass was SYN-PE whereas, in the NFIL, it was the 

PEUK. Maximum PRO biomass was observed in the SFIL and NFIL. On average, SYN biomass was 

almost one fold higher in the mesoscale features than outside (Table 1). Comparison of the different 

zones through one-way ANOVA and post-hoc tests revealed a significant difference of SYN-PEI 

abundance and biomass in FIL from SFIL and NFIL (p < 0.001) whereas in FRO was significantly 

different from NFIL (p < 0.02). The response of SYN-PEII in the FIL was similar to that of SYN-PEI. 

However, in the FRO, SYN-PEII abundance was not significantly different from any of the zones. 

PRO and PEUK did not exhibit any significant zonal variation. The Pico community structure varied 

in the low salinity patches observed at the northern side of the FRO (20.20ºN) and 19.55ºN.  In the 

former, SYN-PEI was found in relatively higher numbers than that in the south of the FRO with a 

lower representation from SYN-PEII especially in the surface 15 m. In contrast, SYN-PEII and PEUK 

were dominant in the latter.   

 Vertical distribution of SYN abundance showed a declining trend across the depths, from surface 

up to 60 m. One-way ANOVA among depths and post-hoc tests showed that SYN-PEI and SYN-PEII 

populations at 60 m depth were significantly different from the population at 10 m and 0 to 25 m 

depth, respectively. PRO at 60 m depth was significantly different from all the above depths (p < 

0.001). PEUK did not exhibit any significant variation with respect to depths. The abundance and 

carbon biomass of SYN and PRO were negatively correlated (p < 0.05) in the upper 60 m depicting 

an inverse relationship in the distribution of the two groups.  
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 Total Pico carbon biomass was higher within the mesoscale features as compared to the 

surrounding waters. The contribution of Pico to the total phytoplankton biomass in the different 

zones varied from 16 to 24%, with highest values in the FRO (Fig. 5C).  

Relationship between picophytoplankton and environmental factors 

The eigenvalues obtained from RDA model output revealed that the first two axes explained 41% 

and 30% of the variation (Table 2a, b). Within the FIL, chl a and SYN negatively correlated with 

salinity (Fig. 6). Chl a correlated positively with SiO4
4- concentrations. Moreover, the SYN-I and 

SYN-II populations were differentiated by the stronger association of the former with high chl a 

concentrations. Cell abundance of both these populations decreased with depth. Conversely, PRO 

and PEUK populations increased with depth (highest at 40 m). PRO positively correlated with 

salinity. PEUK associated with high temperature environments with relatively higher PO4
3- and NO3

-

+ NO2
- concentrations. In the FRO, higher chl a concentrations and SYN-I abundance were 

associated with relatively lower salinity environments as compared to SYN-II. Both populations were 

associated with lower nutrient concentrations and decreased with increasing depth with highest 

concentrations at 10 and 25 m, respectively. PRO increased with depth (highest at 60 m) and was 

positively correlated with SiO4
- and PO4

3- concentrations and associated with higher salinity. PEUK 

correlated with SYN-II (25 m). Within the SFIL zone, SYN-I and SYN-II populations were positively 

correlated with temperature and negatively associated with NO3
-+ NO2

- concentrations. PRO was 

more closely associated with lower temperature environments with higher nutrient concentrations 

(NO3
-+ NO2

-) as it increased with depth (60 m). Within the NFIL zone, SYN-I was positively 

correlated with temperature and SYN-II populations were associated with relatively high temperature 

environments (10 and 25 m) and lower nutrient concentrations (SiO4
-, NO3

-+ NO2
-). PRO was more 

closely associated with higher nutrient (NO3
-+NO2

-, PO4
3-) concentrations as it increased with depth 

(60 m). PEUK was associated with a low saline environment. Overall RDA depicted segregation of 

the Pico community based on the specific environmental characteristics of the four individual zones.  

Discussion 

Factors affecting the picophytoplankton composition, abundance and carbon biomass 

The decline of PRO and increase in SYN concentration within the mesoscale features characterised 

with upward mixing or pumping of water from the base of the mixed layer (Vipin et al. 2015) 

suggests that specific changes in the environmental factors caused due to the vertical mixing of the 

water column were probably responsible for this variable response (Kemp and Mitch, 1979; Lindell 

and Post, 1995; Roy et al., 2015). In a vertically mixed water column, phytoplankton cells are 
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exposed to reduced water temperatures and salinity increased nutrient levels and transport of cells 

through steep light gradients (Morris, 1981; Lewis, 1978). Also, at the cellular level, metabolism, 

sinking rate and cell integrity of fragile groups may be affected (Morris, 1981; Margalef, 1978). The 

significantly higher chl a concentrations suggest that nutrient concentration is an obvious resource 

which increased within the mesoscale features. This observation was supported by the RDA analysis 

