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Chapter 1 

                                            General Introduction 



1 

 

Phytoplankton, an integral part of the marine life, are microscopic unicellular, 

autotrophic organisms that inhabit a range of aquatic environments from freshwater to 

marine. Though they are small, they help to sustain almost all life in the ocean 

through photosynthesis. Phytoplankton obtains energy through the process of 

photosynthesis wherein they fix carbon dioxide (greenhouse gas) into organic 

compounds. Thereby also contributing significantly to climatic processes (Jeffrey and 

Vesk, 1997). Since, they account for half of all photosynthetic activity on Earth, they 

are responsible for much of the oxygen present in the Earth’s atmosphere (Falkowski, 

1994). Their cumulative energy fixation in carbon compounds known as primary 

production is the source for the larger part of oceanic and also many freshwater food 

webs. Therefore, they play an important role in determining ecosystem functioning 

and trophic dynamics. 

Till late 1970’s, it was believed that diatoms and dinoflagellates are the main 

primary producers (Pomeroy, 1974). Later it was observed that there was a mismatch 

between chlorophyll (chl) concentrations, primary productivity, and phytoplankton 

abundance wherein phytoplankton abundance was low, chl a concentration and 

primary productivity were high. When these samples were observed under 

epifluorescence microscope, large number of fluorescing tiny cells were observed, 

which led to the discovery of picophytoplankton (PP) (Waterbury et al., 1979; Li et 

al., 1983). Until the discovery of PP, it was thought that the classical food web only 

exists with the diatoms and dinoflagellates as the base of food web (Pomeroy, 1974; 

Azam et al., 1983). In this, phytoplankton are fed upon by microzooplankton which 

are in turn consumed by mesozooplankton, which forms the main diet for fishes. 

However, with the discovery of PP, studies showed the existence of a microbial loop, 

which also can sustain higher organisms (Azam et al., 1983; Ituriaga and Mitchell, 
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1986) (Fig. 1.1). In this loop, PP forms the base of the food web but because of their 

small size these organisms cannot be consumed by the mesozooplankton. These 

organisms are grazed by microzooplankton, heterotrophic nanoflagellates and ciliates; 

which are then fed upon by mesozooplankton (Richardson and Jackson, 2007), and 

subsequently enter in to the classical food chain. This food web is especially 

important in oligotrophic conditions when the larger phytoplankton are in lower 

numbers. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 The role of picophytoplankton in marine food web dynamics. 

 

Based on their cell size, phytoplankton are divided into three major groups; 

microphytoplankton (20 to 200 μm), nanophytoplankton (3 to 20 μm) and PP (0.2 to 3 

µm). PP, the smallest group of phytoplankton forms a major component of 

phytoplankton in both marine and freshwater including nutrient rich to poor 



3 

 

ecosystems (Shiomoto et al., 1997), contributing significantly to primary productivity 

and total phytoplankton biomass (Paerl, 1977; Azam et al., 1983). Based on pigment 

composition PP is further classified into two major groups of cyanobacteria, 

Prochlorococcus (PRO) and Synechococcus (SYN), and small eukaryotes known as 

picoeukaryotes (PEUK). Amongst these, SYN was the first group to be studied in 

detail (Waterbury et al., 1979). They are rod to coccoid shaped organisms, with size 

ranging from 0.8 to 1.5 µm and divide by binary fission into equal halves in one plane 

(Holt et al., 1994). They possess photosynthetic thylakoid membranes positioned 

peripherally with the absence of structured sheaths (Waterbury and Rippka, 1989). 

They are the dominant phycobilisome-containing cyanobacteria found in all types of 

aquatic ecosystems from freshwater to marine, generally being more abundant in 

nutrient-rich than oligotrophic regions. They contribute up to 20% of global marine 

carbon fixation (Li, 1994), thereby playing an important part in pelagic food-web 

structure via energy transfer within the microbial loop through heterotrophic 

nanoflagellate and ciliate grazing, especially in the oligotrophic regions (Azam et al., 

1983; Chiang et al., 2013). Approximately 35 to 100% of the SYN standing stock can 

be grazed per day by these organisms (Campbell and Carpenter, 1987). 

Based on phycobilisome composition, SYN is classified into two groups; one 

containing phycoerythrin (PE; SYN-PE) and the other phycocyanin (PC; SYN-PC) as 

major accessory pigment. Former group is present in all kinds of aquatic systems 

whereas latter is present only in freshwater and estuarine environments. Based on PE 

fluorescence intensity, different clades of SYN-PE have been observed in the 

Mississippi River plume (Liu et al., 2004) and Pearl River estuary (Lin et al., 2010; 

Partensky et al., 1999). These different clades of SYN-PE are a result of variation in 

the two chromophores, i.e., phycoerythrobilin (PEB) (λAbsMax= 540-570 nm) and 
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phycourobilin (PUB) (λAbsMax=
 495-500 nm) that attach to the light-harvesting 

pigment phycoerythrin (Glazer, 1985). In general, PUB rich populations are present 

only in oceanic waters whereas PEB rich populations dominate the mesotrophic or 

coastal waters. PUB : PEB ratios show increasing trend with depth of water column 

(Lantoine and Neveux, 1997). Generally, SYN-PE group abundance is high in clear 

waters whereas SYN-PC is higher in turbid waters (Stomp et al., 2007). In the clear 

waters, short wavelength blue light tends to penetrate deepest, whereas in turbid 

waters blue and red light are considerably decreased and green light shows the 

maximum transmission (Li et al., 1983; Wood et al., 1985). This variation of light 

quality is one of the factors for altering the PP composition in oceanic, coastal and 

estuarine waters (Wood et al., 1985; Scanlan, 2003). It reflects the importance of the 

blue green light on the PP accessory pigments (Wood et al., 1985; Scanlan, 2003). 

Discovery of PRO (Chisholm et al., 1988) was a breakthrough in biological 

oceanography research. It is the smallest (0.2 to 0.8 µm) known photoautotrophic 

organism that is capable of flourishing in the oligotrophic regions and are accountable 

for a high percentage of oxygen through photosynthetic production. They are coccoid 

shaped, non-motile and free-living cells, which are the most abundant photosynthetic 

organism on the planet, with approximate global population of ~1027 cells (Partensky 

et al., 1999; Schattenhofer et al., 2009; Flombaum et al., 2013).  They account for 

50% of the total chl in most of the surface oceans (Partensky et al., 1999). Thus, it has 

been estimated to produce 4 gigatons of fixed carbon each year (Flombaum et al., 

2013). It has been found to be ubiquitous between 40°N and 40°S, mostly in a 

temperature range of 10 to 33ºC (Partensky et al., 1999). It has a unique light-

harvesting complex, consisting predominantly of divinyl derivatives of chl a (chl a2) 

and b (chl b2) (Ting et al., 2002). It lacks monovinyl chl and phycobilisomes (Ting et 
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al., 2002). This unique pigment increases the absorption of blue light, which is the 

dominant wavelength in deep waters. It is the only phytoplankton known to absorb 

more light than it scatters (Morel et al., 1993). Therefore, some strains can grow at 

deeper depths in the water column (deep as 150 to 200 m; Partensky et al., 1999), 

where light penetration is < 1% and defines the lower limit of photosynthetic life in 

the ocean. PRO consist of two groups, the low light (LL) and high light (HL) adapted, 

which vary in pigment ratios (Partensky et al., 1999; Zinser et al., 2009). LL group 

has a high ratio of chl b2 : a2 and occupies deeper depths whereas HL group has a 

low ratio of chl b2 : a2 and occupies shallower depths. The higher chl b to a ratio 

enables the LL group to absorb blue light (Chisholm et al., 1988; Goericke and 

Repeta, 1992), which penetrates deeper oceanic waters and can reach depths of > 200 

m. Thus,  enabling PRO to survive at depths of up to 200 m (Olson et al., 1990). Their 

smaller size and large surface-area-to-volume ratio, gives them an advantage in 

oligotrophic condition (Raven, 1998). They are believed to assimilate reduced 

nitrogen source (ammonium) rather than nitrate (Raven, 1998). However, it is 

assumed that PRO have a very small nutrient requirement (Biller et al., 2015).  

The third group, PEUK are also ubiquitous in aquatic ecosystems.  In general, 

PEUK abundance reach 103 cells ml-1 in oligotrophic waters, and in coastal waters 104 

cells ml-1 or more (Massana, 2011). Although PEUK are less abundant compared to 

the above two genera, their relative importance in PP biomass in the coastal waters is 

higher (Shapiro and Guillard, 1986). In the open ocean, they are generally much less 

abundant than PRO, and similar in magnitude or lower than SYN. However, they can 

co-vary with SYN, while they do not with PRO (Worden et al., 2004). Due to their 

high cell-specific carbon uptake rates and high carbon content, their contribution to 

carbon fixation is substantial (Zubkov et al., 2000; Worden, 2006). In the oligotrophic 
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waters, PEUK forms a large portion of the primary producer biomass amongst the PP. 

However, based on abundance, they appear much less important than PRO and SYN 

(Li, 1994; Li et al., 1992). 

PEUK size ranges from 1 to 3 µm and belong mainly to three divisions, 

Chlorophyta, Heterokonta, and Haptophyta. They possess chl as their major light 

harvesting system. They can be either autotrophic or heterotrophic, and generally 

contain lesser number of organelles. For example, species belonging to class 

Bicosoecida (heterotrophic) contain two mitochondria, one food vacuole and a 

nucleus. An autotrophic PEUK belonging to the class Prasinophyceae, Ostreococcus 

tauri, contains only the nucleus, one mitochondrion and one chloroplast (Moreira and 

Lopez-Garcia, 2002). Generally, higher PEUK abundance have been found in higher 

nitrate and phosphate concentration conditions (Worden et al., 2004; Jing et al., 

2010). Therefore, in the open ocean, these groups show increasing trend with depth 

and higher concentration is observed in the subsurface waters, even in deep chl 

maximum (Massana, 2011). In the Arabian Sea, PEUK contributed 29 to 60% to the 

total PP biomass, and 18 to 33 % to the total phytoplankton biomass (Shalapyonok et 

al., 2001). Generally, PEUK are grazed at a rate between 0.71 to 1.29 day-1 (Brown et 

al., 1999). Due to the difficulty in the analysis of the small sized PP, it has been 

ignored in many phytoplankton studies. But with the use of flow cytometer, 

observations on PP has been made less laborious and more accurate with statistically 

significant results as compared to epifluorescence microscopy.  

The response of these PP groups to the hydrographic conditions varies under 

different environmental conditions such as riverine, estuarine, coastal, and oceanic 

ecosystems (Partensky et al., 1999; Murrell and Lores, 2004; Mitbavkar and Anil, 

2011). PP often dominate high-temperature conditions (Agawin et al., 1998; Chen et 
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al., 2014). They tend to grow better at high temperature than other phytoplankton in 

estuarine and freshwater environments (Ray et al., 1989; Qiu et al., 2010). In sub-

tropical and temperate estuaries, PP contribution was restricted to < 10% when water 

temperature was < 20oC and subsequently increased to > 50% at higher temperatures 

(> 20oC, Ray et al., 1989, Caroppo, 2000, Buchanan et al., 2005, Qiu et al., 2010). 

Phytoplankton size structure, among other factors, also depends on the maximum 

growth rate of the different groups of phytoplankton (Irwin et al., 2006). A general 

trend of an increase in relative SYN and PEUK abundance with increasing water 

temperature due to the higher activation energy of their growth rates than that of 

larger phytoplankton has been reported (Chen et al., 2014). In estuarine environments, 

salinity plays a major role in the spatial and temporal variation in PP community 

structure and abundance (Ray et al., 1989). Previous studies have suggested that 

salinity plays an important role in the spatial distribution of SYN where PE rich SYN 

dominates high saline waters whereas, PC rich SYN are abundant in lower saline 

waters (Murrell and Lores, 2004). 

Coastal and estuarine waters are the most productive regions in the world, 

especially estuarine ecosystems. These ecosystems are important for millions of 

interacting organisms, including fishes. The studies on phytoplankton community 

structure are well documented and mostly focused on larger phytoplankton (Madhu et 

al., 2009; Marshal, 2009; Patil and Anil, 2011; Patil and Anil, 2015). PP are now 

being highlighted as an important component of phytoplankton in coastal and 

estuarine regions of temperate, subtropical and tropical latitudes (Sin et al., 2000; 

Gaulke et al., 2010; Zhang et al., 2013) contributing substantially to the total biomass 

and primary production. However, the only couple of reports is from Indian coastal 
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and estuarine waters (Mitbavkar and Anil, 2011; Jyothibabu et al., 2013; Mitbavkar et 

al., 2015; Anas et al., 2015; Mohan et al., 2016).  

Information on PP are well established in the Pacific and Atlantic Oceans 

(Kazuhiko et al., 2004; Yves and Awa, 2007) and least studied in the Indian Ocean 

(Campbell et al., 1998; Brown et al., 1999; Shalapyonok et al., 2001) especially in the 

eastern Arabian Sea (Roy et al., 2015; Ahmed et al., 2016). Since PP is known to 

occur in high numbers and contributes significantly to the total phytoplankton 

biomass in oceanic and coastal regions, it is worthwhile to understand their 

distribution in response to the prevailing environmental factors on temporal and 

spatial scales. Also, high frequency sampling will provide the knowledge of 

population behavior on shorter time scales with respect to environmental conditions. 

Since, not much information is available from Indian waters, it is essential to 

understand their distribution patterns and its contribution to the total phytoplankton 

biomass in coastal and oceanic waters of India. Such studies will improve the 

knowledge about their role in the food web of the waters surrounding India. Also, 

monsoon plays an important role in the environmental set up of Indian estuarine, 

coastal and oceanic regions. PP dynamics in such environments could be different 

from other tropical, subtropical and temperate regions. Therefore, understanding the 

ecology of PP under various environmental conditions is important. In view of this, 

the present study was undertaken to investigate the PP community structure and its 

response to hydrographic conditions on temporal (fortnightly, monthly and seasonal) 

and spatial basis around the Indian waters. Different environments such as oceanic, 

coastal, estuarine and riverine ecosystems encompassing varied trophic status of 

waters such as oligotrophic, mesotrophic, eutrophic and hypertrophic were included in 

the present study. Thus, the present study will give an overall information about the 
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distribution and importance of PP groups and their relation to environmental factors in 

estuarine, coastal and oceanic waters of India. 

 

Objectives of the present study 

1. Picophytoplankton community structure and its contribution to the total 

phytoplankton biomass in the Zuari estuary. 

2. Picophytoplankton community structure under different environmental 

settings along the coast of India. 

3. Picophytoplankton community structure from eastern Arabian Sea. 

4. Influence of salinity on the picophytoplankton groups through laboratory 

experiments.  

 

 



 

 

 

 

 

 

 

 

Chapter 2 

Picophytoplankton community structure and its 
contribution to the total phytoplankton biomass 

in the Zuari estuary 
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2A Picophytoplankton community dynamics during fortnightly spring and neap 

tides in a monsoonal estuary 

2A.1 Introduction 

Estuaries, one of the most productive natural habitats in the world, are exposed to 

short term physical forcing from both marine influences such as tides, waves, and 

influx of saline water; and riverine influences such as fresh water and sediment 

discharges (Cloern and Nichols, 1985). Amongst these, tides are the major controller 

of the hydrographic variations (Shetye and Murty, 1987) affecting biological 

productivity, water quality, material transport and dispersion (Kasai et al., 2010; Long 

et al., 2012). Salt water intrusion, due to tidal activity, lead to a gradient of increasing 

salinity from the downstream to upstream, which has intense effect on the estuarine 

ecosystem (Stephens and Imberger, 1996), thus, reducing the species diversity (Telesh 

et al., 2011). The extent of salt water intrusion varies with tidal phases i.e. spring (ST) 

and neap (NT) tides, with higher intrusion during ST compared to NT. This brings 

fortnightly changes in hydrographic conditions in the estuarine ecosystem (Balch, 

1981), consequently influencing the organisms inhabiting therein (Zhou et al., 2016). 

Since estuarine environments are recognised as potential fishery zones (Gillanders et 

al., 2003), the understanding of phytoplankton dynamics during different tidal phases 

is important. 

Phytoplankton are important primary producers fuelling the food webs of 

estuarine ecosystems. Their growth, community structure and diversity in the 

estuarine ecosystem is known to be influenced by tide induced changes in physico-

chemical factors such as water column stability (mixed and stratified water column) 

(Paerl et al., 2007), turbidity (Phlips et al., 2012; Chen et al., 2016), nutrient 

concentration (Madhu et al., 2009; Qiu et al., 2010), amount of river discharge (Sarma 
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et al., 2009; Patil and Anil, 2015) and water residence time (Lu and Gan, 2014). The 

above factors have variable influence on phytoplankton, depending on the size classes 

(Gaulke et al., 2010; Qiu et al., 2010). Smaller phytoplankton i.e., picophytoplankton 

(cell size < 3 µm; PP) are now being highlighted as an important component of 

phytoplankton in coastal and estuarine regions (Gaulke et al., 2010; Qiu et al., 2010; 

Contant and Pick, 2013; Mitbavkar et al., 2015). Amongst the PP groups, 

Prochlorococcus (PRO) is restricted to oligotrophic waters (Partensky et al., 1999). 

However, recently PRO-like cells were identified in the low salinity waters (Shang et 

al., 2007). Synechococcus (SYN) has received much attention in previous studies due 

to its higher abundance in the coastal and estuarine regions. Two types of SYN are 

recognised in the estuarine environment based on pigment composition i.e., SYN 

containing phycoerythrin (PE), which is a high saline species and the other containing 

phycocyanin (PC), which is a low saline species (Murrell and Lores, 2004). The third 

group, picoeukaryotes (PEUK) are generally less abundant compared to the above two 

genera. However, its relative importance increases in the coastal waters as compared 

to the open ocean (Johnson and Sieburth, 1982; Shapiro and Guillard, 1986).  

The Indian tropical estuaries are influenced by the southwest monsoon (SWM) 

with higher freshwater discharge during monsoon (MON) compared to the non-MON 

seasons, which makes these tropical estuaries different compared to other estuaries 

(Vijith et al., 2009). Thus, the annual variation in hydrodynamics is mainly controlled 

by the freshwater discharge and tides during MON and tidal activity during non-MON 

periods. As a result, during MON, the estuary is stratified whereas during non-MON it 

is vertically homogenous (Qasim and Sen Gupta, 1981; Shetye and Murty, 1987). In 

these waters, phytoplankton show wide seasonal changes in species composition and 

abundance (Patil and Anil, 2011; Pednekar et al., 2011) with occasional 
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phytoplankton blooms (Patil and Anil, 2015). Some studies are also available on the 

PP community structure in such environments (Mitbavkar and Anil, 2011; Mitbavkar 

et al., 2015; Anas et al., 2015; Mohan et al., 2016), which shows that salinity 

variation, water column stability and freshwater discharge affect the PP growth, 

community structure and its distribution. However, these studies have mainly focused 

on their temporal and spatial variations, with inferences drawn from monthly 

samplings. There are reports on larger phytoplankton community structure and their 

regulation mechanisms during fortnightly tidal phases (ST and NT) in temperate and 

subtropical estuaries, with higher stratification during NT favouring relatively higher 

phytoplankton production than during disturbed ST (Holligan and Harbour, 1977; 

Domingues et al., 2010; Blauw et al., 2012; Zhou et al., 2016). Since the intensity of 

tidal activity during ST and NT is modulated by the influx of freshwater discharge 

which varies seasonally and spatially, the effect on PP will differ along the estuary 

and over the seasons. Our objective was to assess the seasonal and spatial response of 

PP distribution with respect to ST and NT on a fortnightly scale. Since PP is favoured 

by stratification, we hypothesised that the water column conditions during NT will 

favour the growth of PP as compared to ST.  

2A.2 Materials and Methods 

2A.2.1 Description of the study region 

The Zuari River is one of the largest river in Goa, located along the central west 

coast of India (Fig. 2A.1; Table 2A.1). It originates at Hemad-Barshen in the Western 

Ghats and flows up to the Arabian Sea with a length of 65 km and several rivers 

drains in to the estuary upstream. The average depth of this estuary is ~ 5 m with a 

catchment area of 1152 km2 and a width of 5 km at the mouth which decreases 

towards the head (0.05 km) (Shetye et al., 2007). The annual cycle is classified into 3 
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seasons, based on the physiochemical characteristics, i.e. June to September – MON 

season; October to January - post-monsoon (PM) season; and February to May - pre-

monsoon (PrM) season. Strong influence of SWM leads to high river discharge, 

exceeding 400 m3 s-1 during MON whereas rest of the year it is < 10 m3 s-1 (Shetye  

and Murty, 1987). The huge quantity of freshwater discharge during MON results in 

drastic changes in physiochemical characteristics of the water column whereas in the 

remaining period tidal flow dominates (Qasim and Sen Gupta, 1981). This is a 

mesotidal estuary, which experiences semidiurnal tide with the highest tidal height of 

2.5 m during ST and ~ 1 m during NT (Manoj and Unnikrishnan, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2A.1 Sampling stations located in the Zuari estuary, west coast of India.  
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Table 2A.1 Details of sampling stations in the Zuari estuary 

 

2A.2.2 Sampling 

Fortnightly sampling was carried out in the Zuari estuary during NT and ST 

phases, from January 2010 to April 2012 (Table 2A.2). Surface and near-bottom 

water (NBW) samples were collected from 10 stations (S) with a Niskin sampler (Fig. 

2A.1; Table 2A.1). Based on the distance from estuarine mouth, stations are 

demarcated as the downstream (S1 to S2), lower middle estuary (S3 to S5), upper 

middle estuary (S6 to S8) and upstream (S9-S10) (Table 2A.1). Generally, sampling 

was carried out during mid tide at S1 during both the tidal phases. As sampling 

continued, high tide was observed while sampling in the upper middle estuary during 

ST whereas during NT, low tide was observed in middle estuary, except on some 

occasions (Fig. 2A.3a and b). Vertical profiles of temperature and salinity were 

determined using portable seabird CTD (SBE 19 plus). Stratification parameter (ΔS) 

was calculated using salinity data of surface and NBW for the entire study period. 

Tidal height was estimated from the tidal range for the respective sampling time. 

Water transparency was measured with a secchi disk (SD). Rainfall data for the study 

period were acquired from the Indian Meteorological Department (IMD) (Table 

2A.2). Solar radiation (SR) was obtained from CSIR-National Institute of 

Oceanography, Dona Paula, Goa. 

Station 

No. 

Station name Latitude (N) Longitude (E) Distance from 

mouth (km) 

Approximate        

depth (m) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Marmugao 

Chicalim 

Island 

Sancoale 

Cortalim 

Loutulim 

Borim 

Shiroda 

Kushavati 

Sanvordem 

15° 25' 16.9'' 

15° 25' 8.5'' 

15° 25' 57.4'' 

15° 25' 45.1'' 

15° 25' 32.0'' 

15° 25' 54.0'' 

15° 25' 03.6'' 

15° 25' 12.3'' 

15° 25' 31.7'' 

15° 25' 01.1'' 

73° 47' 36.9'' 

73° 47' 22.4'' 

73° 47' 57.0'' 

73° 47' 30.6'' 

73° 47' 50.2'' 

73° 47' 24.4'' 

73° 47' 58.0'' 

73° 47' 55.5'' 

73° 47' 28.3'' 

73° 47' 36.0'' 

0 

5.8 

8.6 

11 

13 

19.7 

23.9 

31.4 

38.4 

42.2 

16 

5 

5 

7.1 

9.6 

10.5 

12.9 

9.1 

9.9 

4.9 
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Table 2A.2 Rainfall data for the sampling days (48 h) during neap and spring tides 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Samples were collected from 4 stations (Station 1, Station 5, station 7 and station 10) 

 

For chlorophyll a (chl a) estimation, known volume (500 mL) of seawater sample 

was filtered through a Whatman GF/F filter and immediately placed in a dark vial 

containing 90% acetone. After extraction in the dark at 4oC for 24 h, chl a was 

determined on a Turner Design Triology fluorometer calibrated with commercial chl 

a (Parsons et al., 1984). Nutrients [nitrate (NO3
-), phosphate (PO4

3-), nitrite (NO2
-) 

and silicate (SiO4
4-)] were analyzed by SKALAR SANplus ANALYSER. Seawater 

  Neap tide   Spring tide 

Sr. No Date (d-m-y) Rainfall (mm)  Date (d-m-y) Rainfall (mm) 

1 22-Jan-10  0  3-Jan-10 0 

2 8-Feb-10  0  29-Jan-10 0 

3 10-Mar-10  0  3-Mar-10 0 

4 9-Apr-10  0  1-Apr-10 0 

5 7-May-10  0  29-Apr-10 0 

6 8-Jun-10  69.8  27-Jun-10 292.4 

7 19-Jul-10  157.7  13-Jul-10 0.9 

8 18-Aug-10  132.8  11-Aug-10 51.7 

9 17-Sep-10  78.5  10-Sep-10 46.3 

10 16-Oct-10  0.4  23-Oct-10 55.4 

11 12-Nov-10  7  6-Nov-10 13 

12 13-Dec-10  0  6-Dec-10 0 

13 10-Jan-11  0  20-Jan-11 0 

14 11-Feb-11  0  18-Feb-11 0 

15  29-Mar-11*  0  21-Mar-11 0 

16   27-Apr-11  0  19-Apr-11 0 

17 27-May-11 0  20-May-11* 0 

18 27-Jun-11 61.2  16-Jun-11 99.5 

19 25-Jul-11 4.2  15-Jul-11 92.2 

20 24-Aug-11 11.8  1-Aug-11* 32 

21 22-Sep-11 6.4  27-Sep-11 0 

22 21-Oct-11* 0  29-Oct-11* 11.6 

23 19-Nov-11 0  25-Nov-11 0 

24 16-Dec-11 0  23-Dec-11 0 

25 17-Jan-12 0  23-Jan-12 0 

26 16-Feb-12 0  8-Feb-12 0 

27 16-Mar-12 0  9-Mar-12 0 

28 16-Apr-12 0   9-Apr-12 0 
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samples for PP analysis were preserved with paraformaldehyde (0.2% final 

concentration), quick frozen in liquid nitrogen and stored at -80°C until analysis.  

2A.2.3 Flow cytometric analysis of picophytoplankton 

Samples stored for PP analysis were thawed and analysed using flow cytometer 

(FACS Aria II) equipped with blue (488 nm) and red (630 nm) lasers. Samples were 

run in log mode and 10000 events were acquired at a speed of 40-80 µl min-1. Flow 

cytometeric data on forward angle light scatter (FALS), right angle light scatter 

(RALS), red fluorescence from chl (> 650 nm) and phycocyanin (630 nm) and orange 

fluorescence from phycoerythrin (564-606 nm) was recorded for individual particles 

as they pass through a laser. BD FacsDiva (Version 6.2) software was used to process 

the data obtained. The different PP groups present in the sample was discriminated 

based on their scattering and specific fluorescence properties. To calibrate the cell 

fluorescence emission and light scatter signals, yellow green latex beads of 2 µm 

(polysciences co., USA) were used as internal standards, which permitted us to 

compare fluorescence and cell size among different samples. Based on flow 

cytometric signatures, two groups of SYN were distinguished: one rich in 

phycoerythrin (SYN-PE) and the other in phycocyanin (SYN-PC) throughout the study 

period. RALS and FALS (proxy for cell size) signals revealed that the cell size of 

SYN-PC is bigger than SYN-PE whereas chlorophyll fluorescence is comparable with 

SYN-PE (Fig. 2A.2). The SYN-PE group was further differentiated into 2 subgroups 

based on the PE fluorescence intensity and was designated as SYN-PEI which had a 

lower fluorescence intensity and SYN-PEII with a comparatively higher fluorescence 

intensity. Another group of SYN-PE whose flow cytrometric signatures were similar 

to SYN-PEI but which was found only in freshwater was designated as SYN-PEIII. 

The PEUK group comprised of two subgroups based on the intensity of the chl 
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fluorescence wherein one possessed lower fluorescence (PEUK-I) than the other 

(PEUK-II). Compared to PEUK, cells with smaller size and lower chl fluorescence 

were designated as PRO-like cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2A.2 Flow cytometric analysis of picophytoplankton community from (a-c) 

           seawater, (d-f) brackish water, and (g-i) freshwater of Zuari estuary.  

 

 

2A.2.4 Data analyses 

Three-way analysis of variance (ANOVA) was used to assess the significant 

variations in cell abundance (log (x+1)) of the PP groups with respect to tidal phases 

(ST and NT), stations and depth using SPSS statistics 16.0 with the significance level 

of p < 0.05. Redundancy analysis (RDA) was used to assess the relationship between 

PP groups, chl a and environmental factors. RDA biplot depicts how closely 
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environmental variables are associated with PP groups. The length of an 

environmental arrow indicates the importance of the variable with respect to PP group 

and chl a. Above analysis was performed using Canoco version 4.5 (Ter Braak and 

Smilauer, 2002). Regression analysis was performed to assess the relationship of PP 

groups and chl a with tidal height and of SYN-PC: SYN-PE ratio with salinity during 

stratified conditions.  

 

2A.3 Results 

2A.3.1 Environmental parameters  

During PrM’s, water column temperature gradually increased from February 

(27.45 ± 0.5°C) to May (31.87 ± 0.9°C), with higher temperature during NT (p < 

0.05) (Fig. 2A.3c-f). After the onset of rainfall, temperature dropped (27.5 ± 0.7°C) 

and varied significantly (p < 0.05) between ST and NT. During PM’s, water 

temperature increased in October and gradually decreased by January. Salinity was 

higher (34.9 ± 0.42) during PrM (Fig. 2A.3g-j). During ST, water column was mixed 

and the salt water intrusion covered ~ 10 km more distance than that in the NT, where 

water column was partially mixed in the lower and upper estuary. Therefore, ST 

showed significantly higher salinity compared to NT at any particular station (p < 

0.05). During MON, higher precipitation and freshwater runoff led to lower salinity at 

the estuarine mouth resulting in stronger stratification downstream and lower middle 

estuary (Fig. 2A.3k and l). A break in MON (July-10, ST) increased the salinity in the 

downstream. During MON-II, water column was less stratified compared to MON-I 

which could be due to higher rainfall during MON-I (905.9 mm) compared to MON-

II (318.2 mm) (Table 2A.2). Stratified condition in the downstream continued in 

October-10 due to rainfall. During PMs, the freshwater discharge reduced and the 



19 

 

seawater intrusion towards the upstream gradually increased from November to May, 

with higher (p < 0.05) salinity during ST. Water transparency was higher (1.65 ± 0.83 

m) during non-MON seasons, with consistently higher values during NT compared to 

ST (p < 0.05) in the middle estuary (Fig. 2A.3m and n). During MON, water 

transparency dropped and increased during MON breaks. SR was high during PrM 

seasons followed by PM and MON (Fig. 2A.3o and p). Since sampling was carried 

out in the morning, lower SR was observed in the downstream. During PrMs, chl a 

increased from February to May, with higher values upstream (Fig. 2A.3q-t) and with 

higher concentration (p < 0.05) during NT except on some occasions. During MON, 

decreasing trend in chl a concentration was observed from downstream to upstream, 

with higher (p < 0.05) concentration during MON-I. Highest values were recorded at 

S3, lower middle estuary (12.60 µg L-1) in August-10, ST. During PM, chl a was 

higher during PM-I compared to PM-II with increasing concentration from October to 

January.  

