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Abstract 

Remotely sensed sea surface temperature (SST) and chlorophyll associated with fronts and 

filaments are used in India to generate potential fishing zone (PFZ) advisories in the 

northeastern Arabian Sea (NEAS). However, biological response to this potential nutrient 

enhancement has not been investigated. Here we present phytoplankton pigment signatures 

and nutrient distribution from a section that sampled across a filament and front in the NEAS. 

We show that nutrient concentrations were high within the filament and front compared to the 

surrounding waters and had a unique phytoplankton assemblage. Even though there was 

difference in the physical properties between the filament and front, chemical taxonomy 

(CHEMTAX) showed dominance of similar phytoplankton groups (prymnesiophytes and 

prasinophytes). In contrast, Prochlorococcus sp contributed more than 50% to the total 

phytoplankton biomass in the surrounding waters and below the oxycline. In general, 

prymnesiophytes were ubiquitous, covarying with high nutrients and cold fronts, and 

contributed 60-70% to the total phytoplankton biomass. This study demonstrates that 

phytoplankton groups respond strongly to nutrient enhancement that is often encountered 

within the vicinity of the SST fronts that characterize the PFZs. 

Keywords: Indian Ocean, Temperature Fronts, Chlorophyll, Filaments, Prymnesiophytes, 
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Introduction 

The Arabian Sea is unique as it experiences seasonally variable surface circulation (Banse 1968; 

Qasim 1982; Shetye 1994; Schott and McCreary 2001; Shankar et al., 2002) with strong upwelling 

along the east coasts of North Africa and Arabia, and south west coast of India during South West 

Monsoon and convective mixing during winter (Shetye et al., 1992; Madhupratap et al., 1996). These 

two physical processes enhance the biological production in the Arabian Sea (Banse 1968; Banse 

1987; Naqvi and Jaykumar 2000). During winter, the northeastern Arabian Sea (NEAS) is cooled due to 

reduced incoming solar radiation as well as evaporative cooling under the influence of the dry northeast 

trade winds of the continental origin (Banse 1968; Shetye et al., 1992 and references therein). The 

enhanced evaporation not only cools the surface waters but also increases the surface salinity. As a 

result, density of upper layer increases, initiating convective mixing and transporting nutrients from the 

upper nutracline to surface layers and triggering phytoplankton blooms (Banse 1987; Madhupratap et 

al., 1996). This phenomenon normally peaks during January. Satellite data suggest presence of many 

SST fronts and filaments during this time (Vipin et al., 2014). Oceanic fronts are narrow zones of 

enhanced surface gradients of physical properties such as temperature, salinity and density (Belkin and 

Cornillon, 2005) whereas filaments are narrow elongated regions and are surrounded by water with 

different physical signature (Flament et al., 1985; Haynes et al., 1993). Gradients in these properties 

are observed at the boundaries of the filaments, but, often at these edges, the gradients are high and 

they form fronts. Both these mesoscale structures (fronts and filaments) have chemical and biological 

manifestations (Brink et al., 1998; Belkin et al., 2009; Read et al., 2000) and are thought to be hotspots 

for phytoplankton blooms (Hesse et al., 1989, Franks et al., 1992). The Indian National Centre for 

Ocean Information Services (INCOIS) (http://www.incois.gov.in/Incois/marine_fisheries_main.jsp) uses 

such features to generate potential fishing zones (PFZ) advisories in this region. These advisories are 

primarily based on studies carried out by Solanki et al., (2001, 2003, 2005) who showed these fronts 

and filaments can facilitate potential fish aggregation due to buildup of high chlorophyll in the vicinity.  

However, physical properties, phytoplankton composition and nutrients dynamics of these 

filaments/fronts remains poorly understood. Phytoplankton, the primary producer, is a microscopic plant 

that can easily be transported by ocean currents. Phytoplankton carries out photosynthesis in the sunlit 

layer of the ocean (the euphotic zone) that results in the conversion of dissolved inorganic substances 

(primarily CO2 and nutrients) into particulate form. Phytoplankton pigment studies have now become an 

important approach to understand the dominant phytoplankton groups which also provides insights into 

the physiological conditions, succession and transformations in the ocean. Pigments also help in 

trophic characterization of natural waters due to their chemotaxonomic associations (Gieskes and 
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Kraay 1983a; Jeffrey and Wright 2006; Wright and Jeffrey, 1999). For example marker pigments such 

as fucoxanthin and peridinin are more dominant in coastal waters where as 19’ hexanoyloxyfucoxanthin 

and divinyl chlorophyll a found in more in oligotrophic waters of open ocean (Gibb et al., 2001; Barlow 

et al., 2008) representing two different biogeochemical regimes. 