wherein higher chl a concentrations corresponded with low saline environments and high SiO4
- 

concentrations. Although the nutrient concentration in the FIL was relatively higher, it was not 

significantly different from the surrounding waters and hence not as high as expected in the 

vertically mixed waters (Loder and Platt, 1985). Since the lifespan of these mesoscale features was ~ 

a week (Vipin et al., 2015), the increased phytoplankton biomass could be a result of the increased 

nutrient utilization before our sampling. The comparatively higher carbon biomass of the larger 

phytoplankton and the Pico could be a response to the relatively higher NO3
- concentration as 

compared to the surrounding waters. SYN the major contributor to the total phytoplankton carbon 

biomass is known to respond to higher NO3
- concentrations. In the present study, the significantly 

higher concentration of SYN in the NFIL than in the SFIL suggests a positive response to higher 

nutrient concentrations. Studies in the AS have shown SYN to respond to increased nutrient 

concentrations during early NE monsoon (Glover, 1988; Burkill et al., 1993; Campbell et al., 1998; 

Sherry and Wood, 2001). Also, its response to experimental addition of nutrients suggests that 

nutrient addition can have an incremental effect on the growth rates (Durand et al., 2001; Moore et 

al., 2008). The increase in SYN along with the total chl a biomass supported by RDA analysis 

suggests that this Pico group responds to the same environmental conditions as the larger 

phytoplankton biomass. Amongst the microphytoplankton, the lower contribution from diatoms, 

which are usually the first to respond to nutrient enrichment, and higher contribution of Phaeocystis 

(Roy et al., 2015) which usually bloom after depletion of SiO4
4-, suggests a succession in 

phytoplankton community with reducing nutrient concentrations (Brown et al., 2008). Although the 

Pico biomass was higher within the mesoscale features as compared to the surrounding waters, their 

percentage contribution was lower within the FIL. This was because of the comparatively better 

response from the larger phytoplankton and inability of SYN to compete with the eukaryotes when 

the nutrient supply is high enough for the efficient nutrient uptake system in eukaryotic cells (Raven, 

1986; Fenchel, 1988). Hence, their increase in population is imprinted by the larger phytoplankton 

biomass, thereby lowering their contribution to the total phytoplankton biomass (16%).  

In case of PRO, specific conditions in the turbulent environment were not suitable for growth 

compared to the surrounding waters. Although natural populations of PRO are not abundant in NO3
--
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rich, winter-mixed waters (Lindell and Post, 1995; Liu et al. 1998; DuRand et al. 2001), nutrient 

enrichment studies in oligotrophic waters have suggested that additions of major nutrients can 

stimulate growth of PRO (DiTullio et al., 1993; Moore et al., 2008) with a fourfold higher 

stimulation of SYN growth (McCarthy et al., 2005). So the high nutrient concentrations cannot be 

directly linked to its decline. Light could be a potential factor in terms of intensity and/or quality 

controlling the PRO growth rates. PRO is adapted to blue wavelengths which penetrate deep in the 

open ocean regions at depths of 100–200 m (Partensky et al., 1999). However, the quality can vary 

in the turbulent waters (Lewandowska et al., 2015) which may not be suitable for the efficient 

growth of PRO. As shown in the Mediterranean Sea, Prochlorococcus marinus clones exhibited 

reduced growth rates when grown in white light relative to blue light suggesting reduced levels of 

photosynthetically usable radiation (Moore et al., 1995). From this perspective, available light 

intensity or quality is much more consistent in regions outside the mesoscale features explaining the 

relatively higher PRO concentration. This is supported by the euphotic depth which was relatively 

deeper outside the mesoscale features (SFIL: 62.4 m; NFIL: 66.2 m) than within the mesoscale 

features (FIL: 43.8; FRO: 51.3 m). The above assumption is also strengthened by the vertical 

distribution pattern of PRO in the NEAS, where two types of PRO were observed, the high-light 

adapted strains that require high light intensity in the euphotic zone and the low-light adapted strains 

which are found below the euphotic zone capable of growing in low-light intensity (Roy et al., 

2015). These observations also suggest that higher nutrient concentrations and low water 

temperatures at deeper depths do not inhibit PRO growth (Pan et al., 2006) where they were found in 

higher numbers as opposed to SYN. This is supported by RDA analysis. The small cell size and chl b2 

content of P. marinus are key features which give this species a competitive advantage over SYN and 

other phytoplankton in the deeper euphotic zone where nutrients are relatively available (Moore et 

al., 1995). On the contrary, although SYN does not absorb blue light as well as PRO, it is capable of 

absorbing green wavelengths (~ 500–550 nm) owing to the PEB pigments of its phycobilisomes 

(Ting et al., 2002). However, SYN can acclimate to changes in light quantity by adjusting the 

pigment-protein content of their phycobilisomes (Kana and Gilbert, 1987). This acclimation could 

explain the dominance of SYN over PRO in mesoscale features (Palenik, 2001). 