Nutrient (NO3
-, PO4

3-, SiO4
4-) concentrations were higher during MON except 

NO2
-, which was higher during PrM (Fig. 2A.4a-p). Significant variation in NO3

- 

concentration was observed between ST and NT, only during MONs (p < 0.05) due to 

the fluctuation in rainfall. Increased NO3
- concentration (6.19 ± 2.97 µM) was 

observed in October, which gradually decreased in the following months. PO4
3-

 

decreased from downstream to upstream during MON, whereas during non-MON no 

trend was observed (Fig. 2A.4e-h). Its concentration (1.15 ± 0.36 µM) was higher 

during PrM-III, compared to other PrMs. PO4
3- increased before MON shower (May) 

and further increased after the onset of MON. Insignificant variation (p > 0.05) in 

PO4
3- concentration was observed in ST and NT. Generally, NO2

- and SiO4
4- increased 

from downstream to upstream, except during MON, where opposite trend was 
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observed (Fig. 2A.4i-p). Only during PrM, NO2
- was higher (p < 0.05) during ST. 

SiO4
4- was significantly higher (p < 0.05) during NT of MON and PM. Nutrients 

(NO3
-, PO4

3-
, and SiO4

4-) did not show significant variation between surface and 

NBW.  

2A.3.2 Intra and inter-seasonal variation of picophytoplankton during spring and 

neap tides 

SYN-PEI and PEII abundance exhibited a significant decreasing (p < 0.05) trend 

from downstream to upstream. During PrM, their abundance decreased from February 

to May, except SYN-PEI in NT (Fig. 2A.5a-h). Generally, SYN-PEI abundance was 

significantly (p < 0.05) higher during NT (except in February) and SYN-PEII during 

ST (except in May-11). Highest abundance of SYN-PEI (5.8 ± 2.3 × 104 cells mL-1) 

and PEII (11.92 ± 0.11 × 104 cells mL-1) were observed in May-11 (NT). SYN-PEI 

was also high in April-12 (at S6; 15.5 ± 1.1 × 104 cells mL-1). With the onset of 

rainfall, their abundance reduced drastically by an order of magnitude (SYN-PEI: < 

0.8 × 104 cells mL-1; SYN-PEII: < 0.2 × 104 cells mL-1) throughout the estuary. 

Increased SYN-PEI abundance was observed up to S6 in July-10 which coincided with 

the MON break. Generally, in both MONs their abundance was low except SYN-PEI 

in September-10 (38.4 × 104 cells mL-1) and August-11 (9 × 104 cells mL-1). SYN-

PEII abundance was significantly (p < 0.05) higher in NBW. In October-10 (PM-I) 

NT, a prominent rise in cell abundance was observed which declined in subsequent 

months during NT, except SYN-PEII in ST. Compared to PM-I, their cell abundance 

was low during PM-II. In January, their abundance was higher during ST compared to 

NT. SYN-PEIII was observed at the upstream during the study period (Fig. 2A.5i-l). 

The abundance was maximum during PrMs and significantly (p < 0.05) higher in NT.  
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Fig. 2A.3 Temporal and spatial variations in (a, b) tidal height, (c-f) temperature, and 

(g-j) salinity, (k, l) stratification parameter, (m, n) secchi disk depth, (o, p) solar 

radiation, and (q-t) chl a, during neap and spring tides.  
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                                                                                           Fig. 2A.3 continued 
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Fig. 2A.4 Temporal and spatial variations in the concentration of (a-d) nitrate, (e-h) 

phosphate, (i-l) nitrite and (m-p) silicate during neap and spring tides. 
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After the onset of MON, abundance declined; and it was observed from the middle 

estuary. Lower abundance continued into the PM’s. From November-10, abundance 

started increasing (> 1.3 × 104 cells mL-1) during PM-I whereas during PM-II it 

continued to be low.   

SYN-PC abundance gradually increased from February to May with consistently 

(p < 0.05) higher abundance during NT, in surface waters (Fig. 2A.5m-p). Generally, 

during PrMs abundance progressively increased towards the upstream with the 

highest abundance at S10 during ST whereas, during NT cell abundance showed 

increasing trend up to upper middle estuary, which subsequently dropped. With the 

onset of MON, abundance declined (< 1.0 × 104 cells mL-1), with higher abundance in 

downstream and lower middle estuary. In July-10 and August-10, the abundance 

increased in the downstream during ST. Generally during MON, SYN-PC abundance 

was significantly (p < 0.05) higher in the surface. The abundance was low (< 2.43 ± 

1.52 × 104 cells mL-1) during MON-II in both the tidal phases. During PM, in 

October, higher abundance was observed in lower and upper middle estuary during 

NT, followed by decrease in following months; and increased in January. During this 

period, significantly (p < 0.05) higher abundance was observed in ST.  

Among PEUK, PEUK-I was observed only in January-11 and May-11 (Fig. 

2A.5q and r). During PrM, PEUK-II abundance increased from February to May with 

higher abundance in the upper middle estuary (Fig. 2A.5s-v). During PrM-I, cell 

abundance was lower compared to that in the PrM-II and PrM-III. The highest 

abundance of PEUK-I was in May-11 (NT) and PEUK-II in May-11 (NT) and April-

12 (NT). The abundance was significantly (p < 0.05) higher during NT. After the 

onset of MON, PEUK-II abundance (< 1.5 × 104 cells mL-1) drastically declined in 

both tidal phases. Since MON effect continued in October-10 (PM-I), the abundance  
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Fig. 2A.5 Temporal and spatial variations in the abundance (log(x+1)) of (a-d) SYN-

PEI, (e-h) SYN-PEII, (i-l) SYN-PEIII, (m-p) SYN-PC, (q-r) PEUK-I, (s-v) PEUK-II 

and (w-z) PRO-like cells during neap and spring tides.  
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                                                                                                        Fig. 2A.5 continued 

was low (ST and NT). During PM, increasing trend in abundance was observed from 

October to January with highest (1.82 ± 0.61 × 104 cells mL-1) in January-12, NBW 

during ST. PRO-like cells abundance ranged from 0.001 to 4 × 104 cells mL-1 during 

the study period, with increasing trend from downstream to upstream (Fig. 2A.5w-z). 

During PrM, the abundance was higher in May-10 (ST) and May-11 (NT). Generally, 

the abundance was significantly (p < 0.05) higher during NT compared to ST. During 

MON-I and II (June-July) ST, increased abundance was observed in NBW at S5 and 

S6. In August and September, increased abundance was observed in the upstream of 
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estuary. Low abundance (< 0.5 × 104 cells mL-1) continued in PMs, except in January-

10 (NT) and January-12 (ST) in the upstream. 

2A.3.3 Relationship between environmental parameters and picophytoplankton 

groups during neap and spring tides 

In stratified waters, SYN-PC: SYN-PE ratio was significantly higher in surface 

waters compared to NBW (Fig. 2A.6). For the entire data, regression analysis 

revealed that in both surface and NBW, SYN-PEIII, SYN-PC and PEUK showed 

significant negative relation with tidal height whereas SYN-PEII showed positive 

relation only in the surface waters (Table 2A.3). 

Table 2A.3 Regression analysis of different PP groups and chl a with tidal height for 

the entire study period. p-values *< 0.05 and **< 0.01 are statistically significant and 

are highlighted in bold. 

 

 

 

 

 

 

                                                

 

 

 

 

 

 

 

Fig. 2A.6 Regression analysis of SYN-PC: SYN-PE ratio with salinity during 

stratification in downstream and lower middle estaury.  

  Tidal height (m) 

     Surface        Near bottom 

SYN-PEI    0.064           0.059 

SYN-PEII        0.085*           0.064 

SYN-PEIII -0.131** -0.118** 

SYN-PC -0.166** -0.133** 

PEUK-II -0.221** -0.159** 

PRO-like    -0.052           0.003 

Chl a   -0.056          -0.065 
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Based on RDA and Monte Carlo permutation test, the significant environmental 

factors influencing PP groups and chl a during different tidal phases, depth and 

seasons are presented in table 2A.4. During NT and ST, the two axes explained > 75% 

of the cumulative variance of species-environmental relation in surface and NBW 

(Table 2A.5). During PrM, irrespective of tidal phase and depth, SYN-PEI, SYN-PEII 

and PEUK-I were strongly related with salinity and SD, also with tidal height only 

during NT (Fig. 2A.7a and b).  SYN-PC, PRO-like cells, and chl a showed strong 

positive association with SR, NO3
-
 (only in NT), PO4

3- and SiO4
4- and weak relation 

with temperature. PEUK-II was positively correlated with temperature, NO3
-
 (only 

during ST), PO4
3-

 and SR.  

During MON, in NT (surface and NBW), SYN-PEI and SYN-PEII, were 

positively correlated with salinity, PO4
3- and ΔS (Fig. 2A.7c). In surface waters, SYN-

PC, chl a, and PEUK-II were positively correlated with temperature, SD and SR; and 

negatively with NO3
-, tidal height and rainfall. In NBW, SYN-PC was positively 

associated with temperature, SR and negatively with tidal height. Chl a and PEUK-II 

were positively correlated with temperature, SD, SR and NO2
-; and negatively with 

NO3
- and rainfall. In ST (surface and NBW), SYN-PEI, SYN-PEII and chl a were 

positively correlated with salinity, ΔS and NO2
-
 (Fig. 2A.7d). SYN-PC, PRO-like cells, 

and PEUK-II were positively correlated with SR, PO4
3-, SiO4

4-, temperature, NO3
- and 

tidal height.  

During PM, SYN-PEI and SYN-PEII were positively correlated with salinity (Fig. 

2A.7e). SYN-PC, PRO-like cells, and chl a were positively associated with 

temperature. SYN-PEIII showed positive association with tidal height, and NO3
-. 

PEUK-I and PEUK-II were positively associated with SD, SiO4
4-, and NO2

-; and 

negatively associated with SR and ΔS. In NBW, SYN-PEI, SYN-PEII, and PEUK-I 
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were positively associated with salinity, SD, and NO2
-. SYN-PEIII showed positive 

association with PO4
3-, NO3

- and ΔS. SYN-PC, PRO-like cells, PEUK-II and chl a 

were positively associated with tidal height, SR, temperature, and SiO4
4-. In ST 

(surface and NBW), SYN-PEI and SYN-PEII were positively associated with salinity 

and ΔS (Fig. 2A.7f). SYN-PEIII showed positive association with SR and negative 

with tidal height. SYN-PC, PRO-like cells, PEUK-II and chl a were positively related 

to NO3
-, PO4

3-, SiO4
4-, and temperature.  

 

Table 2A.4 Eigenvalues for RDA axes and results related to species-environment 

correlations, variation and cumulative % of species data and species-environment 

relation (denoted in bold). 

 

  

Surface  

(Neap)  

Near bottom 

(Neap)  

Surface 

(Spring)  

Near bottom 

(Spring) 

 Axis 1 Axis 2  Axis 1 Axis 2  Axis 1 Axis 2  Axis 1 Axis 2 

Pre-monsoon 

Eigenvalues                       : 0.436 0.278  0.483 0.262  0.477 0.227  0.504 0.204 

Species-environment 

correlations                        : 0.954 0.943  0.964 0.952  0.935 0.898  0.942 0.887 

Cumulative percentage 

variance            
    of species data                : 43.60 71.40  48.30 74.50  47.70 70.40  50.40 70.70 

    of species-environment 

relation: 55.40 90.70  59.20 91.20  63.90 94.20  67.20 94.40 

            
Monsoon            
Eigenvalues                       : 0.476 0.073  0.438 0.094  0.425 0.235  0.471 0.240 

Species-environment 

correlations                        : 0.915 0.614  0.909 0.732  0.914 0.906  0.937 0.897 

Cumulative percentage 

variance            
    of species data                : 47.60 54.90  43.80 53.20  42.50 66.00  47.10 71.10 

    of species-environment        

relation: 76.40 88.20  70.80 86.10  59.20 92.00  62.70 94.50 

            
Post-monsoon            
Eigenvalues                       : 0.261 0.213  0.434 0.164  0.350 0.183  0.352 0.160 

Species-environment 

correlations                        : 0.843 0.823  0.945 0.844  0.901 0.703  0.895 0.664 

Cumulative percentage 

variance            
    of species data                : 26.10 47.40  43.40 59.80  35.00 53.20  35.20 51.20 

    of species-environment 

relation: 41.80 76.10  58.60 80.70  59.50 90.60  63.70 92.70 
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Table 2A.5 Results of RDA showing significant environmental variables influencing the PP community and chl a during neap and spring tide in 

different seasons. Lambda (λ) is the eigenvalue explained by the environment variable. λI and λA represents marginal effect and conditional 

effect, respectively. p-vlaues < 0.05 are statistically significant and are highlighted in bold. 
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Fig. 2A.7 Redundancy analysis (RDA) of PP groups, chl a and environmental 

parameters during (a, b) PrM, (c, d) MON, and (e, f) PM of spring and neap tide. The 

environmental parameters [tidal height (TideH), rainfall (RF), temperature (Temp), 

salinity, stratification parameter (ΔS), secchi disk depth (SD), solar radiation (SR), 

nitrate (NO3
-), phosphate (PO4

3-), nitrite (NO2
-) and silicate (SiO4

4-)] are indicated by 

straight arrows. The PP groups and chl a are indicated by dotted arrows. 
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2A.4 Discussion 

Tides and freshwater discharge are recognized as the major controlling factors for 

variations in the estuarine physico-chemical variables, such as nutrient loading, light 

availability due to turbidity and water column stratification. In monsoonal estuary, 

river runoff during MON and tidal activity during non-MON seasons control the 

annual variation in hydrodynamics (Shetye and Murty, 1987). Biological processes 

are strongly coupled with these physical processes (Harrison et al., 2008). During 

PrM, Zuari estuary experiences calm weather and a mixed water column with long 

water residence time due to very low freshwater discharge (Shetye and Murty, 1987; 

Shetye et al., 2007; Manoj, 2012). Under these conditions, tide plays a major role in 

the variation of hydrological parameters (Shetye and Murty, 1987; Sundar et al., 

2015), especially on salinity. Stratification parameter indicated a well-mixed water 

column during ST, along the transect and a stratified middle estuary during NT. In the 

downstream, along with tidal action, wind and wave actions help in the mixing of 

water column irrespective of tidal phase thus increasing the suspended particulate 

matter (Shynu et al., 2013; Suja et al., 2016), whereas in the middle estuary narrow 

width, longitudinal and weaker tidal flow along with low saline water from upstream 

makes the water column stratified during NT as opposed to ST (Sundar et al., 2015). 

In the upstream, weaker tidal flow and dominance of freshwater makes the water 

column mixed during both the tidal phases (Sundar et al., 2015). Intensity of tidal 

activity during the two tidal phases was evident from the distance of salt water 

intrusion. During ST, saltwater intruded up to upstream, whereas during NT it was 

restricted up to the upper middle estuary (S8). This was more prominent in the surface 

compared to NBW. The difference in saltwater intrusion during two tidal phases was 

well reflected in the PP distribution along the transect. The abundance of high saline 
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species, SYN-PEI was low in downstream and high in upper middle estuary during 

ST, whereas during NT its abundance was high in downstream and lower middle 

estuary. In contrast, low saline species, SYN-PC showed consistently exponential 

increase in abundance from downstream to upstream during ST whereas during NT it 

was restricted from upstream to upper middle estuary (relatively higher abundance 

than ST), wherein peak in abundance was observed. Such a trend could be ascribed to 

the tidal phase amplitude along with the species specific optimum salinity range 

(SYN-PE: 20 to 30 and SYN-PC: 5 to 20). SYN-PEII is known as offshore species 

(Campbell et al., 1998). So, observed high abundance in the downstream during ST 

suggests that these cells could be brought to the estuarine mouth from intruding high 

saline offshore waters (Campbell et al., 1998; Mitbavkar et al., 2015). PEUK-II and 

PRO-like cells showed high abundance in the upper middle estuary and upstream, 

respectively with highest during NT. The intensity of salt water intrusion was not 

reflected in the distribution trend of these groups. The higher abundance of these PP 

groups in their native salinity during NT can be linked to many factors, which are 

controlled by tide (Balch, 1981; Montani et al., 1998; Lallu et al., 2014;). One such 

factor is turbidity (Hynes, 1970; Phlips et al., 2012; Chen et al., 2016). Compared to 

NT, the relatively higher tidal force during ST makes water column mixed with high 

turbidity/ lower transparency as observed in the SD data. Gianesella et al. (2000) also 

reported lower transparency during ST over NT which can hamper the phytoplankton 

growth in the estuarine waters with decreased light penetration (Peters, 1997; Blauw 

et al., 2012; Zhou et al., 2016). These conditions were favourable for heterotrophic 

bacterial growth due to increased suspended particulate matter in this estuary 

(Khandeparker et al., 2017). Another reason for lower PP abundance during ST could 

be the dilution of water column by incoming high saline low nutrient waters during 
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high tide (Vinita et al., 2015; Zhou et al., 2016). This was also reflected in RDA 

analysis, where NO3
- and PO4

3- were less influential factors during ST compared to 

NT. As low saline phytoplankton requires abundant nutrients than high saline species 

(Kasai et al., 2010), SYN-PC and PEUK-II showed high growth during NT because of 

the influx of nutrient rich freshwater. This was corroborated by the positive 

correlation of SYN-PC and PEUK-II with PO4
3- and NO3

- (only SYN-PC) 

concentrations during NT. Johnson (2000) and Becker et al. (2016) observed higher 

number of smaller zooplankton and fishes during NT. This suggests that higher PP 

abundance during NT may have positive cascading effect on higher trophic levels, 

including fishes thus, NT can be a potential fishing period. In February, high saline 

species SYN-PEI and SYN-PEII showed lower abundance during NT, which could be 

attributed to higher grazing activity due to high zooplankton abundance, compared to 

ST (Fatema et al., 2016; Johnson, 2000). Generally, in the monsoonal estuary, grazing 

pressure is reported to increase during this transition period (Padmavati and Goswami, 

1996). PRO-like cells were detected in the upstream and was the least contributor to 

total PP abundance, which is also reported earlier in the Changjiang Estuary (Shang et 

al., 2007). In the present study, the relation between this group and environmental 

factors were similar to the observation for SYN-PC and PEUK, based on RDA. 

Recently, PRO-like cells were identified as a group of SYN-PC based on laboratory 

experiment (Liu et al., 2013). However, further studies are needed to confirm the 

strain using recent molecular approach. 

Gradual increase in SYN-PC and PEUK-II abundance were observed from 

February to May in all the three PrM seasons, which was prominent in the NT 

compared to ST. Increase in temperature (from 27 to 32°C) could be the reason for 

increasing abundance, as it is known to increase the activation energy of PP growth 
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rates (Chen et al., 2014), which exceeds its grazing mortality rates (Xia et al., 2015). 

In temperate and subtropical regions, abundance peaks are observed only during 

summer mainly due to increase in temperature wherein annual variation in 

temperature is 14°C (Agawin et al., 1998; Chiang et al., 2002; Murrell and Lores, 

2004). Along with higher temperature, higher PO4
3- and SiO4

4- concentrations could 

be another reason for their higher abundance, which is also evident in the RDA. In the 

present study, intraseasonal variation in the dominance of PP groups was observed. In 

PrM-I, SYN-PC was dominant whereas in PrM-II and III probably PEUK-II was 

dominant, with highest abundance during May-11 with dominance of PEUK-I. Such 

variation in the dominance pattern could be linked to the variation in temperature and 

PO4
3- concentration, wherein higher temperature and PO4

3- concentration during PrM-

II and III favoured PEUK growth (Katano et al., 2005; Chen et al., 2014). During this 

period, high PO4
3- concentrations resulted from sediment resuspension (Anand et al., 

2014).  

During MON, heavy precipitation and resulting freshwater discharge at the 

upstream causes low salinity induced stratification from the lower middle estuary to 

downstream. During this period, freshwater discharge outplayed the tidal effect on the 

variation of hydrological parameters. Intraseasonal variation in the biotic and abiotic 

parameters during both tidal phases were largely dependent on the amount of 

freshwater discharge regulated by MON intensity. In general, SYN-PEI was observed 

from downstream to lower middle estuary, whereas SYN-PC was present along the 

transect with high abundance in the lower middle estuary and downstream. Thus, 

suggesting that lowered salinity range (0 to 19) due to freshwater discharge restricts 

their growth in the upper middle estuary and upstream. In June, cloud coverage and 

heavy precipitation brings sudden changes in the hydrography resulting in a sharp 
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decrease in PP abundance, even though nutrient concentrations were high. Studies 

have also reported such response in PP (Qiu et al., 2010; Mitbavkar et al., 2015; 

Mohan et al., 2016;) and larger phytoplankton (Sarma et al., 2009; Qiu et al., 2010; 

Pednekar et al., 2011; Patil and Anil, 2015) by affecting their growth and osmosis 

processes (Copeland, 1966). However, higher bacterial abundance was observed 

during this period mainly driven by freshwater runoff from land (Khandeparker et al., 

2015). 

During MON break (July-10, ST), lowering of freshwater runoff and consequent 

increase in tidal activity led to increase in salinity in the downstream and lower 

middle estuary. This along with increased solar radiation, temperature, and 

accumulated nutrients corresponded with a higher abundance of SYN-PEI in 

downstream to lower middle estuary and SYN-PC in middle estuary. This period is 

considered conducive for phytoplankton growth with the occurrence of phytoplankton 

blooms (Pednekar et al., 2011; Patil and Anil, 2015;). This supports the observation 

on the incidence of higher chl a concentration in the downstream. Highest chl a was 

observed during August-10 ST, which coincided with higher PO4
3- and lower 

precipitation. During this month, overall PP abundance was low, signifying the 

dominance of larger phytoplankton especially larger diatoms as observed by Patil and 

Anil (2015). Since, SYN-PC is a low saline species (Murrell and Lores, 2004) it 

dominated the PP community during this month. As rainfall intensity reduced in 

September-10, stratification reduced whereas tidal activity started dominating in the 

downstream during both the tidal phases. During this period, SYN-PEI started 

increasing in the downstream due to increased water transparency, water residence 

time, and PO4
3- concentration, with highest abundance during NT.  
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Compared to MON-I, MON-II showed different trend possibly due to relatively 

lower precipitation. During, MON-II in July-11 NT, even though the rainfall was low 

on the sampling day, the higher rainfall on the previous days of sampling might have 

led to lower surface salinity (highest stratification) and PP abundance. Earlier study in 

the same estuary has reported that the lag period of rainfall influence on salinity is 5 

days (Mitbavkar et al., 2015). In August-11, as was observed in September-10 in 

MON-I, the PP abundance, especially SYN-PEI, started increasing due to reduction in 

precipitation, which resulted in higher tidal activity thus leading to lower stratification 

downstream. Due to stronger tidal activity and lower freshwater discharge the SYN-

PEI distribution extended up to upper middle estuary whereas SYN-PC showed 

normal distribution trend with increasing abundance from downstream to upstream. 

Such trend indicates the recovery of estuarine conditions much earlier than MON-I. 

Thus, variations in the PP abundance indicates the impact of rainfall intensity. These 

observations suggest that among the PP groups, SYN-PEI is the first to respond to the 

varying estuarine hydrographic conditions. On the other hand, PEUK-II showed 

consistently lower abundance during MON seasons, as they are known to prefer stable 

and less turbid water column with higher light intensity (Jing et al., 2010). This is also 

found to be true in the RDA where PEUK-II showed positive relation with SD. 

Stratification of water column influenced the PP community structure with the 

dominance of high saline species SYN-PEI and SYN-PEII during less stratified 

condition and low saline species SYN-PC during strong stratification. Under stratified 

condition, the high PE: PC ratio in NBW and low in surface waters suggest the niche 

segregation of SYN groups, which is clearly observed in August-10. 

During PM, tide and freshwater discharge equally play major role in the variation 

of hydrological parameters (Shetye et al., 2007). During this period, estuary 
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experiences partially mixed water column, increased water residence time, light 

availability, and enormous amount of accumulated nutrients favouring phytoplankton 

(Devassy and Goes, 1988; Mann, 2009) and bacterial growth (Khandeparker et al., 

2017). This period is also known as a recovery period because the environmental 

conditions are on the verge of returning to normal as in PrM (Devassy and Goes, 

1988). This is also reflected in the spatial variation of PP groups, wherein the 

distribution trend was similar as observed in PrM. Due to continuation of rainfall with 

low intensity, stratification was observed downstream during both the tidal phases in 

October-10 to December-10 up to middle estuary. The peak in abundance of SYN-PEI, 

SYN-PEII and SYN-PC was observed in the downstream and lower middle estuary 

during NT due to the conducive environmental condition along with the increased 

temperature (Devassy and Goes, 1988). RDA also indicated significant positive 

relation between these groups and temperature. The decreasing influence of 

freshwater led to dominance of PEUK-II in January during NT. The lower abundance 

during ST could be due to high rainfall and lower temperature as the sampling was 

carried out in the second half of the month where temperature starts decreasing due to 

the beginning of winter season. However, this was not observed in October-11(PM-II) 

possibly due to relatively lower rainfall that led to the dominance of tidal influence, 

which made the water column well mixed. These conditions did not support the 

growth of PP downstream. This influence was not effective in the upper middle 

estuary and upstream where SYN-PC was abundant. In following months, even though 

tidal influence increases and freshwater discharge decreases, there was no particular 

trend in PP distribution between the two tidal phases. In these conditions, SYN-PEI 

was restricted to lower middle estuary and SYN-PC in the upper middle and upstream. 

Even though, high nutrient was available, low PP abundance was observed due to the 
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lower temperature which acts as limiting factor for the PP growth. In lower 

temperature, low PP growth resulted in lower abundance due to high grazing rates 

(Xia et al., 2015). The PP abundance was higher during January ST possibly due to 

higher nutrients (NO3
- - January 2011 and PO4

3- - January 2012) and lower grazing 

pressure or growth rates exceeding grazing rates as observed in February. PEUK 

abundance started increasing from November to January suggesting the onset of 

favorable condition for its growth (Jing et al., 2010). In RDA, PEUK-I and PEUK-II 

showed significant positive correlation with SiO4
4- (prominent during ST) suggesting 

that these groups could be representing the pico-sized diatoms (Vaulot et al., 2008), 

which responded to SiO4
4-, that was resupended in water column due to turbulence 

during mixing.   

 

2A.5 Conclusions 

The present study highlights the strong coupling of spatio-temporal variation in 

PP abundance and community structure with hydrographic variation induced by 

physical processes such as tide and freshwater discharge during two tidal phases (ST 

and NT). SYN was the dominant species observed over the sampling period with 

occasional dominance of PEUK. During PrM, due to low freshwater discharge, tidal 

activity played major role in the variations of the hydrography thus consequently 

influencing the spatial variation of PP groups during the two tidal phases. During ST, 

saltwater intruded up to upstream, whereas during NT it was restricted up to the upper 

middle estuary. This was well reflected in the spatial variation of PP during ST and 

NT with relatively higher abundance during NT. This suggests that during ST, high 

salt water intrusion and high tidal activity led to well mixed water column, which 

negatively influenced the PP growth. On the other hand, during NT, stratified water 
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column due to low tidal activity, with higher water transparency along with nutrients 

enhanced the PP growth in the middle estuary. During MON, the variation in the PP 

abundance and community structure was independent of the tidal phases and 

dependent on the rainfall intensity that regulates freshwater discharge thus modulating 

the estuarine environment. During PM, both tidal activity and freshwater discharge 

along with accumulated nutrients regulated the PP growth along the transect. 

However, with higher tidal activity during NT till December there was no particular 

trend in PP distribution between the two tidal phases. Higher PP abundance was 

observed when the estuarine hydrography was completely governed by tides 

(January). During this period, higher PP abundance during ST was possibly due to 

higher nutrients and lower grazing pressure. Among the PP groups, SYN-PC was the 

most sensitive group showing prominent difference in the response to hydrographic 

changes during the two tidal phases (ST and NT), irrespective of seasons whereas 

SYN-PE group showed significant response only during PrM. Thus, the intensity of 

tidal phases and freshwater discharge controlled the spatial and temporal distribution 

pattern of PP. Therefore, highlighting the importance of hydrodynamics in monsoonal 

estuaries and corroborate our hypothesis that water column conditions during NT 

favour the growth of PP as compared to ST.  
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2B Dynamics of size fractionated phytoplankton biomass in a monsoonal 

estuary: Patterns and drivers for seasonal and spatial variability 

2B.1. Introduction 

Amongst the coastal ecosystems, estuaries are important as they provide nursery 

ground for many microorganisms and macroorganisms including fishes thereby 

supporting higher biodiversity (Qasim, 2003; Nobre, 2009; Flo et al., 2011). Indian 

estuaries are highly productive in terms of fisheries (Jha et al., 2008) which is the 

main source of livelihood. For sustaining good fishery yields, the entire biological 

community of the food web needs to function efficiently. Estuarine regions are 

influenced by a wide variety of environmental factors, such as nutrient inputs, 

salinity, turbidity and freshwater flow (Bec et al., 2011; Liu et al., 2015; Patil and 

Anil, 2015). Freshwater discharge is the main source of nutrient input and salinity 

gradients, and therefore, is considered as a major stressor causing significant changes 

in the biological community (Paerl et al., 2006). However, in the tropical regions, 

especially the Indian monsoonal estuaries, freshwater discharges intensify the rapid 

changes in the water column properties due to monsoonal activities (Shetye and 

Murty, 1987; Anand et al., 2014) which subsequently influences the seasonal 

variation of the biological communities in these waters (Qasim, 2003).  

Phytoplankton are one of the important components of the biological community 

fuelling the food webs of aquatic ecosystems through primary productivity. The 

studies on phytoplankton community structures are well documented for the coastal 

and estuarine regions (Lemaire et al., 2002; Jouenne et al., 2007; Madhu et al., 2007; 

Marshall, 2009; Patil and Anil, 2011; Pednekar et al., 2011; Rochelle-Newall et a., 

2011; Bazin et al., 2014) and were mostly focused on larger phytoplankton (> 3 µm). 

In recent years, smaller phytoplankton i.e., picophytoplankton (cell size < 3 µm; PP) 
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are being highlighted as an important component of phytoplankton community in 

coastal and estuarine regions (Gaulke et al., 2010; Qiu et al., 2010; Mitbavkar and 

Anil, 2011; Contant and Pick, 2013; Mitbavkar et al., 2015).  