The use of satellite remote sensing to generate potential fishing zone (PFZ) advisories in the north 

eastern Arabian Sea (NEAS) is primarily based on changes in sea surface temperature (SST) and 

chlorophyll-a which are often associated with filaments and fronts in this region. However it fails to 

provide any further information on phytoplankton groups and nutrient dynamics associated with such 

fronts or filaments. Our aim in this study was to investigate the phytoplankton pigment composition and 

nutrient signatures of these SST filaments and / or fronts in the NEAS to understand their role in food 

web dynamics. To our knowledge this is the first report from this region. 

Materials and methods 

2.1. Study area and water sampling 

This study was conducted on board the research vessel ORV Sindhu Sankalp (cruise SSK-41) between 

23 November and 11 December 2012 (Fig. 1). The region of study, the NEAS, was chosen on the basis 

of an analysis of satellite SST data for November–December 2008–2011; the analysis showed that the 

relative lack of clouds led to a better data distribution, implying a better chance of detecting fronts and 

tracking their evolution.  Vipin et al. (2014) describe the evolution of frontal systems and the physics of 

the fronts in this region during the cruise period and hence it is briefly presented here. Satellite data 

between 25th November to 1st December suggest presence of filament and front along the meridional 

transect between 18.85 and 20.25 ºN and 69.2 ºE. Both the features were 100 km in length and lasted 

about a week and were associated with weak temperature gradients (~ 0.07 ºC) although dynamics 

associated with the formation of these features were completely different. Low saline patch at CF1 was 

presumably associated with pumping of waters from below the MLD and the one beyond 20º was 

mainly advected rainfall water (Vipin et al., 2014). 

Based on this study, a CTD section was planned along the 69.2 ºE meridian. The sampling was carried 

out from 18.85 ºN to 20.50 ºN.  The sampling interval for the CTD profiles was of the order of 5 nautical 

miles (nm), but it was decreased to 1 nm in the vicinity of a front because these features are narrow.  In 

all, 42 CTD stations were sampled over this meridional distance of 1.65º.  Fronts were identified by 

noting changes in sea surface temperature (SST) and salinity and the high-resolution sampling (~ 1 

nm) was undertaken at places where the drop in SST was of the order of 0.5 ºC. The CTD data showed 
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two relatively cold parcels of water between 19.25––19.48 ºN and 19.95–20.20 ºN; in both cases, the 

temperature decrease was 0.5–1.0 °C. Based on their physical characteristics, the first feature was 

identified as a filament (CF1) and the second one as a front (F1).  The temperature and salinity profile 

from the section exhibiting these surface features is shown in Fig. 2. In addition, a warm parcel of water 

(WP) was also encountered along the section between 18.85–19.25 ºN covarying with undetectable 

nitrate and low phosphate in the surface water (Fig. 2). 21 CTD stations were sampled for analysis of 

nutrients and phytoplankton pigments. Seawater samples were collected using 10L Niskin bottles fitted 

to the rosette frame (ODF; SBE32). Underwater units used along with the rosette were a Sea-Bird 

Electronics (SBE) 9plus CTD (ODF #381) with dual pumps, consisting of a dual temperature 

(SBE3plus) and a dual conductivity (SBE4) sensors, and dissolved oxygen (SBE43), transmissometer 

(Wetlabs C-Star) and fluorometer (Seapoint Sensors). Sub-sampling of water was done for nutrients 

and pigment analyses. Sea water samples of 2–3 L were filtered through GF/F (0.7 μm, 25 mm 

diameter; Whatman) for phytoplankton pigments from the upper to 80–100 m of the water column and 

the filters were stored at -20°C until analysis in the shore laboratory and analysis was conducted in a 

few weeks after the cruise. 

 2.2 Nutrients Analysis  

Subsamples of nutrients were collected at discrete depths from 0 down to 100 m, frozen on board at – 

20 ºC and later analyzed in the shore laboratory within two weeks of sampling. A subset of the samples 

were thawed and mixed properly before being analyzed for Nitrate, Nitrite, Phosphate, Silicate using 

autoanalyser (Skylar, San ++ segmented flow analyzer) following the method of Grasshoff et al. (1983). 