The presence of low saline patch at the northern side of the FRO was attributed to the freshwater 

advection due to rainfall event (Vipin et al., 2015). Since the FRO was located closer to the coast as 

compared to the other salinity patch at 19.55ºN, the SYN-PEI, which is a coastal ecotype (Mitbavkar 

et al., 2015) possibly advected offshore and were favored by the FRO water characteristics 

simultaneously displacing or diluting the SYN-PEII. In the relatively higher salinity environment at 
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25 m depth, SYN-PEII and PEUK were higher in numbers. This distribution pattern of the three Pico 

groups was reflected in the RDA. The surface low saline patch also harbored higher fucoxanthin 

pigment concentrations (Roy et al., 2015) representing diatoms, all of which could have contributed 

towards the higher chl a concentrations. The Pico biomass was higher at the FRO than FIL whereas 

the total phytoplankton carbon biomass displayed an opposite trend. Hence the Pico contribution to 

total phytoplankton biomass was higher at the FRO (24%) than FIL (16%). 

Outside the mesoscale features, PRO concentrations were higher in the oligotrophic SFIL regions 

than the mesotrophic NFIL regions while SYN concentrations showed the opposite trend. Such 

mesoscale structuring of the Pico community supports the notion that PRO dominates the 

oligotrophic regions of the open oceans whereas SYN dominates the mesotrophic regions of the 

world oceans (Partensky, 1999). This difference in the distribution pattern of the two prokaryotic 

cyanobacterial groups has been attributed to several reasons based on the world-wide observations. 

First and foremost is the cell size wherein PRO is smaller than SYN. Smaller cell size, allows PRO to 

efficiently access resources such as nutrients and light, at small concentrations due to high surface to 

volume ratio (Raven, 1998). However, it must also possess either unusually small nutrient 

requirement or an extremely efficient capacity to scavenge elements recycled by heterotrophic 

bacteria (Partensky, 1999). PRO appears highly adapted for growth in a nutrient impoverished 

environment, having a minimal genome that presumably helps to minimize both cellular N and P 

(Dufresne et al., 2003) and other resources necessary for life (Partensky and Garczarek, 2010). PRO 

is also known to exhibit photoheterotrophy by utilising organic compounds such as amino acids and 

dimethylsulfoniopropionate (DMSP) (Zubkov et al., 2003; Malmstrom et al., 2004; Vila-Costa et al., 

2006; Michelou et al., 2007) enhanced/aided by high light intensity (Gomez-Pereira et al., 2013).  

The presence of SYN in low nutrient waters which is otherwise known to proliferate at high nutrient 

concentrations suggests a wider range of adaptation of this group. SYN accesses all kinds of 

nutrients, new as well as regenerated (Moore et al., 2001, Wawrik et al., 2009), has the capacity to 

store N, and is also known to degrade its accessory pigment phycoerythrin to meet the cell NO3
- 

requirements under deprived conditions (Wyman et al., 1985). On the other hand, different strains 

with varied adaptations could be representing this group depending on the environmental conditions.  

PEUK abundance is known to increase in high nutrient conditions like SYN and the higher 

phytoplankton during upwelling (Garrison et al., 2000). This observation is corroborated by their 

association with SYN-II in the FRO as seen through RDA.  Their lower numerical abundance is 

attributed to the higher grazing mortality rates (Worden et al., 2004) and viral lysis (Bidle and Vardi, 

2011). However, despite generally low abundances, diverse members of PEUK are known to 
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contribute significantly to biomass and primary production due to their larger cell biovolumes 

relative to unicellular cyanobacteria (Zubkov et al., 2000; Worden et al., 2004; Jardillier et al., 2010) 

and actively transfer carbon to higher trophic levels. Their higher contribution to the Pico biomass 

irrespective of the zones in the present study corroborates these observations. 

Implications of group specific responses for the food web 

In the oceanic realm, Pico groups exhibit a range of responses to the prevailing environmental 

conditions. In terms of abundance, PRO and SYN dominated the oligotrophic stratified regions with a 

shift to SYN as nutrient concentrations increased at mesoscale features. In terms of Pico biomass, 

SYN was the dominant contributor followed by PEUK due to their larger size. As physical inputs of 

nitrogen from below the euphotic zone (McGillicuddy et al., 1998) will principally be in the form of 

NO3
-, amongst cyanobacteria, SYN is likely to contribute more to new production than PRO within 

the mesoscale features (Moore et al., 2008). PRO builds a significant fraction of microbial 

communities in the non-mesoscale regions, probably playing a significant role in the carbon cycle of 

oligotrophic regions. Also, below the mixed layer the higher abundance of PRO and PEUK, which 

could be due to the different habitat preferences (light, nutrients) probably contributes to the deep chl 

maxima (Raven, 1998; Linacre et al., 2015). These observations support our hypothesis that the 

mesoscale environment is favorable for SYN but not PRO. Although, in the mesoscale features larger 

eukaryotic contribution to carbon biomass was higher, the contribution from Pico (16 to 24%) 

suggests an efficient functioning of the base of the microbial food web which can serve as a relevant 

carbon source for the early stages of life of oceanic predators (Mena et al., 2016).  
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Legend to figures 

Fig. 1. Sampling station locations along the transect in the northeastern Arabian Sea. 
 