The measurement of phytoplanktonic biomass is critical to understand the carbon 

flow dynamics in a particular ecosystem. In this regard, size structure of the 

phytoplankton community is an important factor controlling the carbon cycle and 

food web dynamics in pelagic ecosystems (Richardson and Jackson, 2007). Oceanic 

oligotrophic regions are dominated by the PP in terms of chlorophyll, cell abundance 

and primary production (Partensky et al., 1999). On the contrary, nano- (3 to 20 μm) 

and micro-phytoplankton (20 to 200 μm) dominate the phytoplankton community of 

coastal waters where the environment is comparatively more variable (Guenther et al., 

2015). However, PP dominance has been reported in some regions occasionally (Qiu 

et al., 2010; Bec et al., 2011). Since phytoplankton form the base of food webs, the 

variations in its size fractionated biomass in an ecosystem determines the type of 

prevailing food web. When the larger phytoplankton biomass (> 3 μm) dominates, the 

herbivores food web prevails whereas it is the microbial food web when the PP 

biomass (< 3 μm) dominates (Azam et al., 1983). Amongst the studies on the 

contribution of larger phytoplankton (> 3 μm) and picophytoplankton (< 3 μm) size 

fractions to the bulk chlorophyll biomass, although information is available from 

temperate regions, there is still scarcity of information from the tropical estuarine 

regions (Sin et al., 2000; Caroppo, 2000; Madhu et al., 2009; Gaulke et al., 2010; Qiu 

et al., 2010; Guenther et al., 2015; Purcell-Meyerink et al., 2017).  

In the monsoonal estuaries where the seasonal hydrography is controlled by the 

freshwater runoff and tides, the estuarine characteristics evolve from stratified to 

partially mixed conditions. This is intermingled with ephemeral stabilized 
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environmental conditions depending on the monsoonal precipitation intensity. These 

estuaries are characterized by high annual runoff with a distinctly higher run off 

during monsoon season as compared to non-monsoon season resulting in rapid 

changes in physico-chemical conditions throughout the year (Vijith et al., 2009; 

Anand et al., 2014). Larger phytoplankton are known to proliferate in such highly 

dynamic estuarine conditions whereas smaller PP prefer stabilized conditions. Earlier 

study in this estuary revealed the influence of tides and freshwater run off on the 

abundance of PP (Mitbavkar et al., 2015) and microphytoplankton (Patil and Anil, 

2011; Patil and Anil, 2015) on a seasonal scale. However, there are no combined 

studies which assessed the size fractionated biomass contribution to the total 

phytoplankton biomass across the salinity gradient of this estuary. The aim of this 

study was to assess the spatial and temporal variations in size fractionated chlorophyll 

biomass of > 3 µm and < 3 µm phytoplankton along with the controlling 

environmental factors. The information obtained from such studies can be useful in 

understanding the biomass dynamics of these two important phytoplankton size 

groups and also to predict the type of food web prevailing in estuarine ecosystems 

based on the environmental conditions. 

2B.2 Materials and methods 

2B.2.1 Description of the study region 

Please refer chapter 2A, section 2A.2.1. 

2B.2.2 Sampling 

Samples were collected from ten stations [S1 to S10; surface and near bottom 

waters (NBW)] in the Zuari estuary, along a salinity gradient of 0 to 35 (Fig. 2B.1; 

Table 2B.1) on a monthly basis from October 2010 to September 2011 during flood 

tide with occasional sampling during ebb tide (Table 2B.2). The sampled transect was 
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demarcated as the estuarine mouth (S1 to S4; salinity > 30), middle estuary (S5 to S8; 

salinity between 30 and 0.5) and upstream (S9 and S10; salinity < 0.5). Portable 

Seabird CTD (SBE 19 plus) was deployed to measure the temperature and salinity. 

Salinity was measured in practical salinity unit. Stratification parameter (ΔS) was 

calculated from the difference between surface and NBW salinity for the entire study 

period. Water transparency was measured with a secchi disk (SD). The data of rainfall 

and tidal phase for the study period were acquired from IMD (Table 2B.2). Water 

samples for analysis of nutrients, size fractionated biomass (> 3 μm and < 3 μm) and 

PP groups were collected using 5 L of Niskin sampler. For the analyses of dissolved 

inorganic nutrients [nitrate (NO3
-), nitrite (NO2

-), phosphate (PO4
3-), and silicate 

(SiO4
4-)], samples were collected in 5 mL cryo vials and analyzed in the laboratory 

using a SKALAR SANplus .  

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2B.1 Sampling stations located in the Zuari estuary, west coast of India.  
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Table 2B.1 Rainfall data and tidal phase for the sampling days (Rainfall data includes 

the previous day). LT - low tide and HT- high tide. 

 

Sr No. 
Sampling dates 

(d-m-y) 

Rainfall 

(mm) 

Tidal phase  

1 23-10-2010 55.4         LT (spring tide)  

2 06-11-2010 13.0 HT (spring tide)  

3 06-12-2010 0 HT (spring tide)  

4 10-01-2011 0 HT (spring tide)  

5 11-02-2011 0 LT (neap tide)  

6 21-03-2011 0 HT (spring tide)  

7 19-04-2011 0 HT (spring tide)  

8 27-05-2011 0 LT (neap tide)  

9 16-06-2011 99.5 HT (spring tide)  

10 15-07-2011 92.2 HT (spring tide)  

11 25-08-2011 15.4 HT (spring tide)  

12 22-09-2011 6.4 HT (spring tide)  

 

2B.2.3 Size- fractionated chlorophyll a and phaeopigments 

In the laboratory, known amount of seawater samples were filtered through 

Whatman GF/F filters (0.7 µm porosity) to estimate the total chlorophyll a (chl a) and 

phaeopigment concentrations. For determining chl a and phaeopigment 

concentrations of < 3 µm size fraction, initially subsamples were filtered through 3.0 

µm porosity nucleopore polycarbonate membrane filters and then filtrate was filtered 

through Whatman GF/F filters. Size fraction filtration was carried out under gentle 

vacuum. Each filter paper was placed separately in a dark vial containing 90% 

acetone. After extraction in the dark at 4oC for 24 h (Parsons et al., 1984), chl a and 

phaeopigments were determined on a Turner Design Triology fluorometer calibrated 

with commercial chl a. Subsequently, > 3 µm chl a and phaeopigment concentrations 

were calculated by subtracting < 3 µm chl a from the total concentration.  
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2B.2.4 Flow cytometric analysis of picophytoplankton 

Refer chapter 2A, section 2A.2.3. In order to calculate the percentage 

contribution of each PP group to the total PP chl a, the bead normalized mean 

coefficient value of chl red fluorescence obtained from flow cytometric analyses was 

multiplied by the cell abundance of each group. Bead normalized mean chl and PE 

fluorescence intensities of each PP group were obtained from FCM statistics.  

2B.2.5. Data analyses 

Two-way analysis of variance (ANOVA) was conducted to assess the monthly, 

spatial and vertical variations in < 3 µm chl a and > 3 µm chl a, and between the size 

classes, followed by Tukey's Post-Hoc test to observe the pair wise comparisons of 

size classes between the seasons. In order to understand the relationship between < 3 

µm chl a, > 3 µm chl a, total chl a and flow cytometric chl fluorescence, Pearson 

correlation was performed. Regression analysis was performed to observe the 

relationship of < 3 µm and > 3 µm chl a with salinity and temperature. 

Factor analysis was performed for abiotic and biotic data to examine the 

relationships among a set of variables. In this analysis, the relationship between the 

variables are explained by two major factors. The varimax rotation distributes the 

factor loadings having maximum dispersion by reducing the number of larger and 

smaller coefficients. The correlation matrix obtained, indicates that the factors show 

the relationships between variables by calculating correlations between them and the 

correlations between factors and variables. The most important variables are loaded 

on the factor 1 (x axis). The value obtained for each variable indicates the importance 

of the variable.  Values <0.4 are not considered, 0.4 to 0.5 considered as weak factors, 

0.5 to 0.75 moderate factors, > 0.75 is strong factor (Liu et al., 2003). The above 

analysis was done through SPSS Multi-variate Statistical Package (Windows Ver. 16). 
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The contour plots for biotic and abiotic parameters were plotted using Ferret 

programme.  

2B.3 Results 

2B.3.1 Environmental parameters 

During PM and MON, temperature was almost similar at both ends of the estuary 

with lowest temperature in January (26.33 ± 0.53oC). During PrM, the river water 

(30.14 ± 2.38oC) was warmer than the seawater (29.64 ± 1.45oC; Fig. 2B.2a and b). In 

October (PM), continuation of monsoonal rainfall and freshwater influx led to a 

difference of 9.47 ± 3.92 salinity between the surface and NBW up to middle estuary, 

leading to a stratified water column (Fig. 2B.2c - e). During the following PM and 

PrM months, intrusion of seawater towards upstream resulted in a partially mixed 

water column. During MON, with the onset of rainfall and consequent freshwater 

influx, the lower saline riverine water flowing in at the surface and saltier water 

entering the estuary at the bottom resulted in a vertically stratified water column in the 

middle and lower estuary. This salt wedge characteristic lasted throughout the MON 

with stronger stratification from July to September (Fig. 2B.2e). Stratification was 

also observed in May (S6 to S8). Water transparency was high (1.14 ± 0.49 m) during 

PM (especially in January) and PrM. During heavy monsoonal precipitation, it was < 

1 m and increased in August and September with reduced precipitation (Fig. 2B.2f).  

NO3
- concentrations ranged between 0.66 and 9.92 µM (Fig. 2B.2g and h) with 

highest values during MON (June: 8.42 ± 5.43 µM) coinciding with the highest 

rainfall (Table 2B.2). This was followed by PM with highest values in October (7.48 

± 2.09 µM) coinciding with high rainfall. PO4
3- concentrations ranged between 0.24 

and 4.3 µM (Fig. 2B.2i and j) with highest values during MON (September: 4.3 ± 

1.73 µM) and PM (October: 4.69 ± 1.03 µM). NO2
- concentrations were high (0.97 ± 
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0.94 µM) during PrM with higher concentration at the upstream (Fig. 2B.2k and l). 

SiO4
4- concentrations (33.63 ± 21.39 µM) increased from the middle estuary to 

upstream during PM, followed by a decline during PrM and increase during MON 

(Fig. 2B.2m and n).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2B.2 Temporal and spatial variations in (a, b) temperature, (c, d) salinity, (e) 

stratification parameter, (f) secchi disk depth, (g, h) nitrate, (i, j) phosphate, (k, l) 

nitrite and (m, n) silicate in the Zuari estuary.  

 

2B.3.2 Phytoplankton biomass size structure 

During PM, the total phytoplankton biomass concentration was relatively higher 

downstream (3.1 ± 2.01 µg L-1) and middle (3.79 ± 1.9 µg L-1) estuary than upstream 

(2.76 ± 1.6 µg L-1). The > 3 µm fraction was the major contributor (71.75 ± 1.9%, 

66.69 ± 21.73% and 53.41 ± 26.38%, respectively) with highest biomass in January 
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(surface: 4.61 ± 2.1 µg L-1; NBW: 3.76 ± 1.5 µg L-1) (Fig. 2B.3a and b). The highest 

< 3 µm biomass concentration was observed from S6 to upstream (0.28 to 2.74 µg L-

1) with PEUK-II as the major contributor (Fig. 2B.3c and d, 5m- and n-). The higher 

contribution of < 3 µm biomass was observed in the middle estuary (from S6) and 

upstream during October (71 ± 18%) and at the estuarine mouth during December (48 

± 20%; Fig. 2B.4a).  

During PrM, total phytoplankton biomass concentration was higher in the 

upstream (3.99 ± 2.47 µg L-1) and middle estuary (3.62 ± 1.9 µg L-1) followed by 

downstream (3.14 ± 1.86 µg L-1). The > 3 µm fraction was the major contributor 

(71.66 ± 22.45%, 70.45 ± 27.07% and 66.92 ± 29.21%, respectively) with highest 

biomass in March and May (surface: 3.05 ± 1.85 µg L-1; NBW: 3.91 ± 2.32 µg L-1) 

(Fig. 2B. 3a and b). The highest < 3 µm biomass concentration was higher 

downstream and middle estuary in May (2.40 ± 1.05 µg L-1) with PEUK-I as the 

major contributor (87 ± 7%; S1 to S6) downstream and SYN-PC (44 ± 14%) upstream 

(Fig. 2B.5k- and l-). During this period, the < 3 µm biomass contribution was highest 

in the surface waters of estuarine mouth and middle estuary (up to S6; 65 ± 18%) 

whereas in the NBW, it was observed at the middle estuary (from S5 to S8; 65 ± 28%; 

Fig. 2B.4b). The higher contribution (57 ± 28%) of < 3 µm biomass was also 

observed in February in the surface waters of estuarine mouth and middle estuary. 

During MON, biomass concentration of both size fractions declined after the 

onset of rainfall (< 3 µm biomass: < 0.65 µg L-1; > 3 µm biomass: < 1.90 µg L-1). An 

increase occurred in > 3 µm (August and September) and < 3 µm biomass 

concentration (September) coinciding with low rainfall intensity and high water 

transparency. The higher contribution (43 ± 22%) of < 3 µm biomass was observed in 
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September in the upstream (Fig. 2B.4c).  SYN-PEI and SYN-PEII were the major 

contributors during this  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2B.3 Temporal and spatial variations in (a, b) larger phytoplankton biomass (>3 

µm chl a), (c, d) PP biomass (<3 µm chl a), (e, f) PP contribution to the total chl a, (g, 

h) Phaeopigment concentrations of larger phytoplankton (>3 µm), (i, j) Phaeopigment 

concentrations of PP and (k, l) total PP abundance.  
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season (54 ± 14%) with higher contribution of SYN-PEI in the NBW compared to that 

in the surface waters (Fig. 2B.5a- - d-).  

Higher phaeopigment concentrations in the > 3 µm fraction were observed in 

January (2.34 ± 1.11 µg L-1), March (2.58 ± 1.28 µg L-1) and May (1.58 ± 1.24 µg L-1; 

Fig. 2B.3g and h). in the < 3 µm fraction, higher phaeopigment concentrations were 

observed in January (0.64 ± 0.59 µg L-1) and May (1.11 ± 0.63 µg L-1; Fig. 3i and j).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2B.4 Seasonal variations in <3 µm and >3 µm biomass contribution to the total 

chl biomass in the surface (S) and near bottom (NB) waters of the Zuari estuary. (a) 

Post-monsoon, (b) Pre-monsoon, and (c) Monsoon seasons. 
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Fig. 2B.5 Temporal and spatial variations in (a, b and a-, b-) SYN-PEI, (c, d and c-, d-) 

SYN-PEII, (e, f and e-, f-) SYN-PEIII, (g, h and g-, h-) SYN-PC, (i, j and i-, j-) PRO-like 

cells, (k, l and k-, l-) PEUK-I and (m, n and m-, n-) PEUK-II abundance and its 

contribution to the total PP biomass.  
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2B.3.3. Factors affecting the phytoplankton biomass size structure 

Two-way ANOVA indicated significant temporal variations in > 3 µm and < 3 

µm biomass in the surface and NBW (p < 0.01). There was a significant seasonal 

variation (p < 0.001) between the size classes, and they varied significantly between 

MON and non-MON seasons, with higher biomass of > 3 µm during PrM and PM 

seasons (ANOVA, Tukey’s Post hoc test, p < 0.01). Within the non-MON season, < 3 

µm biomass was higher during PrM, especially in the surface waters (ANOVA, 

Tukey’s Post hoc test, p < 0.01). Pearson correlation analysis revealed that, 

irrespective of season and depth, > 3 µm biomass positively correlated with total 

biomass concentration (Table 2B.2). Regression analysis showed < 3 µm biomass 

negatively correlated with salinity during PrM and positively correlated during MON 

(Fig. 2B.6). It was positively correlated with temperature during PrM. > 3 µm 

biomass was negatively correlated with temperature during PM and positively 

correlated with salinity during MON. 

In factor analyses, two main factors for three seasons explained > 45% of total 

variance among the variables (Table 2B.3). During PM, < 3 µm chl a in the surface 

waters negatively correlated with salinity and water transparency whereas in the 

NBW, it was negatively correlated with salinity and NO2
-. A positive correlation of < 

3 µm chl a with SiO4
4-

 was observed in the surface and NBW. SYN-PC, SYN-PEIII, 

PEUK-II and PRO-like biomass exhibited a similar relation with these abiotic factors 

whereas SYN-PEI and II biomass exhibited an opposite relation at both depths. In 

surface waters, > 3 µm chl a negatively correlated with temperature, PO4
3- and NO3

-. 

During PrM, < 3 µm chl a positively correlated with temperature, PO4
3-

 and SiO4
4- 

(only surface). In surface waters, PEUK-I and II showed a similar relation with these 
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abiotic factors whereas SYN-PEI and II exhibited an opposite relation. SYN-PC, SYN-

PEIII and PRO-like biomass were negatively correlated with salinity and SD and 

SYN-PEI and II were positively correlated. In surface waters, > 3 µm chl a negatively 

correlated with salinity and SD. During MON, both size fraction biomass positively 

correlated with salinity,  

PO4
3-, temperature, water transparency and NO2

-, and negatively with NO3
- in the 

surface waters. In the NBW, both size fraction biomass positively correlated with 

salinity and NO2
-. In the surface and NBW, SYN-PEI and II positively associated with 

the above abiotic factors. SYN-PEIII and PRO-like biomass negatively correlated with 

salinity and NO2
-. PEUK-II biomass positively correlated with NO3

-
 and negatively 

correlated with PO4
3-, temperature and water transparency in the surface waters, 

whereas in the NBW, it was positively correlated with NO3
-, PO4

3- and temperature, 

and negatively with NO2
-. In the NBW, SYN-PC, SYN-PEIII, PRO-like cells and 

PEUK-II biomass negatively correlated with salinity and NO2
-. SYN-PEIII biomass 

negatively correlated with temperature, salinity, NO3
-
 and PO4

3-. 

 

Table 2B.3 Results of Pearson correlation analysis for the PP biomass (< 3 µm chl a), 

larger phytoplankton biomass (> 3 µm chl a), flow cytometric (FCM) chl fluorescence 

and total chl a
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Table 2B.4 Results of factor analysis. Rotated component matrix with varifactors [factors (F)] extracted in different seasons. Bold text denotes 

significant loading of the variables. 

Eigenvalues 4.86 3.43 5.42 2.57  3.89 3.32 3.44 3.34  5.74 3.79 6.85 2.37 

% of Variance 30.34 21.44 38.70 18.37  24.28 20.76 22.92 22.26  30.22 19.94 38.08 13.19 

Cumulative % 30.34 51.78 38.70 57.07  24.28 45.05 22.92 45.18  30.22 50.16 38.08 51.27 

 

 

 Post-monsoon  Pre-monsoon  Monsoon 

Parameters Surface water Near bottom water  Surface water Near bottom water  Surface water Near bottom water 

 F1 F2 F1 F2  F1 F2 F1 F2  F1 F2 F1 F2 

Abiotic factors 

  Temperature 0.084 0.860 -0.154 0.827  0.625 -0.057 0.022 0.576  0.094 0.485 -0.194 0.623 

  Salinity 0.894 -0.261 -0.959 -0.111  0.103 0.821 -0.939 0.079  0.903 0.215 0.958 0.103 

  SD 0.404 -0.249    0.023 0.540    -0.159 0.859   

  NO3
- 0.048 0.801 0.139 0.765  -0.217 -0.300 0.448 -0.316  0.140 -0.616 -0.177 0.475 

  NO2
- 0.167 -0.270 -0.580 0.385  -0.266 -0.019 0.001 -0.335  0.620 -0.409 0.538 0.530 

  PO4
3- 0.125 0.586 0.034 0.849  0.664 0.184 -0.179 0.614  -0.192 0.457 0.124 0.694 

  SiO4
4- -0.443 -0.281 0.481 0.373  0.463 0.089 0.281 0.384  -0.255 0.266 0.009 0.329 

Biotic factors 

  < 3 µm chl a -0.443 0.288 0.508 -0.085  0.730 0.164 0.014 0.800  0.521 0.586 0.778 -0.198 

  > 3 µm chl a 0.158 -0.663 -0.176 0.184  0.350 -0.456 0.127 -0.072  0.489 0.635 0.655 0.035 

  SYN-PEI 0.880 0.168 -0.758 0.471  -0.618 0.682 -0.643 -0.500  0.753 -0.046 0.844 -0.200 

  SYN-PEII 0.852 0.219 -0.852 -0.218  -0.492 0.654 -0.595 -0.365  0.731 0.516 0.864 -0.265 

  SYN-PEIII -0.689 0.169 0.806 -0.126  -0.159 -0.483 0.559 -0.003  -0.665 0.110 -0.551 -0.455 

  SYN-PC -0.779 0.320 0.894 0.096  -0.102 -0.650 0.734 0.036  -0.307 -0.038 -0.588 -0.258 

  PEUK-I 0.216 -0.719 -0.102 0.002  0.852 0.253 -0.205 0.935      

  PEUK-II -0.727 -0.004 0.667 0.022  0.811 -0.200 0.467 -0.574  -0.314 -0.579 -0.720 0.565 

  PRO-like -0.515 -0.422 0.688 -0.183  -0.116 -0.577 0.589 -0.175  -0.686 0.075 -0.470 0.043 



56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2B.6 Regression analysis of < 3 µm  and > 3 µm  chl a with salinity and temperature during different seasons. 
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Fig. 2B.7 Variations in mean phycoerythrin and chlorophyll fluorescence intensity of 

SYN-PEI and SYN-PEII during monsoon season. 

 

2B.4. Discussion 

The results revealed a size dependent and a size independent response of the 

phytoplankton biomass during the non-monsoon and monsoon seasons, respectively 

with inter- and intraseasonal variations in the intensity of these responses. The relatively 

stronger relationship between total chl a and > 3 µm chl a concentrations than < 3 µm 

chl a indicate their major contribution in the estuarine waters on most occasions. The 

SW monsoon was the main meteorological driver of the biomass response during MON 

season. Heavy rainfall intensity during the beginning phase of MON, accompanied by 

low light intensity due to cloud cover, low saline waters and high turbidity due to 

freshwater influx induced the lowering of phytoplankton biomass as a whole (Madhu et 

al., 2007; Sarma et al., 2009; Patil and Anil, 2015). The phytoplankton growth is also 

influenced by the reduced residence time of water masses and the high particle transport 

due to flushing (Patil and Anil, 2011; Lu and Gan, 2015). Although in the Zuari estuary, 

residence time has not been calculated, the residence time of the waters in the 

neighboring estuary (Mandovi) is 5 to 6 days during MON and about 50 days during 

non-MON seasons (Qasim and Gupta, 1981). The reduction in rainfall intensity towards 

the later phase of MON accompanied with reduction in freshwater influx and 

simultaneous increase in tidal intensity led to stabilization of the water column. These 
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conditions along with increasing solar radiation, salinity and high water transparency 

could be responsible for an increase in phytoplankton biomass downstream. A 

minimum of 50 cm depth of light penetration was reported to be essential for 

phytoplankton bloom formation in nutrient rich waters of this estuary (Patil and Anil, 

2015). During August, when SYN-PEI and II abundance was highest, they exhibited 

high mean chl and PE fluorescence intensity in the NBW, which probably suggests the 

influence of light intensity on the physiological properties of SYN-PEI and II (Fig. 

2B.7c - g; Palenik, 2001).  

With reduced rainfall progressing into the PM season (October), the marked 

increase in larger phytoplankton biomass downstream implies the sumptuous use of 

nutrients accumulated through the MON processes. Due to the unstable conditions 

during MON, the nutrients are utilized after the cessation of rainfall when water column 

stabilizes, and light intensity increases (Patil and Anil, 2011; Mitbavkar et al., 2015). 

Nutrient availability is an important factor controlling phytoplankton biomass (Agawin 

et al., 2000). The switching over of dominance towards the PP biomass at the middle 

and upstream estuary with the low saline form, SYN-PC as the major contributor 

suggests salinity as the controlling factor. Further into the PM season (November to 

December), the complete absence of rainfall and dominance of tidal effect favored the 

larger phytoplankton biomass across the estuary.  This scenario underwent a change 

towards the end of PM (January) wherein the highest phytoplankton biomass 

(downstream) coincided with the lowest water temperatures recorded for the study 

period and lower water transparency. The simultaneous presence of high SiO4
4- 

concentrations indicate water turbulence. Such intermittent vertical mixing promotes 

phytoplankton growth, especially of diatoms (Devassy and Goes, 1989; Patil and Anil, 

2011). As zooplankton abundance is high during this period (Nair, 1980), the high NO2
- 
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concentrations could be a product of nitrification process as reported earlier (Patil and 

Anil, 2011). Also, the low NO3
- concentrations could suggest its utilization by 

phytoplankton blooms. Due to their ability to store nutrients in large intracellular 

vacuoles and high maximum growth rates, episodic inputs of nutrients into the euphotic 

layer lead to an increase in diatom population, with comparatively little response of PP 

(Cermeno et al., 2005).  

During the PrM, the intra-seasonal waxing and waning trend in phytoplankton 

biomass could be attributed to two reasons. The waning in February and April could be 

due to exhaustion of nutrients resulting in reduced growth rates or the grazing pressure 

(as evident from higher NO2
- concentrations) superseding the growth rates as copepods 

are reported in high numbers during this period (Achuthankutty et al., 1998). The 

intermittent waxing (March, May) in phytoplankton biomass reveals preference for 

prevalent environmental conditions such as high temperature, salinity and water 

transparency. Also, the high PO4
3- concentrations, resulting from sediment resuspension 

due to the high tidal well-mixed water column (Anand et al., 2014) could be responsible 

for the high phytoplankton biomass. However, a switch over towards the dominance of 

PP biomass during May coinciding with the highest water temperature (31.87 ± 0.72oC) 

during the study period suggests an influence of high temperatures on PP growth. In 

sub-tropical and temperate estuaries, PP contribution was restricted to < 10% when 

water temperature was < 20oC and subsequently increased to > 50% at higher 

temperatures (> 20oC; Ray et al., 1989; Caroppo, 2000; Buchanan et al., 2005; Qiu et 

al., 2010). Phytoplankton size structure, among other factors, also depends on the 

maximum growth rate of the different groups of phytoplankton (Irwin et al., 2006). A 

general trend of an increase in relative SYN and PEUK abundance with increasing water 

temperature due to the higher activation energy of their growth rates than that of larger 
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phytoplankton has been reported (Chen et al., 2014). Similarly, in this study SYN-PC 

and PEUK groups which are generally present in lower abundance, attained higher 

abundance (104 and 105 cells ml-1, respectively) at the estuarine mouth (salinity > 30) in 

May where highest temperature was recorded. Also, the increase in growth rates of 

these PP groups corresponds with an increase in chl a and nutrient concentrations as 

observed in this study where abundance peaks occurred at higher concentrations of 

PO4
3- and SiO4

4-. The higher NH4
+

 concentrations (Ram, 2002) which are better utilized 

by PP than the larger phytoplankton (Stolte and Riegman, 1995) could also result in 

higher PP biomass. Also, the dominance of SYN-PE at lower temperatures and PEUK-I 

at higher temperatures suggests a temperature regulated shift in the community 

structure. This further implies that PP increase was due to a combination of factors such 

as temperature and nutrients leading to higher growth rates. These observations show 

that SYN-PE can dominate both, stratified as well as mixed waters (Xia et al., 2015). 

The possibility of different strains inhabiting these conditions cannot be ruled out. 

Similarly, the PEUK-I which was observed downstream could be a high saline form.  

However, the restriction of PP dominance only up to the middle estuary which 

coincided with temperatures below 32oC and tilt of balance towards the higher 

phytoplankton biomass above this temperature could be due to increased grazing 

pressure or lowering growth rates of PP. Grazing is likely to affect larger phytoplankton 

less severely due to the longer generation times of mesozooplankton while the PP in 

spite of their effective light and nutrient utilization are tightly controlled by 

microzooplankton, with growth rates similar to their own (Landry et al., 1997). The 

high < 3 µm phaeopigment concentrations show that grazing on this biomass fraction 

was prevalent. Blooms of larger phytoplankton have been reported earlier from this 

estuary resulting in high chl a and oxygen saturation (> 100%) showing maximum 
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production (Patil and Anil, 2011). From the size fractionated biomass, it can be 

hypothesized that a majority of this contribution during this period is from the PP. 

These inter- and intraseasonal size-fractionated phytoplankton biomass responses to 

environmental perturbations can provide some clues about the dominant type of 

functioning food web. During MON, the size independent response with dominance of 

larger phytoplankton biomass implies the prevalence of herbivorous food web. During 

non-MON seasons, intra-seasonal and spatial variations in the size dependent response 

suggests intermittent prevalence of either herbivorous or microbial food web. Although, 

the former is said to be more efficient in energy transfer due to the lower number of 

links as compared to the latter, the contribution of the microbial food web cannot be 

ignored in estuarine ecosystems. 

2B.5. Conclusions 

The larger phytoplankton biomass fraction dominated the total biomass on most 

occasions. Size dependent response during the non-monsoon seasons revealed 

dominance of larger phytoplankton biomass downstream during the lowest recorded 

annual temperature coinciding with high SiO4
4- concentrations indicating vertical 

mixing. Highest PP biomass was observed at low salinity upstream and high salinity-

highest temperature recorded from downstream to middle estuary. During MON, size 

independent response led to simultaneous decrease and increase in biomass of both size 

fractions downstream during the heavy rainfall and rainfall break, respectively. 

Community composition differences were revealed with PEUK during high 

temperature, SYN-PC at low salinity and SYN-PEI at higher salinity downstream during 

MON. This study reveals seasonal and spatial variations in size fractionated 

phytoplankton biomass influenced by the hydrography and environmental factors which 

will in turn influence the higher trophic community structure. 



 

 

 

 

 

 

 

 

Chapter 3 

Picophytoplankton community structure under 
different environmental settings along the coast 

of India 
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3.1 Introduction  

Coastal ecosystems are productive and serve as breeding or nursery areas for a 

wide range of coastal and marine organisms. These ecosystems are mainly vulnerable 

to anthropogenic pressures because of ease of access to people and industry. This is 

particularly visible in the port areas, where the activities such as dredging, oil 

discharge, petroleum wastes and out-fall of a variety of cargo handled by the port 

disturb the port environment (Bailey et al., 2004; Tripathy et al., 2005). The ports 

located in the estuaries and rivers have additional sources of anthropogenic pressure 

such as sewage or municipal runoff and terrestrial runoff during monsoons (Musale et 

al., 2014). 

The present study was carried out under a port biological baseline survey of the 

major ports of India, as part of a ballast water management programme. V.O. 

Chidambaranar (V.O.C.; Tuticorin), Chennai, New Mangalore, Cochin and Kolkata 

ports are the major ports situated along the east and west coast of India having 

different ecosystems. V.O.C., Chennai, and New Mangalore ports are situated in the 

marine environments, Cochin port is situated in the estuarine environment, and 

Kolkata port is situated in the riverine environment. In recent years, eutrophication is 

one of the serious problems in the port waters having an impact on the biotic 

communities. Several studies have been carried out to understand the biotic 

communities in ports, which are dynamic and have high anthropogenic pressure such 

as the Visakhapatnam, Cochin and Marmugoa ports (Menon et al., 2000; Tripathy et 

al., 2005; Madhu et al., 2009; D’Silva et al., 2012, 2013).  However, very few studies 

are carried out in the Chennai (Duraisamy and Latha, 2011; Ramanibai, 2015), 

Kolkata (Dasgupta et al., 2013), V.O.C. (Pitchaikani et al., 2010) and New Mangalore 

ports (Shankar and Karbassi, 1991). Cochin port area has been studied in detail. 
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Location of the Cochin port accelerated the industrial growth in Cochin, making it one 

of the fastest growing cities in India. As a consequence, eutrophication becomes a 

threat for trophic dynamics and functioning of the ecosystem (Madhu et al., 2007; 

Kaladharan et al., 2011). For the efficient functioning, such ecosystems should be in a 

healthy state which can be easily detected through regular monitoring of the base of 

the food web i.e., phytoplankton. At the base of the food web, the smallest group of 

phytoplankton, i.e., picophytoplankton (PP; < 3 µm), which forms a major component 

of phytoplankton in the aquatic ecosystems, both marine, and freshwater, including 

nutrient rich to poor ecosystems, was selected as the study organism (Stockner and 

Antia, 1986; Shiomoto et al., 1997). PP are significant contributors to primary 

productivity and total phytoplankton biomass in various ecosystems (Paerl, 1977; 

Platt et al., 1983). PP forms an important component of the marine microbial food 

web by creating a linkage with the higher trophic levels (Chiang et al., 2013).  