Detector linearity was monitored all the time during analysis. A midpoint calibration was run with each 

batch of samples to check for validation. Samples from mixed layer depths were segregated and 

analyzed separately from bottom waters to avoid any undue carryover. The precisions of nitrate+nitrite, 

phosphate and silicate were ±0.02, 0.01, and 0.02 μmol l-1 respectively. Recovery percentage was 

checked with laboratory fortified blank during each analysis which varied between 93-97%.  

2.3 Analysis of phytoplankton pigments and pigment indices  

Extraction of pigments was done in 3 ml of 100% acetone for 1 min in an ultrasonic probe (Labsonic U, 

B. Braun Biotech International, Leverkusen, Germany) at 50 W kept under ice to prevent excessive 

heating. The extracts were then stored overnight at -20°C for analysis. Entire extraction procedure was 

carried out in dim light and at low temperature to minimize degradation of pigments. The high 

performance liquid chromatography (HPLC) analysis was carried out following the method of Van 
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Heukelem (2002) as detailed in Roy et al. (2006) with minor modification of calibrations and preinjection 

procedure as mentioned below. A four-point linear calibration was done for chlorophyll c3 (chl c3), 

chlorophyll c1 and c2 (chlc1c2), peridinin (perid), 19’ butonyloxyfucoxanthin (19’ BF), fucoxanthin (fuco) 

, neoxanthin (neox), prasinoxanthin (prasinox), violaxanthin (violax), 19’ hexanoyloxyfucoxanthin (19’ 

HF), diadinoxanthin (diad), alloxanthin (allo), diatoxanthin (diato), zeaxanthin (zea), lutein (lutein), 

chlorophyll b (Chl b), divinyl chlorophyll a (DV Chl a), chlorophyll a (Chl a) and betacarotene (b-car). 

Linear calibrations were performed for all compounds with a coefficient of determination (r2 = 0.99). A 

pre-injection mixture was used where, standards and samples were mixed with 0.5 M of Ammonium 

Acetate in the ratio of 70:30 and 100 µl of this mixture was injected through autosampler. Since there 

was no standard available for divinyl chlorophyll b (DVChl b), it was quantified using the response 

factors of chlorophyll b. Recovery percentage was estimated by adding known amount of standard to 

the blank filter paper and then extracted and analyzed in the similar way using the same calibration 

factors used for samples. Not all pigments were checked for the recovery percentage owing to the high 

cost of the synthetic standards. fucoxanthin (93 %), diadinoxanthin (97 %), zeaxanthin (95 %) and 

chlorophyll a (91 %) were estimated as a part of routine analysis and we believe recovery of the other 

pigments would fall under similar ranges since pigments were selected based on wide range of polarity. 

The method detection limit for the all the compounds varied between 0.001 and 0.002 µg l -1 and 

precision in terms of relative standard deviation for multiple injection (5) of standards was well below 3 

%.  Representative chromatogram is shown in (Supplementary Fig. 1). 

We also used the weighted sum of different marker pigments as proposed by Utiez et al. (2006) to 

reconstruct the proportion of various phytoplankton size classes during our study. For calculating the 

sum of all weighted diagnostic pigments, ∑DPw, expressed as: 

∑DPw =  1.41 [fuco]+1.41[perid]+ 1.27[ 19’HF] 

+0.35 [19’BF]+0.60 [allo]+1.01[Chl b] 

+0.86 [zea] 

∑DPw represents the chlorophyll a concentration, which can be reconstructed from the knowledge of 

the concentration of the seven other pigments (Uitz et al., 2006). The fractions of the chlorophyll a 

concentration associated with each of the three phytoplankton classes (fmicro, fnano and fpico) were then 

derived according to the following ratios. 
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fmicro  = ( 1.41 [ Fuco] + 1.41 [Perid]) / ∑DPw 

fnano  = ( 1.27 [ 19’HF] + 0.35 [19’BF] + 0.60 [Allo]) / ∑DPw 

fpico  = ( 1.01 [ Chl b ] + 0.86 [ Zea] ) / ∑DPw 

We have used the same size class classification as proposed by Vidussi et al. (2001).  

2.4 CHEMTAX analysis 

The relative abundance of microalgal groups contributing to total Chl a biomass was calculated by 

pigment concentration data using version 1.95 of CHEMTAX chemical taxonomy software (Mackey et 

al., 1996; Wright et al., 1996, 2009, 2010). CHEMTAX uses a factor analysis and steepest-descent 

algorithm to find the best fit of the data on to an initial pigment ratio matrix. The basis for calculations 

and procedures are fully described in Mackey et al., (1996). Initial pigment ratios for major algal classes 

were obtained from the literature (Gibb et al., 2001; Schlüter et al., 2000). Based on the diagnostic 

pigments detected, 7 algal groups were loaded to CHEMTAX: prasinophytes, prochlorophytes, 

dinoflagellaets, prymnesiophytes, chlorophytes, cyanobacteria and diatoms. The pigments loaded were 

peridinin, 19′-butanoyloxyfucoxanthin, fucoxanthin, 19′-hexanoyloxyfucoxanthin, neoxanthin, 

prasinoxanthin, violaxanthin, divinyl chlorophyll a, lutein, zeaxanthin, chlorophyll b, chlorophyll a. 