Fig. 2. Contour plots of temperature, salinity and chlorophyll concentration along the sampled 

transect (vertical dashed lines between 19.35oN and 19.48oN indicate a filament and between 

20.08oN and 20.20oN indicates a front; *indicates the mixed layer depth). 
 

Fig. 3. Dot plot depicting the Pico groups from samples collected at (a) 25 m (b) 200 m and (c) 300 

m depths. 
 

Fig. 4. Contour plots of Pico abundance along the sampled transect for SYN-PEI, SYN-PEII, PRO 

and PEUK (vertical dashed lines between 19.35oN and 19.48oN indicate a filament and between 

20.08oN and 20.20oN indicates a front). 
 

Fig. 5. SYN-PE, PRO and PEUK contribution (%) to total Pico abundance (A), total Pico carbon 

biomass (B) total phytoplankton carbon biomass and concentration of larger phytoplankton and Pico 

carbon biomass (C) in the four zones.  
 

Fig. 6. Redundancy analysis (RDA) ordination plots of axes I and II showing groups of Pico (blue 

arrows) and Chl in relation to environmental variables (red arrows) for the four zones along the 

sampled transect of NEAS up to 60 m depth (black circles). [1: 0 m; 2: 10 m; 3: 25 m; 4: 40 m; 5: 60 

m; Temp: temperature; Sal: salinity]. 

 

 

Table 1. Mean (upper 60 m depth integrated) carbon biomass of the Pico 

groups in the different zones. Bold denotes higher values. 

 

Zones Mean carbon biomass (g C m-2) 

 SYN-PEI SYN-PEII PRO PEUK 

SFIL 0.026±0.017 0.057±0.018 0.014±0.006 0.068±0.029 

FIL 0.072±0.031 

(p < 0.001) 

0.124±0.032 

(p < 0.001) 

0.008±0.006 0.094±0.033 

NFIL 0.018±0.010 0.087±0.019 0.021±0.006 0.114±0.036 

FRO 0.082±0.049 

(p < 0.02) 

0.138±0.051 0.022±0.005 0.113±0.018 

 

 

 

 

 

 

 



20 
 

Table 2a. Forward selection of environmental variables influencing the distribution of Pico groups 

and chlorophyll in the northeastern Arabian Sea (Monte Carlo with 499 permutations; p ≤ 0.05, bold 

depicts significant variables). 

Variable Eigenvalue P value F 

Depth  0.46 0.098 2.53 

SF-Temperature 0.46 0.04 2.57 

SF-Salinity 0.29 0.280 1.23 

SF-NO3
-+NO2

- 0.50 0.002 2.98 

SF-PO4
3- 0.24 0.400 0.95 

SF-SiO4
4- 0.43 0.106 2.28 

FIL-Temperature 0.30 0.288 1.31 

FIL-Salinity 0.25 0.048 1.25 

FIL-NO3
-+NO2

- 0.34 0.294 1.52 

FIL-PO4
3- 0.35 0.646 0.69 

FIL-SiO4
4- 0.43 0.042 2.25 

NF-Temperature 0.47 0.002 2.65 

NF-Salinity 0.36 0.280 1.68 

NF-NO3
-+NO2

- 0.43 0.100 2.29 

NF-PO4
3- 0.13 0.772 0.44 

NF-SiO4
4- 0.21 0.672 0.81 

FRO-Temperature 0.41 0.196 2.09 

FRO-Salinity 0.26 0.326 1.06 

FRO-NO3
-+NO2

- 0.51 0.002 3.13 

FRO-PO4
3- 0.49 0.004 2.89 

FRO- SiO4
4- 0.51 0.006 3.09 

 

 

 

Table 2b. Eigenvalues, species-environment correlations and cumulative percentage variance of 

species data and species-environment relation for the first two RDA axes.  

 Axis 1 Axis 2 

Eigenvalues: 0.415 0.302 

Species-environment 

correlations: 

0.998 0.994 

Cumulative percentage variance 

of species data: 

of species-environment relation: 

 

41.5 

48 

 

71.7 

82.9 

 

 

 

 

 

 

 

 

 



21 
 

 
 

Exploded view 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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