The port waters are influenced by southwest monsoon (SWM) and/or northeast 

monsoon (NEM). However, their impact depends on the location of the port. These 

monsoonal activities bring excess nutrient input from the landmass, especially in the 

estuarine waters. Studies conducted in tropical (Qiu et al., 2010; Mitbavkar et al., 

2015) and subtropical (Lin et al., 2010; Qiu et al., 2010; Zhang et al., 2013) regions, 

which come under the influence of monsoonal rainfall, have suggested that riverine 

runoff influences the PP growth. In coastal and estuarine waters, phytoplankton shows 

wide seasonal changes in species composition and abundance (Patil and Anil, 2011; 

Pednekar et al., 2011). Some studies are also available on the PP community structure 

in such environments (Anas et al., 2015; Mohan et al., 2016), which shows that 

salinity variation, water column stability, and freshwater discharge affect the PP 

growth, community structure, and its distribution. The present study was carried out 
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on a seasonal basis to characterize the main environmental factors, which control the 

spatial distribution pattern of PP groups and consequently whether these organisms 

can serve as ecological indicators. Since SYN-PE is known to prefer clear waters and 

SYN-PC turbid waters (Stomp et al., 2007), we hypothesize that these organisms can 

serve as good indicators of the trophic status of the water column. 

 

3.2 Materials and Methods 

3.2.1 Description of the study region 

3.2.1.1 V.O. Chidambaranar port (Tuticorin) 

V.O. C. port is located (8° 44’ N, 78° 13’ E) in Tuticorin, an industrial city of the 

state of Tamil Nadu, situated along the east coast of India. This port is one of the 12 

major ports in India, connecting the Gulf of Mannar in Tuticorin district (Fig. 3.1). It 

is an artificial deep-sea port formed with rubble mound-type parallel breakwaters 

projecting into the sea for about 4 km. The length of south breakwater and north 

breakwater are 3873.37 m and 4098.66 m long respectively, with the distance 

between them is 1275 m. The harbour has an approach channel of 2400 m length and 

183 m width (http://www.vocport.gov.in/portlayout.aspx).  

This port has 14 berths with a total length of almost 3000 m and depths ranging 

from 5.85 to 10.9 m. Based on the location, stations (S) are demarcated as inner (S17 

to S21), middle (S8, S9, S14 to S16 and S22) and outer stations (S1 to S7 and S10 to 

S13). This port imports mainly thermal coal, industrial coal, fertilizer, timber logs, 

fire-retardant materials, container, copper concentrate, wheat, petroleum products and 

liquefied petroleum gas. Exports container, construction materials, ilmenite sand, 

phosphoric acid, cement, sulphuric acid, granite, and sugar, 

(http://www.vocport.gov.in/port/userinterface/statisticals.aspx). This area has a 
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tropical climate with an annual air temperature variation from 22°C to 39°C with the 

minimum and maximum in January and May to June, respectively. The study region 

experiences three seasons, pre-monsoon (PrM; March to May), SWM (June to 

September), and NEM (November to February). October month is considered as a 

transition period (TP) between SWM and NEM. The annual rainfall varies from 762 

mm to 1270 mm with moderate to heavy rainfall from October to mid-December 

[Indian Meteorological Department (IMD)]. Thus, NEM contributes higher proportion 

towards annual rainfall than that during SWM. Tides are diurnal with a maximum 

tidal height of 0.81 m during spring tide (ST) and a minimum of 0.2 m during neap 

tide (NT).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Location of sampling stations in V.O.C. port (Tuticorin), east coast of India. 
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Table 3.1 Sampling details for each sampled station in V.O.C. port (Tuticorin) along the east coast of India. S- stations; Est- estimated.            
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3.2.1.2 Chennai port 

 Chennai port is located (13° 05’ N, 80° 17’ E) in the state of Tamil Nadu, along 

the east coast of India bearing the status of the second largest port in India (Fig. 3.2). 

It is an artificial seaport with 26 berths and port area spreads over 407.51 hectares and 

contains mainly three docks (Jawahar, Ambedkar, and Bharathi) and a timber pond; 

where Jawahar dock and timber pond are situated inside the port. The width of the 

main entrance channel where seawater entry and exit occurs, varies between 244 m 

and 410 m. Entrance width of Ambedkar and Bharathi docks (125 m and 350 m, 

respectively) is greater than that of Jawahar dock and timber pond (< 50 m). Based on 

the location, stations are demarcated as inner (S1, S2 and S13 to S15), middle (S3 to 

S12) and outer stations (S16 to S25). This port handles (export and import) a variety 

of cargo including iron ore, coal, granite, fertilizers, petroleum products, containers, 

automobiles and several other types of general cargo items 

(http://www.chennaiport.gov.in). 

The occurrence of tides in these regions is semidiurnal with a maximum height of 

1.26 m during ST. The mean tidal range varies from 0.91 m to 1.22 m during spring 

tide and from 0.61 m to 0.80 m during NT. Climatic condition in this region is 

tropical maritime climate with air temperature ranging from 24°C in January to 39°C 

in May (IMD). The study region experiences three seasons, PrM (March to May), 

SWM (June to September) and NEM (November to February). October is considered 

as a TP between SWM and NEM. This region receives an annual rainfall of 1250 mm 

with 60% during NEM and  30% during SWM (Shanthi and Ramanibai, 2011).    
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Table 3.2 Sampling details for each sampled station in the Chennai port along the east coast of India.  S- stations; Est- estimated. 
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Fig. 3.2 Location of sampling stations in Chennai port, east coast of India.  

3.2.1.3 New Mangalore port 

New Mangalore port is located (12° 55’ N; 74° 48’  E) at Panambur, Mangalore 

in the state of Karnataka, along the west coast of India (Fig. 3.3). It is a modern all 

weather port consisting of 14 berths for both dry and liquid cargo vessels, with over 

3.5 km of berthing space. The port is a lagoon port completed in 1974. Based on the 

location, stations are demarcated as inner (S1 to S9), middle (S15 to S19) and outer 

stations (S10 to S14). The major cargoes exported through this port includes iron ore 

concentrates and pellets, iron ore fines, Petroleum Oil Lubricants (POL) Products, 

granite stones and containerized cargo. The crude and POL products, coal, limestone, 

timber logs, finished fertilizers, phosphoric acid, other liquid chemicals, liquid 

ammonia, and containerized cargo are the major imports (http://www.newmangalore-

port.com). Mangalore has a tropical MON climate with air temperatures ranging from 

20°C to 38°C (IMD). It experiences three seasons, PrM (February to May), SWM 

(June to September) and post-monsoon (PM; October to January). This region 

receives an annual rainfall of 3,479 mm out of which 95% occurs during SWM, while 
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the remaining period (December to May) is extremely dry (IMD). New Mangalore 

port experiences semidiurnal tides with a mean tidal range of 0.03 m to 1.68 m during 

ST and 0.26 m to 1.26 m during NT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Location of sampling stations in New Mangalore port, west coast of India.  

3.2.1.4 Cochin port 

 Cochin port is located (9° 56’ N, 76° 15’ E) at the mouth of Cochin backwaters 

(CB) along the northern part of Kerala state, running parallel to the west coast of India 

with two permanent openings to the Arabian Sea (AS, Fig. 3.4). One opening is at the 

Cochin port and another further north at Azhikode, where the estuary is flushed 

during ebb tide, and seawater intrudes during flood tide. Periyar and Muvattupuzha 

rivers along with four others and their tributaries bring a large volume of freshwater 

into the CB through the Vembanad Lake, which has an active influence on the



71 

 

Table 3.3 Sampling details for each sampled station in the New Mangalore port along the west coast of India. S- stations; Est- estimated. 
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prevailing salinity of the estuarine system (Jyothibabu et al., 2006).  

CB is a very important estuarine system of Kerala in terms of fishing and 

extensive transportation of goods. It is also used for dumping industrial as well as 

domestic wastes. It has three dredged channels where the selected S are located, one 

being the approach channel (S1, S9 to S12, S21 to S23) of around 10 km length and 

500 m width and the two inner channels located on either side of the Willingdon 

Island, i.e. Ernakulam channel (S13 to S20) of around 5 km length with a width of 

250 to 500 m and Mattancherry channel (S2 to S8) of 3 km length with a width of 

around 170 to 250 m (Menon et al., 2000). This port is equipped with pipelines and 

flexible hoses for handling liquid cargoes including cashew nut shell liquid, 

chemicals, crude oil, and petroleum products, general cargo, one boat-train pier, and 

two jetties for various cargoes. This port receives a lot of organic and inorganic 

substances from several industries like oil refineries, fertilizer plants and chemical 

industries. From these industries, acids, alkalis, suspended solids, fluorides, free 

ammonium, insecticides, dyes, trace and heavy metals and radioactive nuclei are the 

major contaminants (Menon et al., 2000; Martin et al., 2012; Anu et al., 2014), which 

create a polluted environment in this port.  

Tides in this region are mixed semidiurnal with a range of about 1 m (Qasim and 

Gopinathan, 1969). Annual air temperature ranges from 20oC to 35oC with maximum 

values from February to May (IMD). Annually this region experiences three seasons 

i.e., SWM (June to September), PM (October to January) and PrM (February to May). 

It has a hot and humid climate with an average annual rainfall of about 3500 mm, 

most of which is contributed by the SWM and rest by NEM (IMD). During SWM this 

estuary receives large amounts of freshwater (~3500 m3 s-1), which leads to a salt 

wedge condition in the CB during August to October, whereas during November to 
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May it changes to partially mixed condition due to a reduction in freshwater 

discharge. In June, moderately stratified to partially mixed waters are observed 

(Menon et al., 2000).  

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Location of sampling stations in Cochin port, west coast of India. 

3.2.1.5 Kolkata port 

Kolkata port is one of the key ports in India situated (22° 32' N, 88° 18' E) on the 

left bank of the Hooghly River in the state of West Bengal. It is about 203 km 

upstream from the Sea (Fig. 3.5). It is the only riverine port in India. Hooghly River is 

an extension of the river Ganges, which flows south and east through the Gangetic 

plain of north India for about 260 km and empties into the Bay of Bengal. The Ganges 

is one of the world’s biggest river, largest by discharge and also considered as most 

polluted. Hooghly River flows through a heavily industrialized area with more than 

one-half of West Bengal's population. The river's lower reaches are fed by the Ajay, 

Damodar, Rupnarayan, and Haldi (Kasai) rivers. It serves as a navigable channel for  
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Table 3.4 Sampling details for each sampled station in the Cochin port along the west coast of India. S- stations; Est- estimated. 
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shipping activity to Haldia and Kolkata ports. Navigation is facilitated by constant 

dredging and the scour of a tidal bore that rushes inland at high tide (Rudra, 2011). It 

is an essential lifeline for the people of Kolkata. The fish from the river is important 

to the local economy (Bhaumik and Sharma, 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5 Location of sampling stations in Kolkata port, east coast of India. 
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Table 3.5 Sampling details for each sampled station in the Kolkata port along the east coast of India. S- stations; Est- estimated. 
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The Kolkata port manages two separate docks i.e, Kidderpore docks (KOPT-I 

and KOPT-II) which consist of 18 berths and 3 dry docks and Netaji Subhas Dock 

(NSD) with 10 berths 2 dry docks. Four berths are located on the river, outside the 

KOPT docks. Budge Budge river moorings have 6 petroleum wharves.  The length 

and width of the KOPT docks are 405 m and 19.33 m, respectively; and NSD is 

172.21 m and 22.86 m, respectively. This port handles chemicals, crude oil, petroleum 

products, automobiles, several other types of general cargo, coal, timber, containers 

and pulses (http://www.kolkataporttrust.gov.in). 

Tidal variation at the mouth is 6.5 m during ST and 4.2 m during NT (IMD). 

Saline water intrusion is limited to 70 km from the mouth (Sadhuram et al., 2005). 

The average depth of this river is about 6 m. The average values of freshwater 

discharge are 3000 m3 s-1 during SWM season (June to September) and 1000 m3 s-1 

during the dry season (November to May; Sadhuram et al., 2005). This region 

experiences a tropical savannah climate with a hot and dry season from March to 

early June (28 to 38°C), hot and wet season from mid-June to September and a cold 

season from October to February (9 to 16ºC) (IMD).  

3.2.2 Sampling 

Altogether four samplings were conducted in each port except Chennai port 

where three samplings were carried out. Within each port, 19 to 25 stations were 

selected for sample collection including ship berths and channels. Details of sampling 

stations, seasons, date, time and depth of the stations are presented in table 3.1 

(V.O.C), 3.2 (Chennai), 3.3 (New Mangalore), 3.4 (Cochin) and 3.5 (Kolkata). 

Sampling was carried out between 06:30 to 17:00. Rainfall and tidal range data were 

collected from the IMD. Tidal height was estimated from the tidal range for the 

respective sampling time. Water temperature was determined using multi parameter 

http://www.kolkataporttrust.gov.in)/
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Sonde DS5X (Hydrolab). Surface and near bottom water (NBW) samples were 

collected with a 5 L Niskin sampler. Salinity was measured with an autosal (Guildline 

Autosal 8400B).  For chlorophyll a (chl a) estimation, seawater samples (250 mL) 

were filtered through Whatman GF/F filter papers. Filters were preserved with 

MgCO3 and stored at -20ºC until analysis. In the laboratory, each filter paper was 

placed separately in a dark vial containing 90% acetone. After extraction in the dark 

at 4°C for 24 h, chl a concentration was determined on a Turner Design 10-AU 

fluorometer calibrated with commercial chl a (Parsons et al., 1984). Nutrients such as 

nitrate (NO3
-), phosphate (PO4

3-), nitrite (NO2
-), ammonium (NH4

+) and silicate 

(SiO4
4-) were analyzed by SKALAR SANplus ANALYSER. Dissolved oxygen (DO) 

and biological oxygen demand (BOD) were analyzed following standard methods 

(Parsons et al., 1984). For PP analysis, duplicate samples were preserved with 

paraformaldehyde (0.2% final concentration, Campbell, 2001) in 2 mL cryovials, 

flash frozen in liquid nitrogen and stored at -80°C until analysis.  

3.2.3 Flow cytometric analysis of picophytoplankton  

Refer chapter 2A, section 2A.2.3. From the V.O.C, Chennai and New Mangalore 

port waters, four groups of PP  were distinguished i. e., SYN-PEI, SYN-PEII, PEUK 

and PRO-like cells. From Cochin port waters, five groups of PP were distinguished i. 

e., SYN-PEI, SYN-PEII, SYN-PC, PEUK and PRO-like cells. PE-rich SYN observed in 

the freshwater (Kolkata port) was designated as SYN-PEIII (see chapter 2A, section 

2A.2.3). Along with this, SYN-PC, PEUK and PRO-like cells were also distinguished 

in Kolkata port waters.  

3.2.4 Trophic status of the water column 

For coastal waters, multivariate index of trophic state (TRIX) method was used to 

evaluate the trophic status of port waters (Vollenweider et al., 1998; Sin et al., 2013), 
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which was then used to assess the relationship with the PP groups. TRIX was 

calculated using the equation TRIX= (log10 (chl a × a%O2 × DIN × DIP) - k)/m, 

where chl a is in mg m-3, a%O2 is absolute value of the percentage of DO saturation 

(abs |100 - %O2| = %O2), DIN is dissolved inorganic nitrogen including NO3
-, NO2

-, 

NH4
+ in mg m-3 and DIP is dissolved inorganic PO4

3- in mg m-3. The constants k- 3.5 

and m- 0.8 are scale values obtained from Vollenweider et al. (1998) to adjust TRIX 

scale values (reads from 0 to 10) with a level of eutrophication in the ports. According 

to this method, TRIX scores lesser than 4 indicate high state of water quality with low 

eutrophication; scores between 4 and 5 indicate good state of water quality with 

medium eutrophication; scores between 5 and 6 indicate bad state of water quality 

with high eutrophication and scores greater than 6 indicate poor state of water quality 

with elevated levels of eutrophication. For freshwater (Kolkata port), Carlson trophic 

Index method was used to measure the trophic status of water column (Carlson, 

1977). Carlson trophic Index was calculated based on the chl a concentration, using 

the equation TSI(chl) = 30.6 + 9.81 ln(chl) where ln is natural log. According to this 

method, TSI(chl) value < 40 indicate oligotrophic, between 40 and 50 indicate 

mesotrophic and > 50 indicate eutrophic waters. 

3.2.5 Data analyses 

In each port, linear regression analysis was performed in order to understand the 

relationship of PP abundance (SYN-PEI, SYN-PEII, SYN-PEIII, SYN-PC, PEUK and 

PRO-like; log [x+1]) and TRIX scores (except for Kolkata port). Multiple regression 

analysis was carried out between TRIX scores and environmental variables (DO, chl 

a, NO3
-, NO2

-, PO4
3-, and NH4

+) used to extract TRIX scores, for different ports 

except for Kolkata port. Principal Component Analysis (PCA) was applied to the 

ecological variables: salinity, temperature, DO, BOD, NO3
-, NO2

-, PO4
3-, NH4

+ and 
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SiO4
4-. This analysis was done using SPSS statistics software (windows 22.0) with a 

significance level of p < 0.05 in order to assess the ecological variables which are 

major influencing factors in the ports. Principal components (PC) having eigen values 

> 1 were considered for further analysis. Subsequently, linear regression analysis was 

performed between the PC scores and cell abundance [log (x+1)] of individual PP 

groups in order to evaluate the relationship of PP groups with the environmental 

variables. 

 

3.3 Results 

3.3.1 Environmental parameters 

3.3.1.1 V.O.C. port 

Precipitation was not observed during any of the sampling periods, except a day 

during PrM (Table 3.1). Tidal height ranged from 0.31 to 0.76 m during the study 

period (Table 3.1). Distinct seasonal variation (p < 0.05) in environmental variables 

were observed. Water temperature was highest (29.46 ± 0.18oC) during SWM and 

PrM; and lowest (27.69 ± 0.12oC) during NEM (Fig. 3.6a and b). Salinity in inner, 

middle and outer stations was > 35 during SWM and TP, whereas during NEM and 

PrM, it was < 35 at most of the stations (Fig. 3.6c and d). DO concentrations were 

higher (4.5 to 7.1 mg L-1) during TP and lower during NEM (3.4 to 6.3 mg L-1; Fig. 

3.6e and f). BOD concentrations ranged from 0.2 to 5.6 mg L-1 during the study 

period (Fig. 3.6g and h). On an average, BOD values were higher during NEM (2.73 

± 1.22 mg L-1), especially at the inner stations followed by SWM (1.72 ± 0.85 mg L-

1), PrM (1.56 ± 1.66 mg L-1) and TP (1.38 ± 0.9 mg L-1). There was not much 

difference (p > 0.05) between the surface and NBW temperature, salinity, DO and 

BOD values. Chl a concentrations were higher (0.5 to 32.06 µg L-1) during TP, 
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particularly at the inner stations (Fig. 3.6i and j). During rest of the seasons, chl a 

concentrations ranged from 0.01 to 7.43 µg L-1. There was not much difference (p > 

0.05) between the surface and NBW chl a concentration.  

NO3
- concentrations were higher (3.7 to 34.15 µM) during NEM at the inner and 

middle stations (Fig. 3.6k and l) and were lower (0.03 to 4.57 µM) during SWM. 

NO2
- concentrations ranged from 0.01 to 2.8 µM, except during NEM where higher 

concentrations (2.92 to 25.60 µM) were observed (Fig. 3.6m and n). NH4
+ 

concentrations were higher (9.54 to 47.89 µM) during NEM especially at the inner 

stations, followed by TP, whereas during SWM and PrM, it was lower (Fig. 3.6o and 

p). PO4
3- concentrations ranged from 0.66 to 4.08 µM during the study period with 

higher concentrations during NEM and TP, especially at the outer stations. PO4
3- 

concentrations were lower during SWM except at S1 and S22 (Fig. 3.6q and r). SiO4
4- 

concentrations ranged from 2.51 to 23.44 µM with higher values during SWM (Fig. 

3.6s and t). There was not much difference (p > 0.05) in NO3
-, NO2

-, NH4
+, PO4

3- and 

SiO4
4- concentrations between the surface and NBW. TRIX scores for the study 

region ranged from 1.1 to 6.08 during all the seasons (Fig. 3.6u and v). TRIX scores 

were higher during TP (2.5 to 6.08) compared to other seasons, especially at the inner 

stations. There was not much difference (p > 0.05) in TRIX scores between the 

surface and NBW. Chl a was the major factor contributing to the TRIX scores 

followed by PO4
3- and DO (Table 3.6). 
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Fig. 3.6 Seasonal and spatial variations in (a, b) temperature, (c, d) salinity, (e, f) 

dissolved oxygen, (g, h) biological oxygen demand, (i, j) chl a, (k, l) nitrate, (m, n) 

nitrite, (o, p) ammonium, (q, r) phosphate, (s, t) silicate and (u, v) TRIX scores in the 

surface and near bottom waters of the V.O.C. port.  
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                                                                                                           Fig. 3.6 continued 
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3.3.1.2 Chennai port 

During TP, the study region experienced heavy rainfall (Table 3.2). During 

SWM, tidal height varied between 0.40 and 1.00 m whereas, during TP and PrM, it 

varied from 0.54 to 1.2 m (Table 3.2). Distinct seasonal variation (p < 0.05) in 

environmental variables were observed. During SWM, the average temperature was 

27.28 ± 0.3oC, which was lower than that in the TP (29.09 ± 0.3oC) and PrM (28.49 ± 

0.3oC) (Fig. 3.7a and b). During TP, lower salinity (23.62 to 33.34) was observed 

compared to SWM and PrM (32.5 to 34.6) which coincided with heavy precipitation 

(Fig. 3.7c and d; Table 3.2). During TP, DO concentration varied seasonally, ranging 

from 1.39 to 6.3 mg L-1 with lower concentration during SWM and higher during TP, 

especially at the outer stations (Fig. 3.7e and f). BOD concentrations were higher 

during PrM (0.2 to 3.7 mg L-1) especially in the surface waters of outer stations 

followed by SWM and TP (Fig. 3.7g and h). Overall, there was not much difference 

(p > 0.05) in temperature, salinity, DO and BOD values between the surface and 

NBW. Chl a concentrations ranged from 0.6 to 10.2 µg L-1 with higher values during 

PrM, especially in the surface waters of outer stations (Fig. 3.7i and j). During TP, 

higher chl a concentrations were observed at the outer stations. There was not much 

difference (p > 0.05) in chl a concentrations between the surface and NBW.  

NO3
- concentrations were higher (1.8 to 56.2 µM) during SWM and TP (in the 

surface waters of some stations, Fig. 3.7k and l). The highest concentration was 

observed in the surface waters of S15 (56.2 µM) during TP. NO2
-
 concentrations were 

higher (0.4 to 4.1 µM) during SWM at all the stations and only inner stations (surface 

waters) during TP (Fig. 3.7m and n). NH4
+ concentrations were higher (10.8 to 177.2 

µM) during TP at the inner and middle stations and lower during PrM (5.9 to  27.86 

µM; Fig. 3.7o and p). PO4
3- concentrations ranged from 0.9 to 17.4 µM during the 
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study period with higher concentrations (1.1 to 17.4 µM) during SWM, especially at 

the outer stations (Fig. 3.7q and r). SiO4
4- concentrations were higher (8.9 to 93.6 µM) 

during SWM especially at S11 and S16 (surface and NBW) followed by TP and PrM 

(Fig. 3.7s and t). There was not much difference (p > 0.05) in NO3
-, NO2

-, NH4
+, PO4

3- 

and SiO4
4- values between the surface and NBW. TRIX scores were higher during 

SWM (2.95 to 5.99) followed by PrM (2.56 to 5.08) and TP (2.01 to 5.39). Overall 

TRIX scores suggest that the water quality was good (Fig. 3.7u and v). Generally, 

TRIX scores were higher at the outer stations (S17 to S25). There was not much 

difference (p > 0.05) in TRIX scores between the surface and NBW. DO was the 

major factor, which negatively contributed to the TRIX scores followed by chl a, 

PO4
3- and NO2

- (Table 3.6).  

3.3.1.3 New Mangalore port 

During the SWM, the study region experienced heavy rainfall (Table 3.3). Tidal 

height during sampling period ranged from 0.39 to 1.45 m. During PM-I, sampling 

was carried out during low tide at most of the stations. Distinct seasonal variation (p < 

0.05) in environmental variables were observed. Water temperature was lower (25.56 

± 0.62oC) during SWM compared to other seasons (29.14 ± 0.52oC; Fig. 3.8a and b). 

During PrM, temperature difference between surface and NBW was 1.5oC. There was 

not much difference (p > 0.05) in temperature between the surface and NBW, except 

during SWM. Higher salinity (35.2 to 36.7) was observed during PM-I and PrM 

compared to SWM and PM-II (33.8 to 35.0) (Fig. 3.8c and d). There was not much 

difference (p > 0.05) in salinity between the surface and NBW. DO concentrations 

varied seasonally, ranging from 0.1 to 7.8 mg L-1 with higher values in the surface 

waters of the outer stations and middle stations during PrM (Fig. 3.8e and f). During 

SWM in the NBW, DO concentration was < 1 mg L-1 at most of the stations whereas,  
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Fig. 3.7 Seasonal and spatial variations in (a, b) temperature, (c, d) salinity, (e, f) 

dissolved oxygen, (g, h) biological oxygen demand, (i, j) chl a, (k, l) nitrate, (m, n) 

nitrite, (o, p) ammonium, (q, r) phosphate, (s, t) silicate and (u, v) TRIX scores in the 

surface and near  bottom waters of the Chennai port.  
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                                                                                                Fig. 3.7 continued 
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it was higher (1.7 to 6.2 mg L-1) in the surface waters. Higher DO concentrations (3.4 

to 6.2 mg L-1) were observed during PM-II compared to that during PM-I (1.7 to 4.8 

mg L-1). There was not much difference (p > 0.05) in DO concentrations between the 

surface and NBW during PM’s.  BOD concentrations were higher during SWM (0.01 

to 4.8 mg L-1) in the surface waters of inner stations and during PM-II (0.01 to 3.8 mg 

L-1) at the outer and middle stations (surface and NBW) (Fig. 3.8g and h). Chl a 

concentrations were higher (0.9 to 47.1 µg L-1) in the surface waters of inner stations 

during PrM and SWM and in the NBW of some stations (S1 to 2, S6 to 8, and S13 to 

19; Fig. 3.8i and j). Highest chl a concentration (47.1 µg L-1) was observed at S5 in 

the surface waters during PrM. During PM-I, low chl a concentrations (< 2 µg L-1) 

were recorded across the study region. There was not much difference (p > 0.05) in 

salinity between the surface and NBW during PM-I and PM-II. 

Maximum NO3
- concentrations (0.7 to 28.7 µM) were found during PM-I, 

especially at the inner and middle stations of surface and inner and outer stations in 

the NBW, followed by PrM  and PM-II. NO3
- concentrations were lower (0.1 to 3.1 

µM) during SWM (Fig. 3.8k and l). Overall, higher NO3
- concentrations were 

observed in the NBW compared to that in the surface waters during PrM and some 

stations during PM-I . NO2
- concentrations were higher (0.5 to 13.2 µM) during PMs 

and lowest during SWM (0.3 to 1.1 µM) (Fig. 3.8m and n). NH4
+

 concentrations 

ranged from 8.6 to 52.5 µM with higher values during PM-I and lowered during PM-

II (Fig. 3.8o and p). There was not much difference (p > 0.05) in NO2
- and NH4

+, 

concentrations between the surface and NBW. PO4
3- concentrations ranged from 0.3 

to 9.19 µM during the study period with higher concentrations (1.8 to 5.3 µM) during 

SWM, especially in the NBW (Fig. 3.8q and r). Highest PO4
3- concentration was 

observed in the surface waters of S19 (9.19 µM) during PrM and also during PM-I at  
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Fig. 3.8. Seasonal and spatial variations in (a, b) temperature, (c, d) salinity, (e, f) 

dissolved oxygen, (g, h) biological oxygen demand, (i, j) chl a, (k, l) nitrate, (m, n) 

nitrite, (o, p) ammonium, (q, r) phosphate, (s, t) silicate and (u, v) TRIX scores in the 

surface and near bottom waters of the New Mangalore port.  
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                                                                                                           Fig. 3.8 continued  
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S11, S13, and S16 in the NBW. There was not much difference (p > 0.05) in PO4
3- 

concentrations between the surface and NBW, except during SWM. SiO4
4- 

concentrations were higher at middle and outer stations during PM-I (5.5 to 81.1 µM) 

and in the NBW across the study region during SWM (16.2 to 51.5 µM; Fig. 3.8s and 

t). SiO4
4- concentrations (0.22 to 18.74 µM) were lower during PrM. There was not 

much difference (p > 0.05) in SiO4
4- concentrations between the surface and NBW, 

except during SWM. Higher TRIX (4.02 to 6.22) scores were observed during PrM at 

the inner stations and across the study region during SWM (3.74 to 6.24) in the NBW 

suggesting bad water quality during this period (Fig. 3.8u and v). Overall, TRIX 

scores revealed that the New Mangalore port waters showed a good state of water 

quality. TRIX scores were significantly (p < 0.05) higher in NBW. Chl a was the 

major factor contributing to the TRIX scores followed by DO, NO2
-, NH4

+
 and PO4

3- 

(Table 3.6).  

 

3.3.1.4 Cochin port 

Heavy precipitation was observed during SWM (total 102.4 mm). PrM showers 

(total 22 mm) were observed at the end of May 2012 (Table 3.4). During the study 

period, tidal amplitude ranged from 0.38 to 0.91m. PrM sampling was carried out 

during low tide and during mid to high tide during the other seasons (Table 3.4). 