Because CHEMTAX is sensitive to the feed values in the initial ratio matrix it is required to be 

optimized.  The CHEMTAX input ratios was optimized based on Wright et al. (2009) and the output with 

the smallest residual was selected. Ten further pigment ratio tables were generated by multiplying each 

cell of the initial table by a randomly determined factor F, where F = 1 + S * (R - 0.5), S is a scaling 

factor (normally 0.7), and R is a random number between 0 and 1 generated (Wright et al., 2009). Each 

one of these ratio tables were used as the initial point CHEMTAX optimization. The optimized pigment 

ratio of the matrix derived by CHEMTAX is presented in (Table 1 and 2).  

3. Results 

3.1 Spatial variability of phytoplankton pigments in the north eastern Arabian Sea 

The major pigments found were the chlorophylls: chlorophyll a and divinyl chlorophyll a and chl-c1+c2 

and c3, chlorophyll b and divinyl chlorophyll b; the photosynthetic carotenoids (PSC): fucoxanthin, 19′-

hexanoyloxyfucoxanthin, 19′-butynoyloxyfucoxanthin, peridinin and the photoprotective carotenoid 

(PPC) diadinoxanthin, diatoxanthin, zeaxanthin, betacarotene and lutein. Alloxanthin, a marker for 

cryptophytes, was not detected. The average values and ranges of various marker pigments are 

presented in (Table 3). Total chlorophyll a (TChl-a) which is the sum of chlorophyll a and divinyl 
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chlorophyll a peaked at 1.097 µg l-1 and 0.250 µg l-1 respectively (Fig. 3&4). 19′ 

hexanoyloxyfucoxanthin, 19′-butynoyloxyfucxanthin and fucoxanthin were abundant within the filament 

CF1 and front F1 suggesting the presence of prymnesiophytes. In addition to this prasinoxanthin and 

chlorophyll b was also noted within CF1 and F1 suggesting modest presence of green algae and 

chlorophytes. Fucoxanthin and diatoxanthin covaried within CF1 suggesting minor presence of diatoms. 

The relatively warm water (WP) to the south of CF1 and between CF1 and F1 was dominated with 

Prochlorococcus and cyanobacteria as inferred from the buildup of divynylchlorophyll a and zeaxanthin. 

Peridinin was low, suggesting weak dinoflagellates abundance.  

3.2 Pigment Indices and community compostion based on CHEMTAX analysis 

In order to get meaningful information of the pigment data, pigment indices were derived to understand 

the plankton size class distribution (fMicro, fnano and f pico) (Fig. 4). Nanoplankton (fnano) was the major size 

class present within filament (CF1) and front (F1) and contributed > 60% of the phytoplankton biomass 

whereas picoplankton ( fpico) was abundant within the warm parcel of water contributing up to ~60 % of 

the phytoplankton biomass. Microplankton (fMicro) contribution was poor and remained below 20%. The 

relative contribution of   various phytoplankton groups to TChl a, was analysed by CHEMTAX (Fig. 5) 

which identified  three major groups (prymnesiophytes, prasinophytes and prochlorophytes) with 

modest presence of several groups such as chlorophytes, cyanobacteria, diatoms and dinoflagellates. 

Prymnesiophytes (av. = 0.065) was the dominant group within the filament (CF1) and front (F1) with 

significant contribution from prasinophytes (av. = 0.042) to TChl a. Together they contributed 60 to 70 

% of the TChl a biomass at CF1 and F1. The warm patch of water was found to be dominated by 

prochlorophytes (av. = 0.037 μg l-1) (70-80% to the TChl a biomass). Groups such as chlorophytes (av. 

= 0.019 μg l-1), cyanobacteria (av. = 0.024 μg l-1) showed ubiquitous distribution representing 10-20 % 

of the background population. Contribution of diatoms (av. 0.005 μg l-1) and dinoflagellates (0.006 μg l-1) 

remained poor except within the filament (CF1) where it showed marginal build up (Fig. 5).    