Station depths varied from ~1.71 m (S23) to ~11.69 m (S9). Temperature ranged from 

24 to 31.3ºC with the lowest temperature during SWM compared to PM and PrM in 

surface and NBW (Fig. 3.9a and b). The study region was partially mixed during PrM 

and PM and stratified during SWM (Salinity 2 to 14 of surface waters and 4 to 34.8 of 

NBW) due to a significant amount of freshwater discharge. During PM-I, surface 

water salinity was higher than that during PrM at the approach channel stations (Fig. 
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3.9c and d), as PrM sampling was carried out during low tide (Table 3.4). Higher 

salinity was observed across the Cochin port during PM-II, which was carried out 

during high tide. Salinity and temperature showed significant variation (p < 0.05) 

between surface and NBW. DO concentrations were high in PM-I (0.55 to 9.34 mg L-

1) followed by PrM, PM-II and SWM with significantly (p < 0.05) higher values in 

the surface waters (Fig. 3.9e and f). BOD values ranged between 0.02 and 7.45 mg L-1 

during all the seasons and did not show much difference (p > 0.05) between surface 

and NBW (Fig. 3.9g and h). On an average, BOD values were higher during PM-I 

(0.02 to 7.45  mg L-1) and PM-II (0.05 to 4.05 mg L-1) and lower during PrM (0.026 

to 4.78 mg L-1) and SWM (0.04 to 2.74 mg L-1). Chl a concentrations during the four 

seasons varied from 2.25 to 107.08 µg L-1 across the Cochin port (Fig. 3.9i and j). 

Compared to the mouth of the Cochin port, chl a concentrations were higher at the 

Ernakulam (S2 to S8) and Mattancherry channel (S11 to S23) stations. During SWM 

and PrM, higher chl a concentrations were observed in the surface waters compared to 

that in the NBW whereas during PM-I and PM-II higher chl a concentrations were 

observed in the NBW. 

High NO3
- concentrations (0.55 to 28.42 µM) were recorded during SWM 

followed by PM-II (1.14 to 14.11 µM), PrM (1.85 to 7.54 µM), and PM-I (0.01 to 

11.91 µM) with higher values in the surface waters. NO3
- concentrations did not differ 

(p > 0.05) much between the stations except during PM-II, where Ernakulam (S14 

and S15) and Mattancherry channel (S4 and S6) stations had higher NO3
- 

concentrations (Fig. 3.9k and l). NO2
- concentrations were lower (0.01 to 1.21 µM) 

during two successive PMs (Fig. 3.9m and n). NO2
- concentrations were higher during 

SWM (0.45 to 3.20 µM), especially in the Ernakulam channel. NH4
+ concentrations 

were higher during PrM followed by PM-I and SWM (10 to 66 µM, Fig. 3.9o and p). 
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There was not much difference (p > 0.05) in NO2
- and NH4

+ concentrations between 

the surface and NBW. Higher PO4
3- concentrations were recorded in the surface 

waters during PrM (2.17 to 6.69 µM) followed by SWM (2.27 to 6.55 µM) and PM 

(1.15 to 5.09 µM; Fig. 3.9q and r). SiO4
4- concentrations ranged from 9.76 to 93.53 

µM and were higher during PM-I in the surface waters, particularly at Ernakulam 

channel (S15 to S19) (Fig. 3.9s and t). TRIX scores for the study region ranged from 

1.64 to 7.37 during all the seasons (Fig. 3.9u and v). During PrM and SWM, most of 

the stations showed elevated conditions of eutrophication. Only during the PM-I 

medium level of eutrophication with a good state of water quality was observed for 

the surface waters. Overall, TRIX scores revealed that the Cochin port water quality is 

poor. There was not much difference (p > 0.05) in TRIX scores in the surface and 

NBW. Chl a was the major factor contributing to the TRIX score followed by DO, 

NO2
-, NH4

+ and PO4
3- (Table 3.6). 

3.3.1.5 Kolkata port 

Precipitation was not observed during any of sampling periods, except for a day 

during SWM (Table 3.5). A wide tidal height difference (1.15 to 6.11 m) was 

observed in this port. During PrM-I, stations located in the closed docks were sampled 

during low tide. Distinct seasonal variation (p < 0.05) in environmental variables were 

observed. Water temperature was higher (31.12 ± 0.38oC) during SWM followed by 

PM and lowest (20.59 ± 0.75oC) during PrM-I and PrM-II (Fig. 3.10a and b). Salinity 

ranged from 0.17 to 0.35 during the study period with higher salinity at NSD and 

riverine station during PM and PrM-I (Fig. 3.10c and d). There was not much 

difference (p > 0.05) in temperature and salinity between the surface and NBW. DO 

concentration ranged from 3.32 to 9.94 mg L-1 with lower concentration during SWM 

(5.8±1.4 mg L-1), especially at KOPT docks (Fig. 3.10e and f). DO concentrations  
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Fig. 3.9 Seasonal and spatial variations in (a, b) temperature, (c, d) salinity, (e, f) 

dissolved oxygen, (g, h) biological oxygen demand, (i, j) chl a, (k, l) nitrate, (m, n) 

nitrite, (o, p) ammonium, (q, r) phosphate, (s, t) silicate and (u, v) TRIX scores in the 

surface and near bottom waters of the  Cochin port.  
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                                                                                                     Fig. 3.9 continued  
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were higher in the surface waters compared to that in the NBW during PrM-I and 

PrM-II. High values of BOD were observed during SWM (3.23 to 6.86 mg L-1) 

followed by PrM-I (1.44 to 7.30 mg L-1), PrM-II (1.89 to 5.42 mg L-1), and PM (1.04 

to 6.36 mg L-1) (Fig. 3.10g and h). BOD concentrations were higher in the surface 

waters compared to that in the NBW during SWM. Chl a concentrations ranged from 

0.14 to 46.23 µg L-1 in the study area with higher values during PrM-I (3.42 to 46.23 

µg L-1), especially at the riverine stations. During SWM, higher concentrations (9.4 to 

28.96 µg L-1) were observed at NSD (Fig. 3.10i and j). During PrM-II and PM, chl a 

concentrations were lower (2.89 ± 2.20 µg L-1). Chl a concentrations were higher in 

the surface waters compared to that in the NBW during SWM and PrM-I. 

Among the studied ports, the highest nutrient concentration was observed in this 

port, especially for NO3
-. Maximum NO3

- concentration was found during the PM 

especially at KOPT docks (17.66 to 205.85 µM), followed by SWM (9.54 to 42.59 

µM), PrM-II (11.77 to 42.86 µM), and PrM-I (0.20 to 22.93 µM). In NSD relatively 

lower NO3
-
 concentrations were observed during the study period (Fig. 3.10k and l). 

NO2
- concentrations ranged from 2.54 to 15.7 µM with highest during PM at NSD 

stations (Fig. 3.10m and n). NH4
+ concentrations (1.8 to 43.18 µM) were higher 

during PrM-I in the NSD and riverine stations and lowest during SWM (0.5 to 8.48 

µM) (Fig. 3.10o and p). PO4
3- concentrations were higher during PM (5.58 to 12.52 

µM) followed by PrM-I, SWM and PrM-II (0.43 to 7.27 µM; Fig. 3.10q and r). 

Generally, PO4
3- and SiO4

4-
 concentrations were high at the riverine stations compared 

to closed docks. Peak values of SiO4
4- were observed during PM across the study 

region (14.07 to 190.88 µM) and at riverine stations during PrM-II (107.51 to 480.41 

µM) (Fig. 3.10s and t). There was not much difference (p > 0.05) in NO3
-, NO2

-, 

NH4
+, PO4

3- and SiO4
4- values between the surface and NBW. Carlson index indicated  
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Fig. 3.10 Seasonal and spatial variations in (a, b) temperature, (c, d) salinity, (e, f) 

dissolved oxygen, (g, h) biological oxygen demand, (i, j) chl a, (k, l) nitrate, (m, n) 

nitrite, (o, p) ammonium, (q, r) phosphate, (s, t) silicate and (u, v) TRIX scores in the 

surface and near bottom waters of the Kolkata port.  
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eutrophicated waters during SWM (36 to 64) and PrM-I (43 to 68) (especially at NSD 

docks; Fig. 3.10u and v). Mesotrophic waters were observed during PM and PrM-II.  

3.3.2 Interseasonal and spatial variation of picophytoplankton  

3.3.2.1 V.O.C. port 

Total PP abundance ranged from 0.3 to 12.2 × 104 cells mL-1 during the study 

period with higher abundance during PrM at the middle and outer stations and inner 

stations during SWM (Fig. 3.11a and b). Highest cell abundance was recorded at S21 

(12.2 × 104 cells mL-1 and 8.1 × 104 cells mL-1 in surface and NBW, respectively) 

during SWM. During TP, cell abundance was high (4 to 8 × 104 cells mL-1) in the 

surface waters of outer stations (S10 to S12) and NBW of inner stations (S17 to S19). 

Among the PP groups, SYN-PEI was dominant. During PrM, SYN-PEI abundance 

ranged from 0.29 to 5.4 × 104 cells mL-1 in the surface and NBW with higher 

abundance at the outer and middle stations (Fig. 3.11c and d). During TP, cell 

abundance was high (2.4 to 3.4 × 104 cells mL-1) in the surface waters of outer 

stations (S10 to S12) and NBW of the inner stations (S17 to S19). Highest cell 

abundance was recorded at S21 (7.9 × 104 cells mL-1 and 6.1 × 104 cells mL-1 in 

surface and NBW, respectively) during SWM. SYN-PEII abundance ranged from 0.02 

to 4.4 × 104 cells mL-1 with higher abundance during TP at the outer stations (S10 to 

S12), especially in the surface waters and during SWM at S21 and S16 (Fig. 3.11e 

and f). PRO-like cells abundance was low (< 0.7 × 104 cells mL-1) throughout 

sampling with comparatively higher abundance during TP and PrM in the NBW (Fig. 

3.11g and h). PEUK cell abundance ranged from 0.01 to 1.5 × 104 cells mL-1 during 

the study period with higher abundance (0.17 to 1.55 × 104 cells mL-1) during PrM. 

During SWM and TP, cell abundance was relatively higher at the inner stations (Fig. 

3.11i and j). To the total PP abundance, the dominant contributor was SYN-PEI (49 ±  
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Fig. 3.11 Seasonal and spatial variations in (a, b) total picophytoplankton, (c, d) SYN-

PEI, (e, f) SYN-PEII, (g, h) PRO- like cells, and (i, j)  PEUK cell abundance in the 

surface and near bottom waters of the V.O.C. port.  
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7%) followed by SYN-PEII (20 ± 3%), PEUK (21 ± 6%) and PRO-like (10 ± 4%) 

(Fig. 3.16a and b).  

3.3.2.2 Chennai port 

Total PP abundance ranged from 0.2 to 4.0 × 104 cells mL-1 with higher 

abundance during SWM at the outer stations (S17 to S25), and from S1 to S5 during 

TP (Fig. 3.12a and b). At middle stations, cell abundance was low in all the seasons. 

SYN-PEI was the dominant group, with higher abundance (1.2 to 2.9 × 104 cells mL-1) 

during SWM in surface and NBW of outer stations (S17 to S25) and during TP in the 

surface waters and NBW from S1 to S5 and S23 to S25 (Fig. 3.12c and d). SYN-PEII 

abundance showed a similar trend with low abundance (< 1.0 × 104 cells mL-1; Fig. 

3.12e and f). PRO-like cells abundance was low (< 0.3 × 104 cells mL-1) during the 

study period (Fig. 3.12g and h). PEUK abundance ranged from 0.03 to 1.22 × 104 

cells mL-1 with high abundance during SWM and PrM (Fig. 3.12i and j).  

SYN-PEI contributed up to 49 ± 15% to the total PP abundance during the study 

period with highest during TP (65 ± 9%) (Fig. 3.16c and d). SYN-PEII contribution 

was restricted to < 37% (Fig. 3.16c and d). PRO-like cells was the least contributing 

(< 13%) group to the total PP abundance. PEUK contribution (up to 70%) was 

significant during SWM and PrM, especially at the inner stations (S1 to S5; Fig. 3.16c 

and d). During TP, PEUK contribution was restricted to < 23%. 

3.3.2.3 New Mangalore port 

Total PP abundance ranged from 0.02 to 11 × 104 cells mL-1 during the study 

period with higher abundance during PrM and PM-I particularly at the middle stations 

and lowest during PM-II (Fig. 3.13a and b). SYN-PEI was the dominant PP group with 

higher abundance (0.03 to 7.7 × 104 cells mL-1) during PM-I and PrM. During PM-I 

and PrM, cell abundance was high in the middle stations (S15 to S18; Fig. 3.13c  
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Fig. 3.12 Seasonal and spatial variations in (a, b) total picophytoplankton, (c, d) SYN-

PEI, (e, f) SYN-PEII, (g, h) PRO- like cells, and (i, j)  PEUK cell abundance in the 

surface and near bottom waters of the Chennai port.  
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and d). During this period, cell abundance in the surface waters was higher than that 

in the NBW. SYN-PEI abundance was lower (< 0.34 × 104 cells mL-1) during SWM 

which further decreased (< 0.11 × 104 cells mL-1) during PM-II. SYN-PEII abundance 

during PM-I ranged from 0.7 to 2.23 × 104 cells mL-1, which decreased (0.4 ± 0.3 × 

104 cells mL-1) during PrM. Abundance increased during SWM, especially in the 

NBW with the highest abundance (4.3 × 104 cells mL-1) detected at S16 (Fig. 3.13e 

and f). PRO-like cells abundance was low (< 2.1 × 104 cells mL-1) in the study region 

with comparatively higher abundance during PM-I and PrM (Fig. 3.13g and h). PEUK 

cell abundance ranged from 0.03 to 3.2 × 104 cells mL-1 during the study period with 

higher abundance during PrM (Fig. 3.13i and j). Higher PEUK abundance was also 

observed in the surface waters of inner stations and NBW of S10, S14 and S15 during 

SWM. PEUK abundance was low (< 1.01 × 104 cells mL-1) during both the PM 

seasons. SYN-PEI contributed 55 to 81% to the total PP abundance during PM-I and 

PrM (Fig. 3.16e and f). Their contribution decreased to < 52% during SWM and PM-

II. SYN-PEII contribution ranged from 3 to 35% during PM-I and PrM with higher 

contribution in the NBW compared to surface waters. Its contribution increased (21 to 

46%) during SMW especially in the NBW. PRO-like cells contribution to the total PP 

abundance was low (< 12%) irrespective of seasons. PEUK contributed 8 to 28% to 

the total PP abundance during the study period with higher contribution in the surface 

waters of inner stations during SWM and in the surface and NBW during PM-II .  
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Fig. 3.13 Seasonal and spatial variations in (a, b) total picophytoplankton, (c, d) SYN-

PEI, (e, f) SYN-PEII, (g, h) PRO- like cells, and (i, j)  PEUK cell abundance in the 

surface and near bottom waters of the New Mangalore port.  
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3.3.2.4 Cochin port 

During PM-I, total PP abundance ranged from 0.1 to 29.2 × 104 cells mL-1. 

During PrM, a prominent increase in PP abundance was observed across the Cochin 

port (1.4 to 46.09 × 104 cells mL-1), which decreased during SWM (1.02 to17.18 × 

104 cells mL-1) and increased during PM-II (3.31 to 28.84 × 104 cells mL-1; Fig. 3.14a 

and b). During PrM and SWM, SYN-PEI abundance was low (< 4.6 × 104 cells mL-1). 

Highest cell abundance was recorded in NBW of S7 (28.6 × 104 cells mL-1) and S1 

(20 × 104 cells mL-1) during PM-I, compared to all other seasons (Fig. 3.14c and d). 

During PM-II, higher SYN-PEI abundance (0.8 to 11.46 × 104 cells mL-1) was 

observed at Ernakulam channel stations (surface waters and NBW) where salinity was 

> 29. During PM-I, SYN-PEII group was absent where salinity was < 20 and during 

PrM it was completely absent (Fig. 3.14e and f). This group was observed in the 

NBW during SWM with very low cell abundance (< 0.05 × 104 cells mL-1). During 

PM-II, SYN-PEII was detected only at salinities > 26, with low cell abundance (< 1.96 

× 104 cells mL-1). Being second dominant group during PM-I, SYN-PC abundance (0 

to 3.41 × 104 cells mL-1) was high in the Ernakulam channel stations compared to the 

stations near the mouth of Cochin port (Fig. 3.14g and h). Throughout the season, cell 

abundance was higher in the surface waters than NBW, except at some stations where 

NBW salinity was < 29. A steep increase in SYN-PC abundance (0.8 to 37.71 × 104 

cells mL-1) was observed during the PrM, with maximum cell abundance at NBW of 

S21 (37.71 × 104 cells mL-1). During SWM, the dominance of SYN-PC group 

continued with comparatively higher cell abundance (0.1 to 11.12 × 104 cells mL-1) 

than that during PrM. During PM-II, SYN-PC dominated low saline waters (< 24) with 

the highest cell abundance in surface waters of S9 (21.64 × 104 cells mL-1) and in 

NBW of S23 (16.24 × 104 cells mL-1). PRO-like cells showed a remarkable increase 
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during SWM ( (0.17 to  4.19 × 104 cells mL-1) with higher cell abundance in the 

surface waters compared to NBW, except at Mattancherry channel stations (Fig. 3.14i 

and j). PEUK abundance was high (0.09 to 4.95 × 104 cells mL-1) during SWM 

exhibiting a decreasing trend from S2 to S23 (Fig. 3.14k and l). In the surface waters, 

cell abundance was higher than in the NBW, except at Mattancherry channel stations. 

Highest cell abundance (4.95 × 104 cells mL-1) was recorded in the NBW of S7. 

PEUK abundance was reduced by an order of magnitude during PM-II. During PrM 

increased abundance was observed compared to PM-I. Generally, their abundance 

was high in the surface waters compared to the NBW, except during PrM.  

SYN-PEI was the dominant group and contributed substantially (42 ± 17%) to 

total PP during PM-I and PM-II, especially in NBW (55 ± 9%; Fig. 3.16g and h). 

SYN-PEII contribution to total PP abundance was higher in the NBW, especially at 

S20 (46%) during PM-I whereas during other seasons it was < 26% (Fig. 3.16g and 

h). During PrM and SWM, SYN-PC was the dominant group contributing 67 ± 18% 

and 52 ± 22% respectively, to the total PP abundance across the Cochin port (Fig. 

3.16g and h). PRO-like cells contribution to total PP abundance was high (17±4%) 

during SWM and decreased (10 ± 3%) during PM-II. Even though PEUK abundance 

was high during SWM, their contribution to total PP was 15 ± 6%. During PM-I, 

PEUK contribution to total PP abundance in the surface waters was 28 ± 15%.  
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Fig. 3.14 Seasonal and spatial variations in (a, b) total picophytoplankton, (c, d) SYN-

PEI, (e, f) SYN-PEII, (g, h) SYN-PC, (i, j) PRO- like cells, and (k, l) PEUK cell 

abundance in the surface and near bottom waters of the Cochin port.  
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3.3.2.5 Kolkata port 

Among all the studied ports, highest (1.24 to 110.7 × 104 cells mL-1) PP 

abundance was observed in this port with higher abundance during SWM (Fig. 3.15a 

and b). Overall, the PP abundance was low in the riverine waters compared to closed 

docks. SYN-PEIII abundance was high (0.01 to 11.83 × 104 cells mL-1) during SWM, 

especially in the surface waters followed by PrM-I (0.04 to 4.70 × 104 cells mL-1), 

PrM-II (0.09 to 2.69 × 104 cells mL-1) and PM (0.02 to 3.21 × 104 cells mL-1) (Fig. 

3.15c and d). SYN-PEIII abundance was high at NSD compared to KOPT docks and 

riverine stations except in the NBW during PrM where higher abundance was 

observed in the KOPT docks. SYN-PC abundance was highest (11.4 to 97.4 × 104 

cells mL-1) during SWM, especially at the NSD. During PrM-I, SYN-PC abundance 

was high (2.41 to 20.5 × 104 cells mL-1) at KOPT-I and II docks compared to NSD 

(Fig. 3.15e and f) whereas, during PrM-II, it was relatively high at NSD (2.45 to 8.57 

× 104 cells mL-1). Significant variation (p < 0.05) of SYN-PEIII and SYN-PC 

abundance was observed between surface and NBW. PRO-like cells were higher 

(0.04 to 2.52 × 104 cells mL-1) during SWM at NSD whereas during other seasons 

their abundance was higher at KOPT docks. During PM, PRO-like cells abundance 

was low (Fig. 3.15g and h). PEUK showed higher abundance during PM (0.4 to 2.45 

× 104 cells mL-1) followed by PrM-I (0.01 to 4.00 × 104 cells mL-1) and PrM-II (0.4 to 

2.3 × 104 cells mL-1) (Fig. 3.15i and j). During SWM, its abundance was low in the 

docks compared to riverine stations. During PM, higher abundance was observed, 

especially at KOPT-I. There was no significant variation in PEUK abundance 

between surface and NBW. 

SYN-PC was the dominant group (contributed 62 ± 18% to the total PP) in these 

waters followed by PEUK (19 ± 10%), SYN-PEIII (12 ± 8%), and PRO-like cells (8 ±  
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Fig. 3.15 Seasonal and spatial variations in (a, b) total picophytoplankton, (c, d) SYN-

PEIII, (e, f) SYN-PC, (g, h) PRO- like cells, and (i, j), PEUK cell abundance in the 

surface and near bottom waters of the Kolkata port.   
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Fig. 3.16 Contribution (%) of individual picophytoplankton group to the total 

picophytoplankton abundance during different seasons in the surface and near  bottom 

waters of the (a, b) V.O.C. port (I-inner, M-miidle and O-outer stations), (c, d) 

Chennai port (I-inner, M-miidle and O-outer stations), (e, f) New Mangalore port (I-

inner, M-miidle and O-outer stations), (g, h) Cochin port (A-approach, M-

Mattancherry, E- Ernakulam channel), and (i, j) Kolkata port (K-KOPT-I and II, N- 

NSD, R- Riverine stations). 
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8%) (Fig. 3.16i and j). During SWM, SYN-PC contribution to the total PP abundance 

was up to 86%. Highest contribution (26 ± 13%) of SYN-PEIII was observed in the 

NBW of KOPT docks during PrM-I. During PrM-II, SYN-PEIII contributed 18 ± 7% 

to the total PP abundance in the KOPT dock.  PRO-like cells contribution was higher 

(18 ± 5%) at riverine stations during PrM-II. Generally, PEUK contribution was 

higher at riverine stations.  

 

 

Table 3.6 Multiple regression analysis between TRIX scores and environmental 

variable used to extract TRIX scores, for different ports. Values indicate for the 

variables are correlation coefficient with a significance level of p <0.05 (*) and p 

<0.01 (**). 

 

          

 

 

 

 

 

 TRIX scores 

 V.O.C Chennai New Mangalore     Cochin  

   R2 0.680** 0.743** 0.729** 0.702**  

Variables      

   DO 0.244** -0.440**        -0.491** -0.325**  

   NO3
- 0.059    0.082         0.040  0.039  

   NO2
- 0.048 0.215**  0.145** 0.229**  

   NH4
+ 0.131 0.006        -0.173** 0.173**  

   PO4
3- 0.393** 0.248**  0.295** 0.129**  

   Chl a 0.588** 0.331**  0.671** 0.429**  
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3.3.3 Relationship between environmental factors and picophytoplankton groups  

3.3.3.1 V.O.C. port 

Linear regression analysis showed that all the PP groups were positively 

correlated with TRIX scores (Fig. 3.17a-d). In PCA, three major PC’s were 

considered which explained 67.6% variation of the ecological variables. PC1 

accounted for 37.1% of the variance with a positive load of NO3
-, NO2

-, NH4
+, and 

BOD; and a negative load of temperature (Table 3.7). Linear regression analysis 

showed that SYN-PEII was negatively and PRO-like cells were positively correlated 

with PC1 (Table 3.8). All the PP groups were negatively and chl a positively 

correlated with PC2 where positive load of salinity and SiO4
4-, and a negative load of 

PO4
3- was observed, which explained 17.1% of the variance. Positive load of salinity, 

DO, and PO4
3- was observed at PC3 which explained 13.4% of the variance. To this 

component, all the PP groups (except PEUK) and chl a were positively correlated. 

3.3.3.2 Chennai port 

Linear regression analysis showed that PEUK and PRO-like cells were positively 

correlated with TRIX scores (Fig. 3.17e-h). In PCA, three major PC’s explained 

70.8% variation of the ecological variables. PC1 accounted for 38.2% of the variance 

with a positive load of NO3
-, NO2

-, PO4
3-, SiO4

4-
 and salinity; and a negative load of 

temperature and DO (Table 3.7). Positive load of NH4
+ and negative load of salinity 

was observed at PC2 which explained 21.3% of the variance. At PC3, BOD was 

positively loaded. Linear regression analysis showed that PEUK and PRO-like cells 

were positively correlated with PC1 and negatively with PC2 (Table 3.8). Chl a was 

positively correlated with PC3 and negatively with PC2. 
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3.3.3.3 New Mangalore port 

Linear regression analysis showed none of the PP groups and chl a were 

correlated with TRIX scores (Fig. 3.17i-l). In PCA, three major PC’s explained 75.4% 

variation of the ecological variables. PC1 accounted for 45% of the variance with a 

positive load of temperature, DO, NO3
-, NO2

- and salinity; and a negative load of 

PO4
3-, SiO4

4- and NH4
+ (Table 3.7). Positive load of salinity, NO3

-
 and NH4

+; negative 

load of DO and BOD was observed at PC2 which explained 18.2% of the variance. At 

PC3, NO2
- was positively loaded. Linear regression analysis showed that SYN-PEII 

was negatively correlated with PC1 (Table 3.8). All the PP groups were positively 

correlated with PC2. All the PP groups (except SYN-PEII) and chl a were negatively 

correlated with PC3.  

3.3.3.4 Cochin port 

Linear regression analysis showed that SYN-PC and PRO-like cells abundance 

correlated positively with TRIX scores, whereas SYN-PEI correlated negatively (Fig. 

3.17m-q). In PCA, three major PC’s were considered which explained 67.4% 

variation of the ecological variables. PC1 accounted for 28.6% of the variance with a 

positive load of nutrients and negative load of salinity (Table 3.7). Positive load of 

DO, BOD, SiO4
4- and temperature; and negative load of NO2

- were observed at PC2 

which explained 25.8% of the variance. Positive load of salinity, PO4
3-

 and NH4
+; 

negative load of NO3
- was observed at PC3 which explained 13% of the variance. 

Linear regression analysis showed that SYN-PEI and SYN-PEII correlated negatively 

with PC1 and PC2 scores, whereas SYN-PC, PEUK, and PRO-like cells correlated 

positively, except PRO-like cells which correlated negatively with PC2 (Table 3.8). 

Chl a correlated positively with PC1. 
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Table 3.7 Principal component analysis with varifactors (PC’s) extracted for the ecological variables. Bold text denotes significant loading. 

 

 

 

 

 

 

 

 

 

 

Table 3.8 Regression analysis between PP groups and chl a with principal component scores (PC) for the entire data set of ecological         

variables. Values indicate are correlation coefficient with significance level of p <0.05 (*) and p <0.01 (**) 

  V.O.C   Chennai   New Mangalore   Cochin   Kolkata 

  PC1 PC2 PC3  PC1 PC2 PC3  PC1 PC2 PC3  PC1 PC2 PC3  PC1 PC2 PC3 

Temperature -0.79 -0.02 -0.34  -0.68 0.16 0.09  0.94 0.04 0.23  -0.33 0.69 0.06  -0.80 0.27 -0.01 

Salinity -0.30 0.69 0.50  0.47 -0.81 0.05  0.44 0.75 -0.15  -0.68 -0.31 0.51  0.37 -0.36 0.64 

DO -0.34 0.25 0.50  -0.80 0.33 0.27  0.75 -0.43 -0.27  0.08 0.89 0.13  0.61 -0.39 -0.08 

BOD 0.51 0.16 -0.24  -0.21 -0.30 0.90  0.33 -0.42 -0.37  -0.36 0.59 0.01  -0.54 -0.24 0.19 

NO3
- 0.87 -0.02 -0.05  0.68 0.38 0.25  0.51 0.71 0.12  0.69 0.20 -0.40  -0.23 0.71 -0.01 

NO2
- 0.94 0.11 -0.12  0.84 0.30 0.19  0.56 -0.14 0.73  0.55 -0.55 -0.04  0.48 0.55 -0.48 

NH4
+ 0.77 0.35 0.30  -0.05 0.87 0.03  -0.55 0.42 -0.32  0.53 0.19 0.68  0.74 -0.15 -0.15 

PO4
3- 0.10 -0.55 0.59  0.66 0.16 0.15  -0.84 0.04 0.31  0.67 -0.09 0.51  0.50 0.71 0.20 

SiO4
4- -0.14 0.73 -0.29   0.67 0.17 0.03   -0.85 -0.09 0.25   0.60 0.48 -0.07   0.22 0.52 0.67 

Eigenvalues 3.34 1.54 1.20  3.43 1.92 1.02  4.05 1.64 1.09  2.57 2.32 1.17  2.57 2.00 1.20 

% of Variance 37.1 17.1 13.4  38.2 21.3 11.3  45.0 18.2 12.1  28.6 25.8 13.0  28.5 22.3 13.3 

Cumulative % 37.1 54.2 67.6   38.2 59.5 70.8   45.0 63.2 75.4   28.6 54.4 67.4   28.5 50.8 64.1 

  V.O.C   Chennai   New Mangalore   Cochin   Kolkata 

  PC1 PC2 PC3  PC1 PC2 PC3  PC1 PC2 PC3  PC1 PC2 PC3  PC1 PC2 PC3 

SYN-PEI -0.12 -0.35** 0.25**   -0.08  0.15 0.07  -0.12 0.54** -0.45**  -0.61** -0.20**   0.07     

SYN-PEII -0.22** -0.25** 0.40**   -0.08  0.03 0.01  -0.74** 0.12*  0.02  -0.44** -0.37** -0.06     

SYN-PEIII                 -0.16* -0.15 -0.47** 

SYN-PC             0.52**  0.15* -0.09  -0.40** -0.18* -0.51** 

PEUK -0.12 -0.29** 0.05  0.52** -0.58**  0.09  -0.08 0.39** -0.47**  0.53**  0.25**  0.00  -0.01 -0.03 -0.06 

PRO-like  0.18* -0.23** 0.40**  0.25** -0.19* -0.03  -0.15 0.48** -0.55**  0.18* -0.21** -0.41**  -0.08  0.08 -0.35** 

Total PP -0.15* -0.34** 0.31**   0.11 -0.12  0.05  -0.27** 0.48** -0.44**  0.09  0.08 -0.18*  -0.35** -0.16* -0.45** 

Chl a -0.04  0.25** 0.38**   -0.01 -0.35** 0.26**    0.14 0.18 -0.25**   0.16*  0.02 0.07    0.07 -0.28** -0.08 
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Fig. 3.17 Linear regression analyses of picophytoplankton group abundance with TRIX scores. (a-d) V.O.C port, (e-h) Chennai port, (i-l) New 

Mangalore port, and (m-q) Cochin port. 
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3.3.3.5 Kolkata port 

In PCA, three major PC’s were considered which explained 64.1% variation of 

the ecological variables. PC1 accounted for 28.5% of the variance with a positive load 

of NH4
+, DO, NO2

- and PO4
3-. Negative load of temperature and BOD was observed 

in PC1 (Table 3.7). Positive load of NO2
-, PO4

3-, NO3
-
 and SiO4

4- were observed at 

PC2 which explained 22.3% of the variance. Positive load of salinity and SiO4
4-; 

negative load of NO2
- was observed at PC3 which explained 13.3% of the variance. 

Linear regression analysis showed that SYN-PEIII correlated negatively with PC1 and 

PC3. SYN-PC correlated negatively with all the components (Table 3.8). PRO-like 

cells correlated negatively with PC3. Chl a correlated negatively with PC2. 

 

3.4 Discussion   

3.4.1 Hydrography of port waters 

Over the past few years, investigators have revealed that the major ports are 

contaminated by anthropogenic activities; Cochin port (Balachandran et al., 2005; 

Martin et al., 2012; Anu et al., 2014); New Mangalore (Rao et al., 2004; Shirodkar et 

al., 2010); Chennai (Sudhakar et al., 2007); V.O.C. (Ramasamy and Murugan, 2003) 

and Kolkata (Dasgupta et al., 2013) ports. There is evidence for the waste discharge in 

large quantity, which has an impact on the local ecosystem in the world wide ports 

(Herz and Davis, 2002). Since, Cochin port is situated at the mouth of the Cochin 

backwaters, the port waters are contaminated by industrialization (104 million liters of 

partially treated and untreated industrial effluents are discharged every day by a large 

number of industries), agriculture, transportation and domestic sewage effluent 

discharge (Unnithan et al., 1975; Vijayan et al., 1976; Menon et al., 2000; Qasim, 

2003). As a consequence, the concentration of toxic metals in the surficial sediments 
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has been reported in moderate to heavily polluted condition (Martin et al., 2012). 

Discharging sewage from the anchored ship and recycling of existing nutrient could 

be the major sources and processes contributing to maintaining higher nutrient levels 

in the water column during different seasons. Loading of nutrient from human sewage 

was the problem observed throughout the history of Visakhapatnam port (Ganapati 

and Raman, 1973, Raman, 1995; D’Silva et al., 2013). The impact of organic 

pollution in this harbour has resulted in periodic outbursts of phytoplankton blooms 

and fish mortality (Bharati et al., 2001; Raman, 1995). 

Distinct seasonal variation in environmental factors was observed along the west 

and east coastal ports. Hydrography of the port waters reflected typical tropical 

conditions where temperature gradually increased from SWM to PrM season. 

However, during June and July, the temperature was high in east coast ports (V.O.C. 

and Chennai) compared to west coast ports due to ineffective SWM in the east coast 

(IMD). Earlier studies have reported that the coastal waters of the east coast are 

warmer compared to the west coast (Prasanna Kumar et al., 2002) due to stratified 

water on the east coast and mixed water column in the west coast. Kolkata port, 

situated in the north eastern part experiencing a subtropical climate, showed the 

higher temperature range (Mandal et al., 2013).  

Ports situated along the east coast had lower salinity compared to the west coast 

and varied according to monsoonal activities, except Cochin and Kolkata ports. East 

coast receives enormous riverine flux as compared to the west coast (Qasim, 1977). In 

the AS (west coast) the annual variation in temperature is more as compared to 

salinity, but in the Bay of Bengal (east coast), annual salinity variation is more as 

compared to temperature (Wyrtki, 1973). In the estuarine Cochin port during SWM, 

stratification developed due to increased freshwater influx and formed a decreasing 
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salinity gradient from the mouth towards upstream. During the non-MON period, as 

freshwater influx reduced, water column was partially mixed as observed in estuaries 

influenced by monsoonal rainfall (Joseph and Kurup, 1989; Shetye, 1999). Recently, 

Jacob et al. (2013) reported that during non-MON high tide, saltwater intrudes up to 

40 km in Cochin backwaters. Thus, in the present study, stations located in all three 

channels of Cochin port were influenced by the incoming high saline waters during 

the high tide. Since Kolkata is a freshwater port, there was no variation in salinity.  

The most prominent feature of the port that makes the system unique is the 

presence of high nutrient concentrations (D’Silva et al., 2013), which is also observed 

in all the studied ports. This is also reflected in the phytoplankton biomass in all the 

ports. The highest biomass in Cochin port compared to other ports suggests that the 

estuarine ecosystem is most productive. Several studies have been conducted on the 

biological aspects in the Cochin backwater (Madhu et al., 2007; Martin et al., 2008; 

Madhu et al., 2009). These studies emphasize that irrespective of the season, Cochin 

backwater facilitates the luxurious growth of phytoplankton due to excess level of 

nutrient availability (Balachandran et al., 2005; Madhu et al., 2007). In the study 

region, maximum phytoplankton biomass recorded was higher (average 17.05 µg L-1; 

ranged up to 107 µg L-1) than that reported in previous studies in Cochin backwaters 

(49 µg L-1; Madhu et al., 2007; Madhu et al., 2009; Martin et al., 2011) and also in the 

Mandovi and Zuari estuaries located along the west coast of India (Pednekar et al., 

2011; Patil and Anil, 2011). This could be due to the nutrient enrichment by 

anthropogenic activities, which triggers the massive growth of nanoplankton (< 20 

µm; Madhu et al., 2007; Martin et al., 2011) and phytoplankton blooms which are 

common in the Cochin backwaters when the intermediate salinity condition exists 

(Devassy, 1974; Madhu et al., 2010; Martin et al., 2013). Another reason could be the 
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weeds and water hyacinths, which proliferate in the upstream waters that severely 

restrict the natural flushing (Shivaprasad et al., 2012) and enter the CB during SWM 

due to the influx of low saline waters. In the PrM and PM-II seasons the higher chl a 

concentration in the surface and NBW of some of the S, could be the result of 

showers that occurred during the sampling period, which probably drive the weeds 

and water hyacinths into the CB or from stirred up sediments. Also, during PM-II, the 

highest chl a concentration recorded at S4 (107.06 µg L-1) one day after heavy 

showers confirms that the incoming freshwater is a source of the high chl biomass.  

Higher phytoplankton biomass also observed in Kolkata port, irrespective of 

season, could be related to high nutrient concentration. The unique feature of Kolkata 

port water is that; it is an enclosed water body which is connected to Hooghly River 

only during high tides when ship movements take place. However, Kolkata port 

operational management creates zero water masses exchange with outside river waters 

(Kumar, 2011). Therefore, the water circulation in this area is believed to be low. 

However, higher nutrient concentrations detected in the study region during different 

seasons could be from sewage discharge from the anchored ships and recycling of 

existing nutrients. Among the marine ports, New Mangalore port showed the highest 

biomass followed by V.O.C. and Chennai. Generally, the Bay of Bengal (East coast) 

is less productive region than its counterpart, AS (Qasim, 1977; Radhakrishna et al., 

1978; Prasanna Kumar et al., 2002). Even though it receives high riverine nutrient 

flux, nutrient scavenging to deeper sediment (Qasim, 1977), strong stratification 

(Wyrtki, 1973), the lack of upwelling and convective mixing results in low 

productivity. In New Mangalore port, higher biomass in the inner stations during PrM 

and SWM coincided with the high tide during the sampling. Similarly, high biomass 

in Chennai port was observed during PrM in the outer stations during high tide. Such 
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observation was not noticed in V.O.C. port due to low tidal amplitude (see Materials 

and methods).  

3.4.2 Picophytoplankton community structure in the marine ports (New Mangalore, 

V.O.C. and Chennai)  

Generally, in the coastal waters, PP community dynamics is controlled by several 

environmental variables (Ning and Vaulot, 1992; Chiang et al., 2002; Qiu et al., 

2010). Total PP abundance (0.02 to 12.2 × 104 cells mL-1) was low in these coastal 

ports compared to other coastal waters (0.04 to 52 × 104 cells mL−1; Ning et al., 2000; 

Gin et al., 2003). The lower PP abundance in ports could be due to a higher nutrient 

condition which is known to support the growth of larger phytoplankton thus 

suppressing the PP (Malone, 1992; Granli et al., 1993; Gin et al. 2003).  

In marine ports (salinity > 30) four groups of PP were observed, i.e., SYN-PEI, 

SYN-PEII, PEUK and PRO-like cells. SYN-PC which is a low saline group was absent 

in these port waters (Murel and Lores, 2004).  Among these groups SYN-PE was 

observed as a dominant group (60 to 80% of PP abundance). However, their 

abundance range was lower compared to other studied coastal regions (Ning et al., 

2000; Xia et al., 2015). The dominance of SYN-PE was also observed in Singapore 

port waters where it contributed 70% to the total PP abundance (Gin et al., 2003). 

Generally, SYN grows even well in oligotrophic/mesotrophic condition due to the 

higher surface area to volume ratio, lower subsistence quota and high growth rate 

(Chisholm, 1992). It is generally a poor competitor in eutrophic ecosystems (Gin, 

1996).   

In the present study, the two types of SYN-PE (SYN-PEI and SYN-PEII) observed 

are also reported earlier in the north Atlantic and Pacific Oceans (Olson et al., 1990) 

and the western AS (Campbell et al., 1998). The higher abundance of SYN-PEI during 



121 

 

PrM compared to other seasons could be attributed to higher temperature. The growth 

of SYN exceeds its grazing mortality in summer, resulting in its high abundance (Tsai 

et al., 2008). Among the marine ports, the abundance was relatively higher in the New 

Mangalore port which could be due to higher temperature and salinity whereas in 

V.O.C. port even though the temperature was high the salinity was low whereas in 

Chennai port lower temperature was observed. Along with low temperature, the port 

activity and port structure (lower water circulation) may have also resulted in lower 

SYN-PEI abundance in Chennai port waters. Port structure also influences the 

abundance where Chennai port mouth is perpendicular to sea whereas V.O.C. and 

New Mangalore ports mouth are opened to the seaward side which influenced the 

water circulation due to the entry of seawater. In Ceuta port (North Africa), water 

movement is limited in the inner port area due to the port structure, which is not 

affected by the currents. This has negatively influenced the benthic community 

(Guerra-Garcia and García-Góme, 2003). Higher nutrient concentrations in the 

Chennai port supports this assumption of low circulation.  

Similarly, PEUK, the less abundant group compared to SYN, showed relatively 

higher abundance during PrM in all the marine ports. Generally, PEUK prefers higher 

nutrient for their efficient growth (Pan et al., 2007). Thus, higher nutrient 

concentration coupled with increased water temperature could be the reason for 

higher PEUK abundance during PrM. PEUK also showed a positive relation with 

temperature, and it preferred 27 to 30oC. This is consistent with the previous studies 

where PEUK abundance and growth rate were higher during summer months in 

subtropical estuaries (Qiu et al., 2010; Pan et al., 2007; Bec et al., 2005). However, in 

some region of subtropical and temperate estuaries, the winter season caused the peak 
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of PEUK abundance (Qiu et al., 2010; Charpy and Blanchot, 1998).  The reason 

behind this variation is mainly the difference in the loading of nutrients.  

SWM was characterized by the lowest temperature and salinity due to the effect 

of rainfall, which resulted in the low PP abundance. Besides the effect of these abiotic 

factors, the lower light condition due to the monsoonal cloud also influences the PP 

abundance (Patil and Anil, 2008). Light is considered a first order factor in controlling 

phytoplankton biomass and also partly controls the nutrient uptake which is an 

energy-demanding process (Kooistra et al., 2007). Thus, low light can restrict the 

build-up of phytoplankton biomass, and could be one of the reasons for the low PP 

abundance during the SWM. Generally, the monsoon brings nutrients to the water 

bodies through heavy riverine discharge and land drainage (Hung and Huang, 2005; 

Liu et al., 2009). However, in the ports, relatively low nutrient concentration was 

observed suggesting that the source of nutrients is not dependent on rainfall rather on 

other sources such as human activity involving shipping. This effect was better seen 

in west coast because of the ineffectiveness of SWM monsoon in the east coast. 

However, low PP abundance during this season on the east coast could be attributed 

to lower temperature and the factors observed during PrM. In New Mangalore port in 

the NBW, relative SYN-PEII and SYN-PEI abundance were high when DO 

concentration was lowest. Low DO concentration suggests higher decomposition 

activity releasing high nutrients (especially PO4
3-) in the water column thus 

supporting PP. Generally, PEUK shows lower abundance during SWM in the 

estuarine region (Chapter 1). In New Mangalore port, PEUK showed higher 

abundance in the right wing which could be categorized as low circulation area. The 

higher PO4
3- and SiO4

4- could have played a role in increasing the SiO4
4- preferring 

PEUK during this period (Vaulot et al., 2008). Also, low grazing pressure has been 
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reported during this period in the other studied region (Madhu et al., 2009), due to 

which the growth rate exceeds the grazing rate. However, in Chennai and V.O.C. 

ports, PrM conditions prevailed during this season as SWM effect was less on the east 

coast. This could be the reason for higher PEUK abundance during SWM.  

The PM season is conducive for phytoplankton growth due to increased light 

conditions and higher nutrient concentrations. In New Mangalore port, SYN-PEI 

abundance increased during PM’s especially PM-I; whereas during PM-II the 

abundance was lowest which could be attributed to higher temperature and higher 

salinity. Fluctuations in the SWM can also impact the phytoplankton community in 

the PM season (D’Costa and Anil, 2010). In New Mangalore port, 2012 (PM-II) had 

lower rainfall compared to 2011 (PM-I), in fact, 16% less than normal rainfall (IMD). 

In Chennai port, higher rainfall was observed during TP wherein the relatively higher 

abundance of SYN-PEI was observed especially inner station. Even though there was 

rainfall, higher temperature and NH4
+ concentration could have supported the SYN-

PEI during this period. In contrast, V.O.C. port had a lower abundance of SYN-PEI 

during TP period, which coincides with lower temperature. Further reduction in 

abundance was observed during NEM with lowering temperature. During low 

temperature conditions, low growth rates make the PP unable to keep pace with 

grazing, and as a result, SYN abundance becomes low (Xia et al., 2015; Tsai et al., 

2008). PEUK abundance was lowest during TP and NEM periods suggesting that 

temperature was limiting factor for this group in the port waters. Higher chl biomass 

during PM-II compared to PM-I suggests the utilization of nutrients as its 

concentration was low compared to PM-I. To support this a strong positive correlation 

of chl a with nutrient concentration was observed. In the earlier study, PO4
3- was 

found to be a limiting factor for phytoplankton growth (Elser et al., 2007). However, 
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in the port area, the higher nutrient concentration was reflected in the higher chl. In 

V.O.C. port, in both TP and NEM seasons even though the nutrient concentration was 

high, PP abundance was low which could be attributed to lower temperature.  

3.4.3 Picophytoplankton community structure in Cochin port  

Consistently high PP abundance (105 cells mL-1) during all the seasons indicates 

that PP could be an important component of the phytoplankton community in Cochin 

port. During SWM the prevailing environmental factors influenced the distribution of 

PP groups, especially SYN-PE and SYN-PC, wherein the former is known to be 

abundant in high saline waters and latter in low saline waters (Murrell and Lores, 

2004).  During non-MON seasons, tide controls the salinity distribution in Cochin 

port (George and Kartha, 1963). Salinity variation due to tidal impact clearly 

influenced SYN-PC and SYN-PE distribution in the Cochin port, both horizontally and 

vertically. PM-II sampling was carried out during high tide. This could be the reason 

for high salinity in Ernakulam channel where SYN-PEI was the dominant group in the 

surface and NBW. PrM sampling was carried out during low tide which resulted in 

low surface salinity across the estuary where SYN-PC was dominant. These 

observations suggest that tide is also an influential factor for SYN distribution in the 

Cochin port wherein SYN-PE enters the Cochin port from the coastal waters during 

high tide and SYN-PC during the low tide from the upstream end. This is substantiated 

by observations from the monsoonal Zuari estuary (Chapter 2), wherein during the 

non-MON period due to high tidal activity, SYN-PE showed higher abundance 

upstream whereas, during SWM, SYN-PC abundance was higher downstream due to 

strong freshwater runoff. The significant positive relation of SYN-PE abundance and 

negative relation of SYN-PC and PEUK abundance with salinity and estimated tidal 

height indicates that tide is a prominent controller of PP community structure in 
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Cochin port. The significant relationship of PP groups with salinity is consistent with 

studies carried out in subtropical and temperate regions (Ray et al., 1989; Murrell and 

Lores, 2004), especially for SYN. Transition in dominance from SYN-PC to SYN-PE at 

salinities of ~20 to 25 found in this study, was previously observed in subtropical 

estuaries (Ray et al., 1989; Murrell and Lores, 2004; Zhang et al., 2013). Also, higher 

abundance of SYN-PC and SYN-PE in surface and NBW, respectively indicate that 

higher salinity in the NBW favors SYN-PE groups. This was well reflected in SWM 

when the high saline waters harboring SYN-PE were capped by the low saline waters 

harboring SYN-PC in the approach channel stations. These findings suggest that SYN 

distribution pattern can serve as an indicator of the seasonal water column 

hydrography (stratified or mixed) influenced by physical forces such as tides and 

freshwater runoff.  The presence of an additional group of SYN-PE with high PE 

intensity at higher salinities (SYN-PEII) in the estuarine waters indicates that this 

group could have been introduced from the offshore waters during high tide. This 

observation is consistent with previous reports from the Zuari estuary, North western 

Arabian coast, Mississippi river plume and the Pearl River estuary (Campbell et al., 

1998; Liu et al., 1998; Liu et al., 2004; Lin et al., 2010; Mitbavkar et al., 2015). PRO-

like cells detected in the low saline waters of the Cochin port were also observed in 

the Zuari estuary along the south west coast of India (Chapter 2A). Shang et al. (2007) 

reported PRO-like cells in brackish and in freshwater. Similarly, in the present study, 

PRO-like cells were higher in the low saline waters as seen from the negative 

correlation with salinity. However, work on PRO-like cells is very limited and effect 

of environmental condition on these cells is still not clear. Recently, Liu et al. (2013) 

identified a previously suggested group of PRO-like cells as SYN-PC based on 
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laboratory experiments. However, to confirm the strain in the Cochin port, molecular 

approaches are required. 

Variation in the spectral light quality is one of the factors altering the PP 

composition in oceanic, coastal and estuarine waters (Wood, 1985; Scanlan, 2003). In 

coastal and estuarine waters, SYN-PE group abundance is high in clear waters where 

the green light predominates due to the low concentrations of suspended particles and 

dissolved organic matter concentrations (Li et al., 1983; Wood, 1985; Stomp et al., 

2007). SYN-PC is higher in turbid waters loaded with dissolved particulate organic 

matter or rich in chl where the spectral light quality is altered from green to red 

(Stomp et al., 2007). In Cochin port, water is highly turbid throughout the year and 

comparatively higher during the SWM (Qasim and Reddy, 1967). Hence, this could 

be one of the factors responsible for the predominance of SYN-PC in the Cochin port 

throughout the year, due to its better ability to utilize the red wavelength along with 

its ability to proliferate at lower salinities. Also, the positive correlation of SYN-PC 

with chl a suggests that this group is not only dominant but also significantly 

contributes to total phytoplankton biomass in the Cochin port. Increasing temperature, 

irradiance, salinity and comparatively lower turbidity could be responsible for the 

higher abundance of SYN-PE groups during PM.  

The temperature in the tropical regions does not show much annual variation (24 

to 32oC in the present study) as in temperate regions (10 to 24oC). As a consequence, 

PP abundance was high throughout the year in the tropics as compared to the 

temperate regions where abundance peaks are observed only during summer (Agawin 

et al., 1998; Chiang et al., 2002; Murrell and Lores, 2004). This suggests that seasonal 

temperature exercises a latitudinal variation on the PP distribution (Murphy and 

Haugen, 1985). Significant positive relation of total PP abundance with temperature is 
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a profound characteristic of tropical, subtropical and temperate estuaries (Ray et al., 

1989; Agawin et al., 1998; Qiu et al., 2010; Wang et al., 2011). However, in the 

present study, only SYN-PC showed a positive correlation (p < 0.05) with 

temperature. Some studies conducted in tropical and subtropical estuaries showed that 

PP negatively correlated with nutrients (Qiu et al., 2010; Zhang et al., 2013). 

However, these studies considered total SYN (SYN-PC and SYN-PE) abundance to 

evaluate the relationship with nutrients. In the present study, although the positive 

relation of SYN-PC, PEUK and the negative relation of SYN-PE groups with NO3
-, 

PO4
3-

, and NH4
+

 may not be cause and effect relationships, it indicates that nutrient 

concentrations could influence the seasonal variations of these groups. Similar results 

were obtained from the Zuari estuary, India (Chapter 2). In the Uchiumi Bay, Japan, 

PO4
3-

 addition showed seasonal variations in the growth rates of SYN and PEUK 

(Katano et al., 2005). They presumed that the in situ nutrient concentrations or 

difference in species could be responsible for such a seasonal response. Though 

PEUK are the most competitive among PP groups (Pan et al., 2007), it was not the 

dominant group in Cochin port, even in high nutrient concentrations. Previous studies 

in tropical and subtropical regions have reported that this group dominated the 

nutrient-rich conditions (Jiao et al., 2005; Qiu et al., 2010). Probably, this group 

abundance was controlled by the high microzooplankton grazing rates which we did 

not consider in the present study (Wetz et al., 2011).  

SYN-PE groups attained higher abundance during PM-I and PM-II seasons 

indicating its preference for increased temperature after SWM. Along with 

temperature, irradiance is also known to influence the seasonal distribution of SYN 

abundance and biomass (Agawin et al., 1998; Tsai et al., 2008). It is believed that 

there are multifactor, which are controlling the SYN-PE growth in coastal and 
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estuarine ecosystems (Chang et al., 2003; Zhang et al., 2013). Decreasing temperature 

and salinity during SWM and tide induced lower salinity during PrM could be the 

reason for low abundance during these periods. SYN-PC was the dominant group 

present in the Cochin port with the highest abundance in PrM, and their contribution 

was substantial to total PP. Similarly, studies carried out in the subtropical and 

temperate estuaries have shown that abundance of SYN-PC was greatest during warm 

periods (Ray et al., 1989; Murrell and Lores, 2004). The temperature was the limiting 

factor for PEUK in the previous studies where temperature varied between 20 to 27oC 

(Pan et al., 2007). However, in the present study area, where the temperature range 

was 24 to 32oC, PEUK were not significantly affected by temperature.  

As the PM-I sampling was carried out in October soon after the SWM, the 

freshwater influence was still felt in the Cochin port as compared to that during PM-II 

sampling which was held in November. As a result, salinity and temperature were 

comparatively lower during PM-I. This was reflected in the PP distribution wherein 

higher PP abundance was observed during the PM-II. The dominance of SYN-PC over 

SYN-PEI during PM-II in some of the stations was mainly due to salinity < 25 as a 

result of rainfall that occurred on the sampling day. Higher salinity in the NBW 

during PM-II favored higher SYN-PEI and SYN-PEII abundance in the Cochin port. 

3.4.4 Picophytoplankton community structure in Kolkata port  

The information on PP community structure in the enclosed water bodies of the 

freshwater port are rare and it is not available in this part of the world. The results 

suggest that SYN-PC was the potent dominant species observed over SYN-PE and 

PEUK, irrespective of the seasons. The dominance of SYN-PC in freshwater has been 

reported earlier (Pick, 1991, Camacho et al., 2003, Murrell and Lores, 2004), but it 

was largely outnumbered in the present study. Its maximum abundance (10 × 105 cells 
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mL-1) recorded in the present study was higher than the other studied freshwater 

ecosystems such as Zuari River (chapter 2), Pearl River (Ni et al., 2015),  Pagan River 

(Davis et al., 1997), Wujian reservoir (Wang et al., 2008), Rimov reservoir (Simek et 

al., 1997) and some of the lake ecosystem such as lake Maggiore, Mascardi, Moreno, 

Gutierrez, Espejo, Correntoso and Nahuel Huapi (1 × 105 cells mL-1; Callieri et al., 

2007). Sardis reservoir, Mississippi, USA had the same range of abundance during 

summer at temperature ~24ºC (Ochs and Rhew, 1997). Highest PP abundance was 

recorded during summer, when temperature was ~25ºC (maximum) in nutrient rich 

waters of lake Aydat, (2.3 × 106 cells mL-1) and La Cruz hypertrophic lake (7 × 106 

cells mL-1; Camacho et al., 2003). There was a distinct seasonal variation of PP 

groups observed during the study period. The highest abundance of SYN-PC and SYN-

PE was observed during SWM.  As observed in marine ports, temperature played a 

major role along with nutrients. PCA showed that temperature was the significant 

factor in this port. Several studies have established temperature as the key factor 

influencing the seasonal dynamics of SYN from tropics to temperate lakes, rivers, 

reservoirs, estuaries and coastal waters (Callari et al., 2007; Ochs and Rhew, 1997; 

Wang et al., 2008; Qiu et al., 2010; Wang et al., 2011; Ning et al., 2000; Murrell and 

Lores, 2004; Mitbavkar et al., 2009). These studies showed that warm period is 

favorable for SYN. Similarly, in the present study, SYN abundance showed significant 

positive correlation with temperature where temperature range was wider (18 to 32°C) 

compared to other studied ports (24 to 34°C). The optimum temperature range of 27 

to 30°C was found to be favorable for SYN in the present study. As the temperature 

dropped below 23°C in February, the abundance decreased. The decrease in 

temperature is known to reduce the activation energy of their growth rate (Chen et al., 

2014), and along with high grazing pressure results in low PP abundance (Xia et al., 
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2015). Even though the temperature was 26°C during PM, the low abundance could 

be linked to suppression of their growth by very high nutrient concentrations (Agawin 

et al., 2000). This is particularly observed in the KOPT-I and KOPT-II docks, 

whereas higher abundance was observed in the NSD when nutrient concertation was 

lower compared to other two docks. Overall PEUK abundance was low compared to 

other studied regions (Li et al., 2016; Mozes et al., 2006). However, during PM, when 

high nutrient concentrations were observed in KOPT-I, and KOPT-II docks 

comparatively higher abundance of PEUK was observed with positive correlation 

with NO3
-
 suggesting that nutrients play a role in the spatial and temporal variation of 

different PP groups. In hypertrophic waters, the community structure of 

phytoplankton in the water body was determined by the dominant species in 

competition for nutrients (Zhu et al., 2010). PRO-like cells were encountered earlier 

in the Zuari estuary (Chapter 2), Cochin backwaters (in the present study), Rhone 

River (Vaulot et al., 1990), Suruga Bay (Shimada et al., 1995) and Changjiang estuary 

(Shang et al., 2007). However, in the present study, their abundance was low. PCA 

analysis showed that PRO-like cells were not a strong group loaded on the first two 

components which suggest that this group is less important in relation to 

environmental factors (Table 3.8). Indeed, the effect of environmental condition on 

these cells is still not clear.  

Clear spatial variation of SYN-PC was observed in the present study. KOPT-I and 

KOPT-II showed low abundance where higher nutrient concentration was recorded; 

whereas NSD dock recorded higher abundance when the nutrient concentration was 

lower except during PrM-I. This observation clearly points out that nutrients are being 

utilized by SYN-PC for causing bloom like conditions in NSD dock during SWM. 

PCA also showed the strong negative relation of SYN with NO3
- and PO4

3- suggesting 
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the efficient utilization of nutrients. Generally, SYN-PC and SYN-PE showed low 

abundance in the NBW compared to surface waters. The higher biomass in the surface 

water could have restricted the light penetration till the NBW resulting in suppression 

of the PP growth in the NBW. Shipping activities can also negatively affect the 

growth of PP in the NBW due to increased turbidity induced a decrease in light 

penetration. Stations located in the river showed very low abundance due to higher 

flow rate. Low cell abundance at higher flow rate was observed earlier during 

monsoon months in the Zuari estuary (Chapter 2). Higher abundance of SYN-PC in 

these eutrophic waters is consistent with a previous study (Stomp et al., 2007). The 

reason behind the unusual higher abundance of PP in NSD could be the consequences 

of shipping activities which helps in the maintenance of higher nutrients throughout 

the seasons. NSD is the busiest dock compared to KOPT-I and KOPT-II with more 

berths facilities. Therefore, a large number of anchored ships might release untreated 

sewage. In the present study region, there is no possibility of supply of nutrients from 

the river waters. High nutrient concentrations through a diel cycle was an indication 

of maintenance of high nutrients in the study region (personal observation). Although 

it is a closed ecosystem, water movement helps in the easy access of nutrients for the 

PP. Therefore, the shape of the dock could play a major role in the water movements 

and circulation of nutrient within the water column. NSD is broader dock whereas, 

other docks are narrow and long. Therefore, water masses are easily circulated in the 

broader dock rather than the narrow and longer docks. This might also be a reason of 

higher abundance in NSD. Also, the higher abundance was observed where the station 

located at the corner or end of the dock. Those stations are also described as ship 

breakage and repairing berths. These observations corroborate our hypothesis that the 

undisturbed closed ecosystem promotes the excessive growth of which could lead to 
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the ecological imbalance in the microbial food web. Therefore, the present study 

depicts the best example for the consequences of human interference in the 

modification of ecosystem and it could cause serious problems.  

3.4.5 Variation of picophytoplankton community with trophic index of water 

column. 

TRIX scores indicated that the marine port waters exhibit a good state of water 

quality except on some occasions. In these waters, there was no significant relation 

between PP groups and TRIX scores, except at V.O.C. port waters. When the TRIX 

scores were > 5 in V.O.C. and New Mangalore port waters, PP abundance 

correspondingly decreased, especially of SYN-PE. This indicates that clear water is 

favorable for their growth as observed in an earlier study (Bell and kalff, 2001). In the 

estuarine port waters (Cochin port), the negative relationship of TRIX with the 

estimated tidal height and salinity suggests that low tide causes a higher trophic index 

due to higher influence of freshwater rich in anthropogenic contaminants from the 

upstream whereas, high tide brings offshore waters into the Cochin port, which leads 

to dilution of eutrophic waters. The positive and negative relation of SYN-PC and 

SYN-PE, respectively, with TRIX scores, suggests that these groups occupy 

contrasting ecological niches. In the hypertrophic waters of French Mediterranean 

lagoon, which was described as an anthropogenically influenced eutrophicated area, 

abundance of SYN-PC was higher than that of SYN-PE (Bec et al., 2011). The 

negative relation of SYN-PEIII with TRIX scores indicates that they are poor 

competitors in eutrophic waters (Gin, 1996). Munawar and Weisse (1989) reported 

that autotrophic picoplankton avoided contaminated environments but was high in 

contaminated eutrophicated areas. They attributed this to the availability of excess 

nutrients, which may have complexing effects resulting in the detoxification of 
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contaminants. Aneeshkumar and Sujatha (2012) reported that zeaxanthin pigment 

indicative of cyanobacteria was found more in the sediments of sites influenced by 

anthropogenic activities (near to S23) in the Cochin port. Since zeaxanthin is a marker 

pigment of both SYN-PE and SYN-PC and we found SYN-PC > SYN-PE throughout 

the study period at S23, which is a sewage discharge point, we assume that SYN-PC 

was the dominant group found in this area by Aneeshkumar and Sujatha (2012). 

Carlson’s index showed that the riverine port (Kolkata port) waters also exhibited 

eutrophic condition during SWM and PM-I as seen in estuarine port (Cochin port).  