3.3 Hydrographic and biogeochemical variations 

The mixed layer was fairly deep and varied between 50 and 70 m (Fig. 2). The surface waters in the 

south of the section had low nitrate (< 1 µM), silicate (< 2 µM) and phosphate (< 1 µM) concentrations, 

which increased marginally towards the north (Fig. 3). Average mixed layer value of nitrate was 2.5 µM, 

silicate (4 µM) and phosphate (1 µM). For the entire water column (0-100m), nitrate ranged between (0 

and 20 µM), silicate (2 - 18 µM) and phosphate (0 - 2 µM) in the study region. The surface 

concentrations of inorganic nutrients showed a spatial trend exhibiting marginal build up at CF1 and F1 
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relative to the warm patch of water. For example the region along 69.2 ºE and 18.85o N to 19.25o N, 

which corresponds to the warm patch of water, had relatively lower concentrations of nitrate (0 -1 µM), 

phosphate (0.3 - 2.0 µM) and silicate (0.1 - 7 µM) whereas higher concentrations (1-2, 0-2.5 and 0.5 to 

4.5 µM respectively) was observed at cold filament CF1. Similarly surface waters within front F1 had 

low nitrate (<0.2 µM), phosphate (0.3-1.0 µM), and silicate (0.31-1.0 µM) (Fig. 3) whereas outside the 

nitrate was found to be below detection limit and phosphate and silicate exhibited similar trend as seen 

in the south of the section. The average N:P ratio  within the mixed layer was 3:1 for the entire study 

region. A marginal increase up to 10:1 was noticed in the waters below 60 m presumably because of 

diffusion of nitrate rich waters from subsurface layers (Fig. 3).  Similarly the N:Si was found to be  > 1/1 

at CF1 and F1 due to low silicate but decreased within the warm water patch of. 

4. Discussion 

The use of satellite remote sensing to generate potential fishing zone (PFZ) advisory in the north 

eastern Arabian Sea is primarily based on changes in sea surface temperature (SST) and chlorophyll a 

(Solanki et al., 2003) and provides no information on different phytoplankton groups present within such 

zones or below. Increase in Chl a biomass due to nutrient enhancement within such fronts and 

filaments can stimulate different phytoplankton groups which may influence zooplankton grazing (Cry 

and Curtis, 1998 and references therein) thereby regulating the higher trophic levels. Keeping this in 

mind we investigated the nutrients and phytoplankton pigments characteristics of dynamic fronts and 

filaments in NEAS. Our data highlights dominance of two phytoplankton groups within a spatial scale of 

~ 1º latitude in response to the nutrient enhancement and temperature. The cold and nutrient-rich 

waters of the filament (CF1) and front (F1) in the north of the section were dominated by 

prymnesiophytes whereas oligotrophic warm waters observed at the south exhibited proliferation of 

Prochlorococcus.  

The marker pigments 19’ hexanoyloxyfucoxanthin, 19′-butynoyloxyfucoxanthin, and fucoxanthin were 

abundant within CF1 and F1. A marked increase in these pigments was also noticed within the 

subsurface chlorophyll maxima (SCM). Microscopic observations at sea suggest presence of 

Phaeocystis colonies which led to the increase in 19’ hexanoyloxyfucoxanthin, 19′-

butynoyloxyfucoxanthin, and fucoxanthin pigments in the samples. CHEMTAX analysis also showed 

dominance of prymnesiophytes at CF1 and F1 even though nutrient concentrations was relatively low in 

F1. Our observations suggest prymnesiophytes was the dominant group within CF1 and F1 contributing 

50-70 % to the phytoplankton biomass. This has significant implication as Phaeocystis blooms are 

known to increase the dissolved organic carbon (DOC) pool thereby influencing the microbial food web 
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and hence carbon cycle (Wassmann et al., 1994; Smith et al., 1998). High grazing activity and export 

production of Phaeocystis bloom have been found to be species-dependent (Reigstad and Wassmann, 

2007, see review by Schoemann et al., 2005).  

Phaeocystis blooms have been reported earlier from the Arabian Sea around similar latitudes during 

July-August 1994 (Madhupratap et al., 2000), however pigment analysis was not carried out before. 

The 19′-HF: fuco ratios have also been used to understand the distribution of Phaeocystis sp in the 

ocean. In Southern Ocean the ratio was found to be 1.265 (Wright et al., 1996) and ranged between 

0.381 and 1.44 within the east Antarctic Shelf (Wright and Van den Enden, 2000) and some  variations 

have been noted under laboratory cultured conditions (see review by Schoemann et al., 2005).  The 

average value during this investigation was 4.2, which decreased to 2 in surface waters and ranged 

between 2 and 11 within the upper 100 m.  The high ratios observed in the study region, caused by 

increased production of 19′-hexanoyloxyfucoxanthin relative to 19′-butynoyloxyfucoxanthin, likely 

represent an adaptation to tropical light levels generally encountered in this region.  

CHEMTAX also showed marginal build up of prasinophytes within CF1 and F1. This suggests that 

nanoplankton size class (e.g prymnesiophyes and prasinophytes) was efficient in utilizing the buildup of 

nutrients observed within the CF1 and F1. The Redfield  N/P ratios are  generally viewed as critical in 

understanding N and P-limitation;  deviations from this stochiometry have often been reported in areas 

of upwelling, convective mixing or within the oxygen minimum zones (Morrison et al., 1999) influencing 

phytoplankton composition. In general, the N/P ratios were well below the Redfield proportions within 

the section and increased below the mixed layer suggesting strong nutrient limitation in the upper layer. 

On a spatial scale, the N/P ratios were low in the southern part of the section and increased marginally 

within CF1 due to increase in nitrate. Silicate concentration within the mixed layer was low therefore 

restricting diatom growth at CF1 and F. Contrary to this WP had high silicate but was low in nitrate.  

In general, it is expected that diatoms dominate an area with high N/P and N/Si ratios; however, their 

presence was limited to CF1. On the contrary, peridinin showed ubiquitous distribution with background 

concentrations ranging between (0.02- 0.010 µg l-1) suggesting fair contributions by dinoflagellates. 

CHEMTAX analysis also revealed presence of chlorophytes with similar spatial distribution as 

prochlorophytes; however, their contribution to TChl-a biomass was significantly less than that of 

prochlorophytes (Fig 4). A marginal increase in their population was also noted at 20°N. This suggests 

that the warm and nutrient-depleted regions were mostly dominated by picoplankton size fraction. A 

patchy distribution of cyanobacteria was also noticed along the section with marginal buildup beside 

CF1 and at ~19° N (Fig. 4). This suggests proliferation of Synechococcus or Trichodesmium sp. 
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Presence of low nitrate in the surface waters may have triggered proliferation of diazotrophs in the 

region. Low nutrient concentrations observed in the southern part of the section (around 18 ºN) 

covarying with marginally warm temperature suggest prevalence of oligotrophic regime. The surface 

waters here were low in nitrate and phosphate presumably due to utilization by phytoplankton prior to 

our sampling. Prochlorococcus sp was found to be dominant here and contributed > 50% to the 

phytoplankton biomass. We also examined the ratio of divinyl chlorophyll b: divinyl chlorophyll a to 

analyze the population of Prochlorococcus present in surface waters and   that below the SCM, 

coinciding with the oxycline (below 60-70), representing two different light and nutrient regimes. The 

ratio varied between 0.01 and 0.6 in the study region. Surface waters had lower ratios (0.01-0.2) 

compare to the ones below the oxycline (0.3-0.6) due to increase in per cell production of divynyl 

chlorophyll b relative to divinyl chlorophyll a. These variations in the ratios between the surface and the 

subsurface seem to suggest presence of two different photoadapted and/or oxygen-adapted ecotypes 

of Prochlorococcus. It is likely that during winter convection the ecotype residing at the low oxygen and 

light layer is brought up and may undergo significant physiological changes which should be 

investigated thoroughly.  Goericke et al. (2000) also reported prevalence of such strains in oxygen 

minimum zones in the central Arabian Sea. To the best of our knowledge, this is the first such 

observation of Prochlorococcus sp from the oxycline of the NEAS. The ratios obtained here are in good 

agreement with observations from subtropical and tropical waters (Olson et al., 1990, Moore et al., 

1995, Goericke et al., 2000).  

The scatter plot showing various relationships between temperature, nutrients and pigments have been 

shown in (Fig 6 and 7). It is apparent that relationship between nutrients and temperature was poor 

however warmer waters were generally associated with low nitrate and modest phosphate with 

relatively high divynyl chlorophyll a and modest zeaxanthin. Similarly relationship between nutrients and 

various pigments was also poor however, elevated TChla was generally associated with high inorganic 

nitrogen levels of >2 µM than at concentrations lower than 2 µM covaried with low temperature and 19’ 

hexanoyloxyfucoxanthin. This observation probably reflects the uptake and utilization of inorganic 

nitrogen for phytoplankton growth and the resultant increase in biomass of prymnesiophytes. The 

relationship between TChla and 19’ hexanoyloxyfucoxanthin was found to be significant (r = 0.63; n = 

86, p = 0.05) suggesting a major part of the chlorophyll biomass was contributed by the 

prymnesiophytes within the section, which corroborates our observation.  