During these periods, SYN-PC was the dominant and highly abundant group in these 

waters. These observations corroborate our findings and suggest that SYN could serve 

as a potential indicator of the trophic status of water bodies.  

3.5 Conclusion 

The present study shows clear temporal and spatial variations in the PP 

abundance and community structure with respect to different ecosystems. The highest 

PP abundance was observed in the closed riverine port (Kolkata port), where PP 

community was strongly correlated with temperature and nutrient concentrations. 

Comparatively lower abundance of PP was detected in the estuarine port (Cochin 

port), and lowest in the marine ports (V.O.C., Chennai, and New Mangalore ports). 

The dominance pattern also varied among these ports. SYN-PEI was dominant in 

marine ports, and high saline waters of estuarine port whereas SYN-PC was dominant 

in low saline waters of estuarine port and riverine port. Temperature and nutrients 

played a major role in the seasonal and spatial variations of PP in these ports. The 

effect of monsoons (SWM and NEM) was also well reflected in the variation of PP 

community structure and its abundance along the west and east coasts. TRIX showed 

that the marine ports exhibited a lower level of eutrophication compared to estuarine 
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and riverine ports (Carlson index).  In these waters, distribution of SYN-PE and SYN-

PC groups highlight that they occupy contrasting ecological niches, where former was 

higher in the lower eutrophic waters and latter in the higher eutrophic waters. 

Therefore, PP distribution pattern can serve as an indicator of the trophic status of 

coastal water bodies. 



 

 

 

 

 

 

 

 

Chapter 4 

Picophytoplankton community structure from 
eastern Arabian Sea 
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4.1 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 µm) has 

been demonstrated in the marine environment as major contributors to the 
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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.  

The present study was 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. Along with this study, a transect observation was carried out from 

the coast towards the offshore so as to gain an understanding of the PP spatial 

distribution pattern in the cross-shelf region during the NEM. In this study, it was 

hypothesized 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. 
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4.2. Materials and methods 

4.2.1 Sampling 

Sampling was conducted in the cross-shelf region of the eastern AS, off Goa 

coast, onboard the ocean research vessel ORV Sindhu Sankalp (SSK-27) during the 

early NEM season (18-27 November 2011). Five stations along the coastal to offshore 

transect were sampled for the spatial variability studies on the PP community 

structure. For the temporal variability, one fixed station i.e. station (S) 6 was sampled 

every 3 h for 9 days (D) (Fig. 4.1). Details of the sampling are given in table 4.1. 

Temperature, salinity and dissolved oxygen (DO) data profiles were taken from 

precalibrated CTD. The calculation of mixed layer (ML) depth was based on sigma-t 

criteria. Water samples for nutrients and PP analyses were collected from 7 to 10 

depths in the upper 0 to 200 m (depending on the water column depth) with 12 L 

Niskin bottles (General Oceanics, Miami, FL, USA) mounted on a CTD (Sea- Bird 

electronics) rosette sampler. Nutrient samples were analyzed [nitrite (NO2
-) nitrate 

(NO3
-), phosphate (PO4

3-), ammonium (NH4
+), and silicate (SiO4

4-)] with a SKALAR 

SANplus 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 -80oC until 

analysis. For chlorophyll a analysis, water samples (~3 to 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). 

4.2.2 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 
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(blue) and 664 nm (red), respectively. Sample acquisition was set for 10000 events. 

Flow rates were calibrated before analysis using the equation, R= (Wi- Wf )/ (T x d) 

where Wi = initial weight of the sample (mg), Wf = 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 to 606 nm) and red (> 650 nm) fluorescence intensities were 

collected from each particle and analyzed with Facs SuiteTM software. Yellow-green 

fluoresbrite fluorescent beads (Polysciences co., USA) of 2 µm 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. 

4.2a-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. 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Locations of sampling stations in the eastern Arabian Sea. 
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Table 4.1 Details of sampling in the eastern Arabian Sea. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 Dot plot of flow cytometric analysis showing PP groups from the eastern 

Arabian Sea. 

Stations  Latitude  Longitude  Sampling date  

Approx. distance from    

station 1 

 (oN) (oE ) (d/m/y) (miles) 

1 15o 28’ 56” 73o 37’ 00”       27/11/2011 0 

2 15o 23’ 57” 73o 19’ 57”       27/11/2011 19.86 

3 15o 19’ 14” 72o 59’ 53”       27/11/2011 42.87 

4 15o 15’ 00” 72o 43’ 47”       26/11/2011 60.89 

5 15o 14’ 6” 72o 30’ 50”       26/11/2011 75.18 

6 (time series) 15o 18’ 46” 72o 41’ 53” 18-26/11/ 2011 62.13 
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4.2.3. Carbon biomass estimation 

Phytoplankton carbon biomass was derived from chl a using a carbon: chl a ratio 

of 140 and 83 µg C: µg chl-1 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 4.2. For PEUK, the biovolume 

calculated from FALS was converted to carbon per cell (Shalapyonok et al., 2001).  

Table 4.2 Conversion factors used to estimate carbon biomass of PP groups (fg C 

cell-1) and total phytoplankton (µg C µg-1 chl a) in the mixed layer (ML) and below 

mixed layer during phase I and phase II. 

    

 

 

 

 

4.2.4. 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). 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 

 Phase I  Phase-II 

 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:Chl a 140.0 52.0  83.0 52.0 
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column) and phase II (mixed water column) samplings in the surface (0 m), ML and 

below ML. Path analysis was used to explain the linear relationships (R2 = 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. 

4.3 Results  

4.3.1 Spatial variation of environmental variables 

Along the transect, the ML increased from nearshore (23 to 27 m) to offshore (37 

to 40 m) stations. The ML water temperature was 28.6 ± 0.1oC at all the stations (Fig. 

4.3a). The surface salinity in the nearest coastal station (S1) was 34.19 ± 0.06 and 

gradually increased towards the offshore (35.23 ± 0.29; Fig. 4.3b). DO concentrations 

ranged from 4 to 4.2 mg L-1 in the ML and decreased below 50 m (Fig. 4.3c). Chl a 

concentrations in the surface waters were high (0.69 ± 0.12 µg L-1) in the nearshore 

station (S1) and gradually decreased (0.19 ± 0.04 µg L-1) in the offshore stations. 

Subsurface chl a maxima was observed at 50 m for S2 to S5 (Fig. 4.3d).  

4.3.2 Spatial variation of picophytoplankton community structure 

SYN was the dominant PP group observed in the nearshore waters (S1 and S2), 

and its abundance decreased at the subsequent stations except, at 25 m of S4 (Fig. 

4.4a). In contrast to SYN, PRO was the dominant group observed at offshore stations 

with the highest abundance (17.5 × 104 cells mL-1) recorded at 10 m of S5 (Fig. 4.4b). 

In the offshore stations, SYN and PRO abundance decreased with increasing depth. 

The PEUK abundance was lower (0.8 ± 0.9 × 104 cells mL-1) at all the stations, except 
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at station located at the edge of the continental shelf (S3; 3 to 17.1 × 104 cells mL-1; 

Fig. 4.4c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3  Vertical profiles of spatial variation in (a) temperature, (b) salinity, (c) 

disolved oxygen, and (d) chlorophyll a in the continental shelf and slope of the 

eastern Arabian Sea. Black line indicates mixed layer depth. 

 

4.3.3 Environmental variables 

During the time series sampling, 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 ± 0.2oC) and low salinity (34.34 ± 

2.8) water mass, and phase II (D6 to D9) was characterized by a deep ML (51.44 ± 

5.50 m) with lower temperature (28.62 ± 0.2oC) and higher salinity (35.15± 0.43) 

water mass (Fig. 4.5a and b). DO concentration ranged from 3.9 to 6.1 mg L-1 in the 

ML (Fig. 4.5c). Nutrient concentrations within the ML were significantly higher 

during phase II. NO3
- and PO4

3- concentrations were < 1 µM within the ML during 
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phase I whereas during phase II, it increased (>1 µM; Fig. 4.5d, Fig. 4.5f). PO4
3- 

concentration started increasing from the end of phase I (D4 to D5; Fig. 4.5f). NO2
-  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Vertical profiles of spatial variation in (a) SYN, (b) PRO and (c) PEUK 

abundance in the continental shelf and slope of the eastern Arabian Sea. Black line 

indicates mixed layer depth. 
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Fig. 4.5 Vertical profiles of temporal variation in (a) temperature, (b) salinity, (c) dissolved oxygen, (d) nitrate, (e) nitrite,  (f) phosphate, (g) 

silicate, and (h) ammonium over the continental slope of the eastern Arabian Sea. Black line indicates mixed layer depth. 
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concentration ranged from 0.02 to 0.97 µM in the water column (Fig. 4.5e). SiO4
4- 

concentration in the ML ranged from 1.05 to 6.54 µM (Fig. 4.5g). In the ML, NH4
+ 

concentration ranged from 0.01 to 5.95 µM (Fig. 4.5h). Nutricline deepened during 

the beginning of phase I and during phase II, whereas it was shallower during end of 

phase I (D4 to D5). The depth of euphotic layer ranged between 60 and 70 m during 

the study period. 

4.3.4 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 × 104 cells mL-1). Its abundance reduced 

during the later part of phase I (except on D4 at 25 m; 9.8 × 104 cells mL-1) and phase 

II (Fig. 4.6a). 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. 4.6b). By the 

end of phase I, PEUK was the dominant PP group, especially between 25 m and 75 m 

depths (Fig. 4.6c). 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. 4.6d). 

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  
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Fig. 4.6 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.  
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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. 4.6a-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. 4.6a-c). In both phases, higher abundance 

of SYN and PEUK was only observed in the upper 50 m (Fig. 4.6a, Fig. 4.6c). 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. 4.6b). 

4.3.5 Contribution of picophytoplankton to the total phytoplankton carbon biomass 

Chl a concentration ranged from 0.07 to 1.09 µg L-1 with peak values just below 

the ML (50 m; Fig. 4.7a). 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 µg L-1 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 µg L-1 in the water column during the entire study period (Fig. 

4.7b). 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 to 70%, entire 

water column, Fig. 4.7c). 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, 
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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. 4.8c). 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. 4.8a-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.  

4.3.6 Relationship between picophytoplankton and environmental variables 

PERMANOVA analysis revealed significant variations (p < 0.01) in temperature, DO, 

PO4
3-, SiO4

4-, 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, NH4
+, NO2

-, NO3
- and PP contributions 

showed insignificant variations (Table 4.3). 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 4.3). Below ML, DO, nutrients (except SiO4
4-), chl a 

concentration, SYN, PEUK, phytoplankton carbon biomass, PP carbon biomass and its 
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contribution to total phytoplankton carbon biomass showed significant variation (p < 

0.01) between phase I and phase II samplings, whereas temperature, salinity, PRO 

abundance and SiO4
4- showed insignificant variations (Table 4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.7 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.  
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Fig. 4.8 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.  
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In the ML, variability of SYN abundance was partially explained by the positive 

correlation with temperature and NO3
- during phase I (R2 = 0.17, P < 0.05) and PO4

3- 

during phase II (R2 = 0.12, p < 0.05) (Fig. 4.9a and b). The variation of PEUK 

abundance was partially explained by negative correlation with temperature, and 

positive correlation with PO4
3- and NO3

- during phase I (R2 = 0.33, p < 0.05) and 

positive correlation with NH4
+, 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 NO2
- during phase I (R2 = 0.23, p < 0.05) and negative 

correlation with NH4
+ and positive correlation with PO4

3- during phase II (R2 = 0.12, p 

< 0.05). The variability of PP carbon biomass was largely explained by positive 

correlation with SYN, PEUK, temperature and nutrient concentrations (NH4
+, PO4

3-, 

NO2
- and NO3

-) during phase I (R2 = 0.93, p < 0.05) and positive correlation with 

PEUK, PRO, PO4
3-, and NO3

-; and negative correlation with NH4
+ and temperature 

during phase II (R2 = 0.83, p < 0.05). The variation in phytoplankton carbon biomass 

was largely explained by positive correlation with PP carbon biomass and PO4
3- and 

negative correlation with salinity, SiO4
4- and NO2

- during phase I (R2 = 0.67, p < 0.05) 

and positive correlation with PP carbon biomass and salinity during phase II (R2 = 

0.73, p < 0.05) (Fig. 4.9a, and b). 

At 50 m depth, variation in SYN abundance was largely explained by the positive 

correlation with temperature (R2 = 0.32, p < 0.05), at 75 m, partially explained by the 

negative correlation with NH4
+ (R2 = 0.16, p < 0.05) and at 100 m depth, largely 

explained by the positive correlation with salinity, NO2
- and NO3

- and negative 

correlation with temperature and PO4
3-, (R2 = 0.47, p < 0.05; Fig. 4.9c-e). The 

variation in PEUK abundance at 50 m depth was largely explained by the positive 

correlation with NH4
+, SiO4

4-, and PO4
3-, and negative correlation with NO3

- (R2 = 
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0.51, p < 0.05), at 75 m by the positive correlation with salinity and negative 

correlation with temperature and PO4
3- (R2 = 0.33, p < 0.05) and 100 m depth, 

partially by the positive correlation with NO3
- (R2 = 0.14, p < 0.05). The variation in 

PRO abundance was largely explained by the positive correlation with temperature 

and NH4
+ at 50 m depth (R2 = 0.53, p < 0.05), whereas at 75 m by the positive 

correlation with temperature (R2 = 0.13, p < 0.05). At 50 m, variation in PP carbon 

biomass was largely explained by the positive correlation with PEUK, NO3
- and NH4

+ 

and negative correlation with SiO4
4- (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 (R2 = 0.65, p < 0.05) and at 100 m, largely explained by 

the positive correlation with PEUK abundance (R2 = 0.41, p < 0.05).  At 50 m, the 

positive correlation with PP carbon biomass largely explained the variation in 

phytoplankton carbon biomass (R2 = 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, PO4
3- and NO3

- in ML (R2 = 0.82, p < 0.05; Fig. 4.9f), 

whereas below ML by the positive influence of salinity, temperature and NO3
- and 

negative correlation with PO4
3- (R2 = 0.96, p < 0.05; Fig. 4.9g). The variation in 

PEUK abundance was largely explained by the positive correlation with temperature, 

NH4
+, PO4

3-, and NO3
- and negative correlation with NO2

- in ML (R2 = 0.88, p < 

0.05); whereas below ML by the positive correlation with temperature, NH4
+, SiO4

4-, 

and PO4
3- and negative correlation with salinity, NO2

-, and NO3
-
 (R

2 = 1.00, p < 0.05).
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Table 4.3 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. 
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Fig. 4.9 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 (a) phase I, (b) phase II, below mixed layer at (c) 50 m, (d) 75 m, (e) 100 m, and on day 5 (f) 

within mixed layer, and (g) below mixed layer. Bold values are the coefficient of determination of the linear regression (R2) and colored values 

are the regression coefficients for the specific standardized independent variables.  
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The variation in PRO abundance in the ML was largely explained by the positive 

correlation with PO4
3- and temperature (R2 = 0.67, p < 0.05) whereas below ML, by 

the positive correlation with PO4
3-, and negative correlation with NO3

- and NH4
+ (R2 = 

0.77, p < 0.05). The variability of PP carbon biomass was largely explained by the 

positive correlation with salinity, temperature, PO4
3-, NO2

-, NO3
-, PEUK and PRO and 

negative correlation with SYN and SiO4
4- in the ML (R2 = 1.00, p < 0.05) whereas 

below ML by a positive correlation with NO2
-, NO3

-, and PEUK and negative 

correlation with NH4
+, SiO4

4-, PO4
3- and PRO (R2 = 1.00, p < 0.05). The variation in 

phytoplankton carbon biomass (R2 = 0.92, p < 0.05) was largely explained by the 

positive correlation with PP carbon biomass and negative correlation with salinity, 

PO4
3- and NH4

+ in the ML, whereas below ML, by the positive correlation with PP 

carbon biomass, temperature and NO3
- and negative correlation with salinity, SiO4

4- 

and PO4
3- (R2 = 1.00, p < 0.05).  

4.4 Discussion 

4.4.1 Variations in picophytoplankton community structure 

Clear spatial variation was observed in the distribution of PP groups along the 

cross-shelf region, with higher abundance of SYN in the coastal waters and PRO in the 

slope waters. Although SYN is abundant at high concentrations of nitrogenous 

nutrients, their nurient requirement is lesser compared to eukaryotic PP (Olson et al., 

1990; Campbell and Vaulot, 1993; Campbell et al., 1998; Jiao et al., 2005). In 

contrast, 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) which is characteristic of the offshore waters. At S3, 

located at the edge of the continental shelf (continental shelf break) and referred to as 

a zone of interaction between offshore and coastal waters, the PP community structure 
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was unique with the dominance of PEUK. From the literature, it is evident that 

nutrient concentrations are relatively higher in this part of the eastern AS (Naqvi et 

al., 2000; 2010). However, the increased PEUK abundance was not accompanied by a 

simultaneous increase in chl a biomass in the ML. On the contrary, higher chl a 

biomass below ML (50 m) where PEUK were low suggests that in the ML, total chl a 

was contributed by PP whereas below ML, larger phytoplankton dominated. The non-

response of chl a in the ML could be either due to a lag in the response of larger 

phytoplankton to increased nutrient concentrations (Finkel et al., 2009) or grazing 

pressure by heterotrophic nanoflagellates (Landry et al., 1998).  

The high resolution study at a fixed station (S6) was thus carried out in order to 

better understand the evolution of PP community dynamics in such regions on shorter 

time scales. 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. During this study, the dynamic hydrography was well reflected in the 

PP community structure. The ML depth evolved from shallow to deep with relatively 

lower salinity surface waters (34) during phase I as compared with phase II (37). This 

could be attributed to the advection of low saline coastal waters leading to a shallower 

(25 m) mixed layer (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 
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path analysis where PRO positively correlated with temperature but showed an 

insignificant relation with NO3
- and PO4

3-
 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 to 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 (Mouriño-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 
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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 to 100%) due to viral lysis was also 

reported with rates ranging from 0.1 to 0.8 d-1 (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, NO3
- and PO4

3-. Below the ML, the highest PEUK abundance at the 

subsurface chl a 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 (SiO4
4-, PO4

3-, 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 µm have also 

been observed in the PP community (Vaulot et al., 2008). Not et al. (2008) also 

reported the presence of Ocean picoplanktonic diatom in Indian Ocean. Minutocellus 

species, strains RCC703 which belongs to Bacillariophyceae was isolated from Indian 

ocean (Giovagnetti et al., 2012). Samanta and Bhadury (2014) have reported 

picoplanktonic diatom signature in the northern Bay of Bengal. However, till date, 

there is no published data suggesting that pico-diatoms are an important fraction of 
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the PP in the present study area. The positive correlation of PEUK with SiO4
4- 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 NO3
- from bottom waters, 

whereas SYN and PRO were dominant in the NO3
- depleted continental shelf region 

(Sharples et al., 2009). 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 to 

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. However, lack of such a response from PEUK during spatial 

sampling at S4 (station close to S6), although SYN and PRO were abundant above 



160 

  

ML, implies an effect of deepening ML, similar to phase II. 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 I. 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 (Mitbavkar and Saino, 2015), 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).  

4.4.2 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 
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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-1 for 

both PRO 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 a 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 



162 

  

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.  



 

 

 

 

 

 

 

 

Chapter 5 

Influence of salinity on the picophytoplankton 
groups through laboratory experiments 

 



163 

 

5.1 Introduction 

Salinity is one of the important environmental factor influencing aquatic biota, 

especially in the estuarine habitat. It is known to affect the physiological functions, 

size, growth rate and survival of organisms (Gardner and Thompson, 2001; 

Westerbom et al., 2002). In the estuarine environment, the salinity of the water 

constantly changes, mainly due to salt water intrusion by tidal activity and dilution by 

freshwater runoff. In the monsoon-influenced estuaries, monsoon is an additional 

factor for salinity variations. Such frequent changes in salinity have a considerable 

effect on the organism inhabiting this area thus affecting the species diversity and 

trophodynamics (Short and Neckles, 1999; Li et al., 2010). To survive and grow in 

such conditions, organisms must be able to respond quickly to drastic changes in 

salinity.  

Phytoplankton, the base of the aquatic food chain, are key primary producers 

(Nixon, 1986) and are known to respond quickly to the environmental changes (Paerl 

et al., 2007). The phytoplankton abundance and community structure are known to 

exhibit diel variation in response to tidal activity (Litaker et al., 1993) and also over 

tidal phases (Zhou et al., 2016). Previous studies have shown higher phytoplankton 

abundance and diversity during neap tides when lower salinity and higher nutrients 

were observed compared to the spring phase (Domingues et al., 2010; Zhou et al., 

2016), which suggests that salinity plays a significant role in these variations. 

Nutrients are also required for the growth of phytoplankton, and under nutrient 

limiting conditions the phytoplankton growth is severely affected (Yin et al., 2000; 

Patil and Anil, 2011). Till date, most of the studies in the estuarine waters focuses on 

the larger phytoplankton, excluding the picophytoplankton (PP) size class. In recent 

years, the studies on PP are increasing in coastal and estuarine regions which 
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highlight their importance in these environments (Murell and Lores, 2004; Gaulke et 

al., 2010; Qiu et al., 2010; Contant and Pick, 2013).  

The studies have shown that in coastal and estuarine regions phycoerythrin rich 

Synechococcus (SYN-PE) is recognized as higher salinity species whereas 

phycocyanin rich Synechococcus (SYN-PC) as lower salinity (Murell and Lores, 

2004). Picoeukaryotes (PEUK) also shows higher abundance in the low saline waters 

(Mitbavkar et al., 2015). Tidal water movement can result in their distribution across 

the estuary. Thus, it was hypothesis that the presence of these species throughout the 

estuary albeit at lower numbers in non-native salinities could be a result of changes in 

their cellular growth. In order to assess the changes in cellular properties such as 

growth, size and pigment fluorescence, SYN-PC and PEUK from the low and SYN-PE 

from high salinities were isolated; and their growth pattern was observed under 

different salinities.   

5.2 Materials and methods 

Field observation showed that the salinity was the major influencing factor for 

PP groups distribution in the estuarine region. Thus, SYN-PE, SYN-PC and PEUK 

strains were isolated from Zuari estuary. Further they were grown under different 

salinity conditions to assess their growth pattern. 

5.2.1 Culture isolation 

SYN-PE was isolated from higher salinity (S1; salinity ~31; 15° 25' 16.9'' N, 73° 

47' 36.9'' E), whereas SYN-PC and PEUK were isolated from low salinities (S5; 

salinity ~15; 15° 25' 32.0'' N, 73° 47' 50.2'' E). Strains were initially sorted through 

FACS ARIA flow cytometer and then subjected to repeated spread and streak plate 

method on agar plate (1.5%) containing f/2 medium (Guillard and Ryther, 1962) for 

further purification. The purified strains were isolated and maintained in f/2 media 
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having native salinity at ~28°C under constant illumination of ~150 µmol m-2 s-1 

provided by white light fluorescent tubes with a light: dark cycle of 12:12 h. 

 

5.2.2 Identification of picophytoplankton strains 

Genomic DNA was extracted from exponentially growing cells (SYN-PE, SYN-

PC, and PEUK) using a purelink DNA mini kit (Invitrogen) following the 

manufacturer’s instructions. Initially, for cell lysis, cells were treated in bead beater 

by suspending the cells in lysis buffer which was provided with the kit. In PCR 

amplification, 16S rRNA sequences were amplified using specific cyanobacterial 

primers CYA359Fc (5’-GGGGAATYTTCCGCAATGGG-3’) and CYA781R (3’-

GACTACTGGGGTATCTAATC CCATT-5’) for SYN (Nubel et al., 1997) and PEUK 

strains. To determine the approximate phylogenetic affiliation, the sequenced 16S 

rRNA gene was subjected to a BLASTn search at the National Center for 

Biotechnology Information (Altschul et al., 1997). ClustalW (Thompson et al., 1994) 

and neighbour-joining (Saitou and Nei, 1987) method were used to align the 

sequences and construct an unrooted phylogenetic tree, respectively with MEGA 

version 7 (Tamura et al., 2011). Branches corresponding to partitions reproduced in 

less than 50% bootstrap replicates are collapsed. The evolutionary distances were 

computed using the Maximum Composite Likelihood method and are in the units of 

the number of base substitutions per site. The bootstrap analysis with 500 replications 

was used to estimate the topology of the phylogenetic trees (Felsenstein, 1985). 

5.2.3 Experimental design 

The three cultures (in triplicate) were maintained separately in 700 mL of f/2 

media (SiO4
4- omitted) with salinities of 0, 5, 10, 15, 20, 25, 30, 35 and 40. Dilutions 

were prepared from 0.22 µm filtered, autoclaved aged natural freshwater and 
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seawater. Flasks were inoculated initially with 5 × 104 cells mL-1 from the 

exponentially growing cultures, maintained at 28oC under constant illumination at 

~150 µmol m-2 s-1
 provided by white light fluorescent tubes with light: dark cycle of 

12:12 h. To minimize the salinity variation due to evaporation, experimental flask 

mouth was tightly covered with aluminum foil and swirled twice a day. Transfer of 

media, cultures, and sampling were done under the laminar flow to minimize 

contamination. Samples were collected every alternate day for analysis of cell 

abundance (preserved in 0.2 % paraformaldehyde), nutrients (NO3
- and PO4

3-) and chl 

a. Chl a concentration was measured at an interval of 4 days.   

5.2.4 Nutrient analyses 

The nutrient (NO3
- and PO4

3-) concentrations were analyzed through SKALAR 

SANplus auto-analyzer. Before analysis, samples were filtered through 0.45 µm pore 

size cellulose paper.  

5.2.5 Chlorophyll a analysis  

A known amount of sample was filtered through a Whatman GF/F filter and filter 

paper was immediately placed in a dark vial containing 90% acetone for extraction. 

The details of chl a analysis is explained in chapter 2A, section 2A.2.2. 

5.2.6 Flow cytometric analysis  

The details of sample analysis through FACS Aria flow cytometer (FCM) are 

given in chapter 2A, section 2A.2.3. Samples were vortexed well before analysis to 

reduce the clumps. Yellow green latex beads of 2 µm (polysciences co., USA) were 

added to the sample as internal standards to calculate the relative size (forward angle 

light scatter (FALS) and right angle light scatter (RALS)) and pigment fluorescence 

properties [red fluorescence from chl (> 650 nm) and phycocyanin (630 nm) and 

orange fluorescence from phycoerythrin (564-606 nm)] of all three species in 
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different salinities. FALS and RALS signals measure the size and granularity of the 

cells, respectively. Therefore, it is a good sizing parameter for studies on cell size 

(Phinney and Cucci, 1989) and in recent years many phytoplankton studies have 

adopted this method (Read et al., 2014; McFarland et al., 2015). 

5.2.7 Statistical analyses 

Two-way analysis of variance (ANOVA) was used to assess the significant 

variation in growth under different salinities and experimental days. The level of 

significance considered was p ≤ 0.05. Before analyses, the data was checked for 

normality and homogeneity of variances. Pearson correlation was implemented to find 

the relation between FALS, RALS, chl, PE, PC fluorescence intensities and growth 

rates for the entire data and individual salinity treatments. All the statistical analyses 

were performed using SPSS 22 software. 

5.3 Results 

5.3.1 Identification of picophytoplankton strains   

The cell shape of SYN-PE strain isolated from the high saline waters appeared 

round with size approximately 1.8 µm in diameter (Fig. 5.1a). Cells were found to be 

non-motile with bright orange fluorescence of PE (Fig. 5.1b). The 16S rRNA gene 

sequence obtained from this strain was found to be closely related to genus SYN. 

Neighbour-joining phylogenetic analysis based on 16S rRNA gene sequences 

revealed that this strain formed a phylogenetic lineage with SYN sp. RS9901 

(AY172811) and uncultured cyanobacterium clone MWLSC91 (bootstrap value 55; 

Fig. 5.1c) with sequence similarities of 98%. 

Cells of the low saline SYN-PC strain, appeared coccoid shaped with size 

approximately 1.5 µm (Fig. 5.2a). Cells were found to be non-motile with bright red 

fluorescence of PC (Fig. 5.2b). The 16S rRNA gene sequence obtained from this 
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strain was found to be closely related to genus SYN. Neighbour-joining phylogenetic 

analysis based on 16S rRNA gene sequences revealed that this strain formed a 

phylogenetic lineage with SYN UBR (AF448063) and uncultured cyanobacterium 

clone MWLSC91 (bootstrap value 100; Fig. 5.2c) with sequence similarities of 99%.  

Cells of the PEUK strain appeared oval shaped with size approximately 2.5 µm 

(Fig. 5.3a). Cells were found to be non-motile with bright red fluorescence of chl (Fig. 

5.3b). The 16S rRNA gene sequence obtained from this strain was found to be closely 

related to division Chlorophyta. Neighbour-joining phylogenetic analysis based on 

16S rRNA gene sequences revealed that this strain formed a phylogenetic lineage 

with Choricystis parasitica (bootstrap value 57; Fig. 5.3c) with sequence similarities 

of 98%. However, this percentage sequence similarity is below the threshold 

considered necessary for species delineation (Stackebrandt and Goebel, 1994). 

Further studies are required to confirm this species.  

5.3.2 Influence of salinity on picophytoplankton strains   

5.3.2.1 Synechococcus-PE 

The high saline SYN-PE strain showed a lag phase of 2 days in all the salinity 

treatments (Fig. 5.4a). The abundance was significantly highest at salinity 30 and 

lowest at salinity 15 and 10 (p < 0.05). On day 2, maximum abundance was found in 

native salinity 30 (1.62 ± 0.12 × 105 cells mL-1) followed by 35 (1.20 ± 0.05 × 105 

cells mL-1), 25 (1.08 ± 0.25 × 105 cells mL-1), 20 (1.04 ± 0.14 × 105 cells mL-1), 40 

(0.97 ± 0.20 × 105 cells mL-1), 15 (0.95 ± 0.06 × 105 cells mL-1) and 10 (0.74 ± 0.08 × 

105 cells mL-1). This strain did not grow in salinities < 5. This trend was also reflected 

in the growth rate of this species with significantly (p < 0.05) higher growth rate at 

salinity 30 (0.49 ± 0.04 d-1), followed by 35 (0.43 ± 0.02 d-1), 20 (0.45 ± 0.07 d-1), 25 

(0.29 ± 0.11 d-1), 15 (0.34 ± 0.04 d-1), 10 (0.18 ± 0.04 d-1), and 40 (0.33 ± 0.11 d-1; 
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Fig. 5.5a). The exponential phase duration was similar in salinities 25 to 40 (12 days). 