Overall, our data highlights the fact that prymnesiophytes and prasinophytes dominated the filament 

and front (CF1 and F1), whereas prochlorophytes were more abundant at WP. Based on pigment 

indices, the order of dominance within the CF1 and F1 was nanoplankton> microplankton > 
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picoplankton, whereas picoplankton were more dominant outside and below the thermocline, where 

they contributed > 50 % to the TChl-a biomass. This has significant implications as picoplankton is 

generally associated with longer food chains, whereas presence of larger cells can make the food chain 

shorter (Ryther, 1969; Sanders et al., 2000, Caroppo, 2000; Landry,  2002; Tsai et al., 2014).  

In summary, phytoplankton pigments and nutrients were measured for the first time within SST fronts in 

the northeastern Arabian Sea. We have shown that nutrient concentrations were high within the 

filament and front compared to the surrounding waters and exhibited a unique phytoplankton 

assemblage. In spite of the difference in the physical properties between CF1 and F1, CHEMTAX 

analysis showed dominance of similar phytoplankton community (prymnesiophytes and prasinophytes). 

In contrast, Prochlorococcus sp contributed >50% to the total phytoplankton biomass outside and 

below the oxycline. This study also demonstrates that phytoplankton groups respond strongly to the 

nutrient enhancement often encountered within the vicinity of the SST fronts that characterize the 

PFZs, thereby modulating food web dynamics.   

The data presented here lead to three questions, answering which will demand a carefully designed set 

of cruises.  First, we have sampled a random section across a filament.  Will chlorophyll a always be 

higher in such a front or filament?  Second, how does the physical age of the front or filament influence 

phytoplankton composition?  This question is important because these fronts move in space over time 

and it is difficult to map the evolution of the ecosystem in such a frontal system.  Third, does 

phytoplankton succession modulate the dynamics of the marine food web in these systems? 

Answering these questions will lead to insight into the biogeochemistry of these dynamic systems, and 

in turn will help in improving the PFZ advisories.  
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Figure 1: Map showing sampling locations in the north eastern Arabian Sea (NEAS). 

Figure 2. a) Map showing cold filament (CF1) which was cut across and several surface SST features 
in the NEAS. Blue line represents the cruise track and star icon represents the location of the ship. b) 
Front (F1); c) variability in temperature along the section based on Vipin et al. (2014); d) variability in 
salinity along the section based on Vipin et al. (2014); WP denotes (warm parcel), CF1 denotes (cold 
filament 1) and F1 denotes (cold front). These SST features were sampled at close interval during this 
investigation. Black line on figure c & d represent variability in the mixed layer depth along the section 
defined as the depth at which σt exceeds the depth at the surface by the increase in the σt that would be 
caused by a 1ºC change in temperature (Shenoi et al., 2004).  

Figure 3. a-f) Vertical sections of nitrate, phosphate, silicate, nitrite, N/ P, N/Si in µM and marker 
pigments; g-h) total chlorophyll a (TChl a); divinyl chlorophyll a (DV Chl a); 19’ hexanoyloxyfucoxanthin 
(19’ HF); divinyl chlorophyll b (DV Chl b) in µg l-1. Dotted line represents variability in the mixed layer 
depth along the section. 

Figure 4. Spatial variability of important marker pigments zeaxanthin (Zea); chlorophyll b (Chl b); 
fucoxanthin (Fuco); Peridinin (Perid) in µg l-1 and size class based on Utiez et al. (2006). Values are 
percent of TChl a represented by each size class. f micro ( Microplankton proportion factor); f nano 
(nanoplankton proportion factor); f pico (picoplankton proportion factor). 

Figure 5.  Spatial distribution of relative percentage contribution of main phytoplankton groups to total 
chlorophyll a, as estimated by interpretation of pigment HPLC data using the CHEMTAX program in µg 
l-1. The frontal regions show dominance of prymnesiophytes and prasinophytes groups. 

Figure 6. Relationships between nutrients, pigments against temperature along the section. 

Figure 7. Relationships between nutrients and phytoplankton pigments along the section. 
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Table 1 
Marker pigments to Chl a ratios. Input ratios were obtained from Schlüter et al. (2000) and Gibb et al. (2001)  

 

 
Table 2 
Estimated output ratios based on CHEMTAX programme  

 perid 19’BF fuco 19’HF neox prasinox violax DVChla lutein zea Chl b Chl a 
a ) Input matrix             
Prasinophytes 0 0 0 0 0.061 0.127 0.025 0 0.004 0 0.381 1 
dinoflagellaets 1.06 0 0 0 0 0 0 0 0 0 0 1 
prochlorophytes 0 0 0 0 0 0 0 0.418 0 0 0 1 
Prymnesiophytes 0 0.02 1.21 1.36 0 0 0 0 0 0 0 1 
chlorophytes 0 0 0 0 0.04 0 0.1 0 0.12 0.12 0.57 1 
cyanobacteria 0 0 0 0 0 0 0 0 0 0.59 0 1 
diatoms 0 0 0.76 0 0 0 0 0 0 0 0 1 

 perid 19’ BF fuco 19’HF neox prasinox violax DVChla lutein zea Chl b Chl 
a 

a) output matrix             
Prasinophytes 0 0 0 0 0.038 0.079 0.016 0 0.003 0 0.238 1 
dinoflagellaets 0.515 0 0 0 0 0 0 0 0 0 0 1 
prochlorophytes 0 0 0 0 0 0 0 0.647 0 0 0 1 
Prymnesiophytes 0 0.007 0.117 0.504 0 0 0 0 0 0 0 1 
chlorophytes 0 0 0 0 0.020 0 0.051 0 0.065 0.061 0.291 1 
cyanobacteria 0 0 0 0 0 0 0 0 0 0.554 0 1 
diatoms 0 0 0.432 0 0 0 0 0 0 0 0 1 
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Table 3 

Table showing average and ranges of various marker pigments observed over a depth range of 100 m within the section, cold 
filament (CF1); front (F1) and warm water mass (WP). Latitude and longitude of individual features have been presented in the 
introduction. 

Pigments Section Section CF1 CF1 F1 F1 WP WP 

 Avg 
n = 123 

Range Avg 
n = 56 

Range Avg 
n = 20 

Range Avg 
n = 25 

Range 

TChl a 0.266 0.000–1.097 0.391 0.000–1.097 0.242 0.050–0.522 0.238 0.122–0.483 

DVChla 0.068 0.000–0.250 0.060 0.000–0.207 0.059 0.009–0.129 0.110 0.020–0.250 
Chl c3 0.036 0.000–0.172 0.041 0.000–0.172 0.030 0.009–0.092 0.032 0.000–0.174 
Chl c1c2 0.053 0.000–0.178 0.062 0.000–0.178 0.044 0.009–0.127 0.052 0.007–0.116 
Perid 0.007 0.000–0.028 0.008 0.000–0.028 0.008 0.000–0.012 0.007 0.000–0.028 
19′ BF 0.017 0.000–0.084 0.020 0.000–0.068 0.015 0.006–0.032 0.017 0.002–0.084 
19′ HF 0.076 0.000–0.242 0.097 0.000–0.242 0.069 0.009–0.154 0.049 0.011–0.134 
Fuco 0.022 0.000–0.209 0.029 0.000–0.209 0.023 0.005–0.054 0.012 0.003–0.045 
Neox 0.005 0.000–0.016 0.005 0.000–0.016 0.005 0.000–0.010 0.003 0.000–0.010 
Prasinox 0.006 0.000–0.021 0.008 0.000–0.021 0.007 0.000–0.016 0.003 0.000–0.011 
Diad 0.007 0.000–0.043 0.008 0.000–0.043 0.006 0.002–0.013 0.005 0.000–0.026 
Violax 0.003 0.000–0.011 0.003 0.000–0.011 0.004 0.000–0.007 0.002 0.000–0.010 
Diato 0.007 0.000–0.052 0.007 0.000–0.052 0.008 0.003–0.018 0.004 0.000–0.011 
Zea 0.034 0.000–0.119 0.029 0.000–0.084 0.034 0.002–0.119 0.046 0.004–0.088 
Lut 0.004 0.000–0.023 0.004 0.000–0.013 0.006 0.000–0.023 0.003 0.000–0.014 
Chl b 0.031 0.000–0.094 0.037 0.000–0.094 0.031 0.013–0.052 0.023 0.000–0.050 
DVChl b 0.022 0.000–0.125 0.021 0.000–0.100 0.015 0.006–0.050 0.039 0.006–0.125 
b-car 0.026 0.000–0.101 0.028 0.000–0.101 0.024 0.006–0.049 0.030 0.010–0.057 
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