In salinity 20, exponential phase duration was shorter (till day 8) and in salinity 15, 

exponential phase duration was longer (till day 14). At salinity 10, exponential phase 

continued till the end of experiment. The abundance was significantly highest at 

salinity 40 and lowest at salinity 20 (p < 0.05). Maximum abundance was observed at 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 SYN-PE strain, (a) scanning electronic microscope image (b) epifluorescence 

microscope image and (c) Neighbour-joining tree showing the phylogenetic 

relationship of isolated SYN-PE strain and phylogenetically related species based on 

16S rRNA gene sequences. 
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Fig. 5.2 SYN-PC strain, (a) scanning electronic microscope image (b) epifluorescence 

microscope image and (c) Neighbour-joining tree showing the phylogenetic 

relationship of isolated SYN-PC strain and phylogenetically related species based on 

16S rRNA gene sequences. 
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Fig. 5.3 PEUK strain, (a) scanning electronic microscope image (b) epifluorescence 

microscope image and (c) Neighbour-joining tree showing the phylogenetic 

relationship of isolated PEUK strain and phylogenetically related species based on 

16S rRNA gene sequences. 
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salinity 40 (552.66 ± 16.48 × 105 cells mL-1) followed by 30 (481.12 ± 46.88 × 105 

cells mL-1), 35 (410.67 ± 66.63 × 105 cells mL-1), 25 (315.46 ± 41.46 × 105 cells mL-

1), 15 (322.36 ± 6.22 × 105 cells mL-1), and 20 (265.82 ± 80.94 × 105 cells mL-1). 

During exponential phase, significantly (p < 0.05) highest growth rates were observed 

at salinity 20 (0.64 ± 0.01 d-1), followed by 40 (0.49 ± 0.01 d-1), 35 (0.43 ± 0.02 d-1), 

30 (0.43 ± 0.01 d-1), 25 (0.43 ± 0.01 d-1), 15 (0.35 ± 0.01 d-1) and 10 (0.13 ± 0.02 d-1). 

In stationary phase, there was no significant variation in the cell abundance and 

growth rate (p > 0.05). However, highest abundance was observed at native salinity 

30 (306.29 ± 38.92 × 105 cells mL-1) followed by 35 (261.06 ± 53.23 × 105 cells mL-

1), 40 (246.23 ± 43.27 × 105 cells mL-1), 25 (215.18 ± 40.88 × 105 cells mL-1), 20 

(116.99 ± 51.26 × 105 cells mL-1), and 15 (171.40 ± 25.44 × 105 cells mL-1). In the 

stationary phase, growth rate was relatively higher at 30 compared to other salinity 

treatments.  

During lag phase salinity stress was reflected in increasing cell size (FALS) and 

granularity (RALS) with decreasing salinity along with a corresponding increase in 

the fluorescence properties (chl cell-1 and PE cell-1 derived from FCM) (Fig. 5.6a-d). 

Higher growth rates resulted in smaller cell size (lower FALS) and less granularity 

(lower RALS) in all the salinities. Chl cell-1 remained unchanged between lag and 

exponential phase, whereas PE cell-1 fluorescence values increased in the exponential 

phase at salinities 20 to 40. During the stationary period, cell size (FALS) and 

granularity (RALS) increased along with an increase in PE cell-1 and chl cell-1 

fluorescence.  

Regression analysis showed a positive correlation between FCM derived chl cell-1 

and fluorometrically derived chl a cell-1 (Table 5.2). SYN-PE chl a cell-1 varied (0.6 to 

3.70 fg cell-1) with salinity and growth phases (Fig. 5.7a). SYN-PE chl a cell-1 initially 
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ranged between 2.29 and 3.70 fg cell-1 which decreased with decreasing salinity 

treatment on day 4 which was the beginning of exponential phase. Lowest chl a cell-1 

was observed at salinity 35 and 40. On day 8, not much difference in the chl a cell-1 at 

salinity 25 to 35 was observed when compared to day 4 whereas at < 20, chl a cell-1 

decreased and at salinity 40 it increased. Chl a cell-1 increased in all the treatments on 

day 12 and day 16, which was the stationary phase. The growth rate of SYN-PE was 

negatively correlated (p < 0.05) with cell size (FALS), granularity (RALS), chl cell-1 

and PE fluorescence values. FALS and RALS values showed a significant (p < 0.05) 

positive relation with chl cell-1 and PE cell-1 fluorescence (Table 5.2). NO3
- (initial 

1008 ± 77 µM and final 114 ± 76 µM) and PO4
3- (initial 39.05 ± 0.33 µM and final 

8.01 ± 1.16 µM) were utilized efficiently by SYN-PE at salinities > 25 (Fig. 5.8a and 

b).  

5.3.2.2 Synechococcus-PC 

The low saline SYN-PC strain showed a lag phase of 2 days in all the salinity 

treatments except salinity 40 where it lasted till day 6 (Fig. 5.4b). During the lag 

phase, the abundance was significantly highest at salinity 15 and lowest at salinity 40 

(p < 0.05). The maximum abundance was found in native salinity 15 (0.75 ± 0.02 × 

105 cells mL-1) followed by 10 (0.63 ± 0.23 × 105 cells mL-1), 5 (0.56 ± 0.10 × 105 

cells mL-1), 20 (0.36 ± 0.16 × 105 cells mL-1), 30 (0.34 ± 0.08 × 105 cells mL-1), 25 

(0.33 ± 0.12 × 105 cells mL-1), 0 (0.29 ± 0.04 × 105 cells mL-1), 35 (0.29 ± 0.03 × 105 

cells mL-1), and 40 (0.26 ± 0.12 × 105 cells mL-1). This trend was also reflected in 

growth rate of this species with significantly (p < 0.05) higher growth rate at salinity 

15 (0.42 ± 0.01 d-1) followed by 10 (0.27 ± 0.19 d-1), 5 (0.26 ± 0.08 d-1), 20 (0.14 ± 

0.13 d-1), 30 (0.04 ± 0.13 d-1), 25 (-0.04 ± 0.03 d-1), 0 (-0.11 ± 0.08 d-1), 35 (-0.01 ± 

0.03 d-1), and 40 (-0.01 ± 0.01 d-1; Fig. 5.5b). In salinity 0 and 5 exponential phase 



174 

 

continued till the end of experiment. At salinity 10 and 20 exponential phase duration 

was shorter (day 8) and at salinities 15, 25 and 30 exponential phase duration was till 

day 12. At salinity 35 and 40 exponential phase duration was till day 14 and day 16, 

respectively. There was no significant variation in the cell abundance with respect to 

salinity (p > 0.05). However, maximum abundance was observed at salinity 5 

(1257.25 ± 69.54 × 105 cells mL-1) followed by 30 (763.40 ± 114.25 × 105 cells mL-1), 

35 (684.01 ± 314.85 × 105 cells mL-1), 15 (641.54 ± 129.02 × 105 cells mL-1), 25 

(461.19 ± 142.98 × 105 cells mL-1), 10 (413.04 ± 135.54 × 105 cells mL-1), 20 (400.60 

± 143.40 × 105 cells mL-1), 0 (319.52 ± 5.31 × 105 cells mL-1) and 40 (229.40 ± 145.37 

× 105 cells mL-1). During exponential phase, significantly (p < 0.05) highest growth 

rates were observed at salinity 20 (1.14 ± 0.01 d-1), 15 (1.09 ± 0.01 d-1) and 10 (1.08 ± 

0.08 d-1), followed by 25 (0.72 ± 0.05 d-1), 30 (0.67 ± 0.13 d-1), 35 (0.64 ± 0.03 d-1), 

40 (0.62 ± 0.02 d-1), 5 (0.30 ± 0.01 d-1) and 0 (0.27 ± 0.01 d-1). In stationary phase, 

there was no significant variation in the cell abundance with respect to salinity (p > 

0.05). However, highest abundance was observed at native salinity 15 (348.37 ± 

134.09 × 105 cells mL-1) followed by 30 (336.06 ± 165.91 × 105 cells mL-1), 25 

(300.02 ± 104.42 × 105 cells mL-1), 10 (281.98 ± 97.24 × 105 cells mL-1), 20 (94.96 ± 

59.60 × 105 cells mL-1), 40 (151.85 ± 39.74 × 105 cells mL-1) and 35 (88.01 ± 38.93 × 

105 cells mL-1). At stationary phase growth rates were up to 0.32 d-1 among the 

salinity treatments.  

During the lag phase, the cell size (FALS) increased with increasing salinity 

treatments whereas granularity (RALS) did not vary much (Fig. 5.6e-h). Similar to 

SYN-PE, SYN-PC showed higher growth rates in exponential phase resulting in 

smaller cell size (FALS) and lower granularity (RALS) but the variations were 

smaller compared to that in the SYN-PE. Chl cell-1 and PC cell-1 did not show much 
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variation in lag and exponential phase except at high salinity (> 20?) where its value 

increased during the exponential phase. During stationary phase and also with 

increasing salinity, FALS, RALS, PC and chl cell-1 values increased.  

Chl a cell-1 varied between the salinity and days. Initially, chl a cell-1 was 1.1 ± 

0.07 fg cell-1 which increased on day 4 in most of the salinity treatments (Fig. 5.7b). 

Further it increased on day 8 in the salinity 0, 10, 15, 20, and 40. Chl a cell-1 

decreased on day 12 in all the salinity treatments (except 25 and 30). On day 16, chl a 

cell-1 increased in all the salinity treatments (except salinity 10). SYN-PC growth rate 

was (p < 0.05) negatively related to FALS, RALS, and chl cell-1 values for the entire 

data and in different salinity treatments except salinity 40, 5 and 0 (Table 5.2). FALS 

and RALS values showed significant (p < 0.05 or 0.01) positive relation with chl cell-

1 and PC cell-1 in most of the salinity treatments (Table 5.2). NO3
- (initial 974 ± 30 

µM and final 369 ± 191 µM) and PO4
3- (initial 36 ± 2 µM and final 17 ± 1.9 µM) 

were utilized efficiently by SYN-PC at salinities < 25 (Fig. 5.8c-d). However, the 

nutrients were not exhausted (except in salinity 5) in the culture media as observed for 

SYN-PE and PEUK.  

5.3.2.3 Picoeukaryotes 

The growth pattern PEUK was different compared to both SYN strains (Fig. 5.4c). 

PEUK strain grew well in lower salinities and could not tolerate higher salinity (35 

and 40) stress. The growth curve of this strain exhibited a lag phase for 2 days in 

salinities 20, 25 and 30. During this phase, there was no significant variation in the 

cell abundance with respect to salinity.  The maximum abundance and growth rates 

were observed in salinities 20 (0.90 ± 0.13 × 105 cells mL-1, 0.30 ± 0.07 d-1), 25 (0.77 

± 0.13 × 105 cells mL-1, 0.23 ± 0.08 d-1) and 30 (0.60 ± 0.11 × 105 cells mL-1, 0.12 ± 

0.07 d-1) (Fig. 5.4c and Fig. 5.5c). Compared to SYN strains, longer exponential phase 
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(till day 30) was observed in the PEUK strain in salinities 0, 5, 10, 15, 25, and 30.  At 

salinity 20, exponential phase lasted for 32 days. The abundance was significantly 

higher at salinities 5 (534.73 ± 13.75 × 105 cells mL-1) and 10 (560.21 ± 40.50 × 105 

cells mL-1) and lowest at salinity 25 (103.38 ± 6.14 × 105 cells mL-1) and 30 (94.26 ± 

3.70 × 105 cells mL-1) (p < 0.05). This trend was also reflected in the growth rates of 

this strain with significantly (p < 0.05) higher growth rates at 10 (0.24 ± 0.01 d-1), 5 

(0.23 ± 0.001 d-1), 15 (0.23 ± 0.01 d-1), 20 (0.22 ± 0.001 d-1), 0 (0.22 ± 0.01 d-1), 25 

(0.18 ± 0.01 d-1) and 30 (0.18 ± 0.01 d-1). In the stationary phase, the abundance was 

significantly higher in salinities 5 and 10 and lower at salinities 25 and 30 (p < 0.05). 

Highest abundance was observed in native salinities 10 (504.34 ± 11.90 × 105 cells 

mL-1), 5 (520.70 ± 12.18 × 105 cells mL-1) and 15 (404.71 ± 3.17 × 105 cells mL-1) 

followed by 20 (388.53 ± 5.91 × 105 cells mL-1), 0 (291.71 ± 6.08 × 105 cells mL-1), 

25 (89.79 ± 10.47 × 105 cells mL-1), and 30 (92.85 ± 5.35 × 105 cells mL-1). Overall, 

PEUK strain showed similar growth rates at salinities 35 and 40 (p > 0.05) with lower 

abundance and were significantly different from other salinities (p < 0.05). 

In the PEUK strain, cell size (FALS), granularity (RALS) and chl cell-1 values 

were higher than that of the SYN strains. In the lag phase, cell size, granularity and chl 

cell-1 were higher in salinity 30 than in salinity 20 (Fig. 5.6i-k). In the exponential 

phase, cell size showed an increasing trend from salinity 0 to salinity 30. Granularity 

and chl cell-1 values were similar at salinities 0, 5 and 10 and it increased from salinity 

15 to 30. In the stationary phase, the cell size and granularity values did not differ 

much from exponential phase. Cell size showed an increasing trend from salinity 0 to 

salinity 30 and granularity values from 15 to 30 salinities. Chl cell-1 showed an 

increasing trend in salinity 0 to 30 during the stationary phase and was comparatively 

higher than that in the exponential phase. 
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Chl a cell-1 varied between the salinities and days. Initially, chl a cell-1 was 6.78 ± 

0.36 fg cell-1 which increased on day 4 in all the salinity treatments and further 

increased on day 8 (Fig. 5.7c). During this period, chl cell-1 values were similar at 

salinity 0, 5 and 10 and it increased from salinity 15 to 30.  Chl a cell-1 decreased on 

day 12 and further decreased on day 16, but values were similar at salinity 0, 5 and 10 

and it increased from salinity 15 to 30. In the stationary phase (day 32), chl a cell-1 

increased with increasing salinity treatment (except at salinity 30). PEUK growth rate 

showed significant (p < 0.05) negative relation with FALS, RALS and chl cell-1 

values for the entire data whereas in different salinity treatments it showed significant 

(p < 0.05) positive relationship with FALS, RALS, and chl cell-1 values. FALS and 

RALS values showed significant (p < 0.05 or 0.01) positive relation with chl cell-1 in 

all the salinity treatments (Table 5.2). NO3
- (initial 976.3 ± 9.6 µM and final 11.1 ± 

4.3 µM) and PO4
3- (initial 40.3±1.76 µM and final 0.2 ± 0.01 µM) were utilized faster 

at salinity 5 and 10 (Fig. 5.8e and f).  

Table 5.1 Two-way analysis of variance (ANOVA) to assess the significant variation 

in growth of SYN-PE, SYN-PC and PEUK under different salinities and days. The 

level of significance considered was p ≤ 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variables SS df MS f p 

SYN-PE      

   Salinity 11.2 6 1.86 11.0 0.01 

   Days 140.4 18 7.80 380.8 0.01 

   Salinity x days 8.9 108 0.08 4.0 0.01 

   Error 5.2 252 0.02   

SYN-PC      

   Salinity 41.7 8 5.21 46.5 0.01 

   Days 393.4 13 30.26 1049.3 0.01 

   Salinity x days 42.3 104 0.41 14.1 0.01 

   Error 6.7 234 0.03   

PEUK      

   Salinity 1223.4 8 152.9 932.1 0.01 

   Days 91.8 18 5.1 406.0 0.01 

   Salinity x days 374.5 144 2.6 207.0 0.01 

   Error 4.1 324 0.0     
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Fig. 5.4 Growth curve of the isolated strains (a) SYN-PE, (b) SYN-PC and (c) PEUK. 

Abundance expressed in log (x+1). 
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Table 5.2 Pearson correlation between FALS, RALS, chl, PE, PC fluorescence and 

growth rate for the entire data and individual salinity treatments for SYN-PE, SYN-PC 

and PEUK. p-values *< 0.05 and **< 0.01 are statistically significant and are 

highlighted in bold. 
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Fig. 5.5 Growth rate of the isolated strains (a) SYN-PE, (b) SYN-PC and (c) PEUK; 

and (d) Maximum growth attained by the isolated strains in different salinities. 
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    Fig. 5.6 Variation in relative size and fluorescence properties during lag, exponential and stationary phase for (a-d) SYN-PE,  

    (e-h) SYN-PC and (i-k) PEUK. 
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Fig. 5.7 Chl a cell-1 of the isolated strains (a) SYN-PE, (b) SYN-PC and (c) PEUK in 

different salinities with interval of 4 days.  
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Fig. 5.8 Variation in NO3
- and PO4

3- concentrations during the experiment. (a, b) 

SYN-PE, (c, d) SYN-PC and (e, f) PEUK in different salinities. 
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5.4 Discussion 

Exposure of SYN-PC and PEUK strains to higher salinity gradient and SYN-PE 

strain to lower salinity gradient caused significant modifications in their physiology 

such as cell size, pigment fluorescence intensity and growth characteristics. When an 

aquatic organism is exposed to higher or lower saline stress, different adaptation 

features have been reported earlier. Freshwater species under salt stress accumulate 

disaccharide and glucosyl glycerol in response to osmotic stress, whereas higher 

saline organisms accumulate glycine betaine under lower salinities (Blumwald et al., 

1983; Mackay et al., 1984; Reed et al., 1984). Several studies have been conducted on 

adaptation processes in cyanobacteria including SYN (Lefort-Tran et al., 1988; Ladas 

and Papageorgiou, 2001; Sheng et al., 2006; Ozturk and Aslim, 2010;). Sheng et al., 

(2006) reported that microorganisms could protect themselves under high salt 

concentrations by increasing biosynthesis of exopolysaccharides. Fatty acid 

desaturation was also one of the proposed mechanisms to adapt to high-salinity 

environments (Allakhverdiev et al., 1999; Sing et al., 2002).    

Transfer of cells to non-native haline conditions (low to high or high to low 

salinities) causes a stress condition which was evidenced by a lag phase in the growth. 

In the present study, during lag phase, decrease in abundance of SYN-PC and PEUK 

with increasing salinity, and SYN-PE with decreasing salinity and at salinity 40, 

suggests that these species take a longer time to adapt with the given stress conditions. 

This is well reflected in the growth rate of each group.  Slowing of the growth rate is 

the major physiological response of the cells to the salt shock (Lefort-Tran et al., 

1988). During lag phase cell burst due to osmotic pressure could be the reason for cell 

loss (Agrawal, 1999). These observations could be related to their adaptation to the 

natural environments. In the natural environment, as observed earlier (chapter 2A), 
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salinity in the estuarine waters varied regularly, due to the tidal activity and 

freshwater flow. Thus, seasonal variation is also pronounced in monsoon influenced 

estuaries. During non-MON, SYN-PE, SYN-PC, and PEUK abundance were high 

during NT when tidal activity is low which resulted in the stratified waters in the 

lower and upper middle estuary. Whereas, when water column was mixed during ST, 

these groups abundance reduced. Even though there are multiple factors influencing 

these groups, salinity was found to be the most significant. This is further confirmed 

during MON season. During this period, increased SYN-PC abundance till estuarine 

mouth suggests that this group is transported from upstream due to freshwater influx. 

On the other hand, SYN-PE abundance decreases. Thus, SYN-PC and PEUK shows 

high growth in the lower salinity and SYN-PE in the salinity > 20. In the experiment, 

SYN-PE growth was identical in salinity > 20 but growth rates were slightly higher in 

salinity 20 at exponential phase. In addition, SYN-PE did not grow in < 5 which 

suggests that abundance detected in < 5 salinity in field studies were freshwater 

strains. These observations indicate that PP growth was strongly coupled with 

variation in the salinity rather than the other parameters in the estuarine transect.  

Among the PP strains, the growth pattern and magnitude of response varied 

throughout the experiment. SYN-PE and SYN-PC showed two days of lag phase in 

most of the salinity treatments with higher growth rate and abundance of SYN-PE in 

the salinity 20 to 30. SYN-PC did not show significant variation in abundance during 

exponential phase but growth rate varied significantly in different salinities suggesting 

that this low saline species is adapted to wide range of salinities compared to SYN-PE. 

At higher salinity, SYN-PC showed longer lag phase but attained similar abundance as 

observed in native salinity (10 to 20). At native salinity, cells showed good growth but 

due to the limiting factors such as light and nutrients (Brauer et al., 2012; Verspagen 
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et al., 2014) it reached stationary phase. Therefore, the maximum abundance at 

exponential phase at different salinities was similar but the time reaching the 

stationary phase differed among the salinity treatments. In contrast, low saline PEUK 

strain did not show lag phase for salinity 0 to 20 and longer exponential phase in all 

the salinity treatments suggest that requirement of energy for maintenance of non-

scalable cellular components such as membranes and chromosomes in PEUK strain is 

lower than that of SYN strains (Zubkov et al., 2014). Therefore, PEUK growth rates 

were low compared to SYN species. 

Physiological variations of an organism under salinity stress is common. 

Similarly, in the present study, SYN-PC and PEUK showed increased size in higher 

salinity whereas decreased in lower salinity for SYN-PE and remained unchanged in 

their native salinity within 48 h of treatment. This suggests that biochemical processes 

take place during this period to adapt to salinity stress which is reflecting in the 

variations in the size. The variation in cell size could be related to intrusion (increased 

cell size) and extrusion (decreased cell size) of NaCl from the cell when exposed to 

higher and lower salinities, respectively. The former was more prominent in the SYN-

PC and PEUK culture. In cyanobacteria, adaptation processes start within 10 min and 

acclimated within 24 h to salt concentration (Apte et al., 1989). Blumwald (1983) 

reported that the cell volume of SYN 6311 changes within 200 milliseconds, 

indicating that salt adaptation is accompanied by changes in cell membrane 

properties. Increased or decreased FALS signature was well reflected in the variations 

of granularity (RALS) and fluorescence properties of respective culture, where RALS 

and fluorescence signals also followed the FALS pattern. These changes occurred 

mostly during lag phase in all three cultures. Subsequently, cell size declined sharply 

in the exponential phase in all three cultures. This is mainly due to faster cell division 
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and rapid synthesis of new cytoplasm and organelles. Generally, this is the phase 

where the cells attain maximum healthy state which is supported by the increased 

growth rate and not much changes in fluorescence intensity of the cells.  

In the stationary phase, increasing FALS and RALS signals with decreasing 

growth rate suggests the cessation of cell division as the specific requirement were 

limiting, consequently resulting in increased cell size in all three cultures. This was 

reflected in the increased pigment fluorescence intensity cell-1 (obtained from FCM) 

and chl a concentration cell-1 in all cultures suggesting that cells increase their light-

harvesting pigment content to match the larger cells requirements (Finkel et al., 

2009). Reason for higher chl a concentration cell-1 at higher salinity could be that salt 

affects cellular morphology due to osmotic stress, while pigmentation is likely 

affected by ionic toxicity (Singh and Montgomery, 2013). The cyanobacteria are 

known to enhance the zeaxanthin pigment production as protective xanthophyll 

against osmotic stress (Chakraborty et al., 2011).  

The cell size increases from SYN-PC < SYN-PE < PEUK showing a similar trend 

in Chl a concentration cell-1. However, chl a is the major pigment in PEUK. When 

these species were in their native salinity, the physiological change was not much 

evident throughout the growth phases. The highest growth rate for SYN-PE, SYN-PC 

and PEUK were observed at salinities 20-35, < 5 and 0 to 10, respectively. This 

indicates that the optimum salinity for SYN-PE, SYN-PC and PEUK is 20 to 35, < 5 

and 5 to 10, respectively. However, these groups can adapt to a wide range of salinity 

variation in the natural environment, but cannot dominate the non-native conditions. 

This could be due to inability of these cells to compete with other groups due to their 

slower growth rate and also mortality due to grazing.   



 

 

 

 

 

 

 

 

Chapter 6 

Summary 
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In recent years, increasing research on PP in the worldwide aquatic ecosystems 

revealed their significant role in food web dynamics. Thus, their importance is being 

highlighted around the world, especially in the oceanic region. Tropical monsoonal 

influenced region i.e., Indian continent is quite different from the subtropical, 

temperate and polar regions in terms of hydrographic conditions due to monsoonal 

activities. These regions can unravel some important roles of PP in the aquatic 

trophodynamics. In view of this, the present study was undertaken to investigate the 

PP community structure and its response to hydrographic conditions on temporal 

(Diel, fortnightly, monthly and seasonal) and spatial basis around the Indian waters. 

This study encompassed different environments such as oceanic, coastal, estuarine 

and riverine ecosystems with varying trophic status of waters such as oligotrophic, 

mesotrophic, eutrophic and hypertrophic.  

In the estuarine environment, the strong coupling of spatio-temporal variation in 

PP abundance and community structure with hydrographic variations induced by 

physical processes such as tide and freshwater discharge during two tidal phases (ST 

and NT) was observed (Fig. 6.1). SYN was the dominant group observed over the 

sampling period with the occasional dominance of PEUK. During PrM, due to low 

freshwater discharge, tidal activity played major role in the variations of the 

hydrography thus consequently influencing the spatial variation of PP groups during 

the two tidal phases. During ST, salt water intruded up to upstream, whereas during 

NT it was restricted up to the upper middle estuary. This was well reflected in the 

spatial variation of PP during ST and NT with relatively higher abundance during NT. 

This suggests that during ST, high salt water intrusion and high tidal activity led to a 

well-mixed water column, which negatively influenced the PP growth. On the other 

hand, during NT, stratified water column due to low tidal activity, with higher water 
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transparency along with higher nutrient concentrations enhanced the PP growth in the 

middle estuary. During MON, variation in the PP abundance and community structure 

was independent of the tidal phases and dependent on the rainfall intensity that 

regulates freshwater discharge thus modulating the estuarine environment. This 

creating a temporal-spatial niche segregation of SYN groups thereby serving as 

indicator organisms of the estuarine hydrodynamics. During PM, both tidal activity 

and freshwater discharge along with accumulated nutrients regulated the PP growth 

along the transect. However, with higher tidal activity during NT till December there 

was no particular trend in PP distribution between the two tidal phases. Higher PP 

abundance was observed when the estuarine hydrography was completely governed 

by tides (January). During this period, higher PP abundance during ST was possibly 

due to higher nutrients and lower grazing pressure. Among the PP groups, SYN-PC 

was the most sensitive group showing the prominent difference in response to 

hydrographic changes during the two tidal phases (ST and NT), irrespective of 

seasons whereas SYN-PE group showed significant response only during PrM. This 

suggests that the intensity of tidal phases and freshwater discharge controlled the 

spatial and temporal distribution pattern of PP. Thus, highlighting the importance of 

hydrodynamics in monsoonal estuaries and corroborate our hypothesis that water 

column conditions during NT favor the growth of PP as compared to ST.  

Phytoplankton size fractionated biomass is an important determinant of the 

type of food web functioning in aquatic ecosystems. Knowledge about the effect of 

seasonal salinity gradient on the size fractionated biomass dynamics is still lacking, 

especially in tropical estuaries experiencing monsoons. The phytoplankton size-

fractionated chlorophyll biomass (> 3 μm and < 3 μm) and PP community structure 
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Fig. 6.1. Schematic representation of temporal and spatial variations of PP groups during spring and neap tide in the Zuari estuary. DS- 
Downstream, LME- Lower middle estuary, UME- Upper middle estuary and US-Upstream. 
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were characterized in the present study. On an annual scale, >3 µm size fraction 

contributor to the total phytoplankton biomass with the ephemeral dominance of < 3 µm 

size fraction. During MON season, freshwater runoff and shorter water residence time 

resulted in a size-independent response. The lowest annual biomass concentration of 

both size fractions during this period showed signs of recovery with increasing salinity 

downstream towards the end of MON. In contrast, the biomass response was size-

dependent during the non-MON seasons with the sporadic dominance (> 50%) of < 3 

µm biomass during high water temperature episodes from downstream to middle 

estuary during PrM and at low salinity and high nutrient conditions upstream during PM 

(Fig. 6.2). These conditions also influenced the PP community structure with SYN-PE 

dominating during MON, SYN-PC during PM and PEUK during the PrM. This study 

highlights switching over of dominance in size fractionated phytoplankton biomass at 

intra, inter-seasonal and spatial scales which will likely govern the estuarine 

trophodynamics.  

 

 

 

 

 
 
 
Fig. 6.2. Schematic representation of temporal variations of < 3 µm and > 3 µm chl a 
in the Zuari estuary. DS- Downstream, ME- Middle estuary and US-Upstream  
  
 

A comparative study of PP abundance and community structure in different 

coastal ecosystems (marine, estuarine and freshwater) depicted clear temporal and 

spatial variations. The highest PP abundance was observed in the closed riverine port 
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(Kolkata port), and comparatively lower abundance of PP was detected in the 

estuarine port (Cochin port). Lowest PP abundance was observed in marine ports 

(V.O.C., Chennai, and New Mangalore ports). The dominance pattern also varied 

among these ports. SYN-PEI was dominant in marine ports and high saline waters of 

the estuarine port whereas, SYN-PC was dominant in low saline waters of the 

estuarine port and in the riverine port. Temperature and nutrient concentrations played 

a major role in the seasonal and spatial variation of PP in these port waters. The effect 

of monsoons (SWM and NEM) was also well reflected in the variation of PP 

community structure and its abundance along the west and east coasts. The trophic 

index showed that the marine ports exhibited a lower level of eutrophication 

compared to estuarine and riverine ports. In these waters, distribution of SYN-PE and 

SYN-PC groups highlight that they occupy contrasting ecological niches, wherein 

former was higher in the lower eutrophic waters and latter in the higher eutrophic 

waters. Therefore, PP distribution pattern can serve as an indicator of the trophic 

status of coastal water bodies. 

Continental margin of the AS is a dynamic region subjected to variability in 

hydrography as a result of various physical forcing such as coastal advection and 

vertical mixing. Across the continental margin, SYN was abundant in the shelf waters 

and PRO in slope waters. 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 PP abundance with 

the initial dominance of PRO which was later taken over by PEUK. Towards the end 

of phase I, with the initiation of vertical mixing, PEUK were the first to respond to the 

nutrient influx. As the vertical mixing intensified during phase II, the PP abundance 

declined. PP carbon biomass and their contribution to total phytoplankton biomass 
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was relatively higher during phase I with PEUK as the major contributors. These 

transient variations in PP abundance highlights the importance of high frequency 

observations at the single cell level for better understanding the population dynamics 

in such environments. The short-term variability in the hydrographic conditions 

mainly nutrient availability and water column stability regulate the variations in the 

PP community structure.  

The above field observations depicted distinct spatial variation in PP community 

structure in the oceanic, estuarine, coastal and riverine waters. SYN groups were 

dominant in the estuarine, coastal and riverine waters whereas PRO was dominant in 

the oceanic waters. PEUK were dominant during some occasions in the estuarine 

waters and oceanic sub surface regions.  

Field observations highlight salinity as the major environmental factor 

influencing the distribution of different PP groups. This raises a question why these 

strains cannot dominate the non-native salinity. In the view of this, experiments were 

conducted on isolated PP strains i.e., SYN-PC (low saline), SYN-PE (high saline) and 

PEUK (low saline) to observe their growth pattern under different salinities. Results 

revealed a significant influence of salinity on the growth of different PP strains. SYN-

PE grew well in salinities ranging between 20 and 30. They did not grow in salinity ≤ 

5. SYN-PC grew in all salinity treatments with a higher growth rate at salinity 0-15. 

PEUK grew well in salinities ≤ 30 with higher growth rates in salinities ranging 

between 0-15. These observations suggest that the three strains adapt to a wide range 

of salinity variations in the natural environment, but cannot dominate the non-native 

conditions due to lowering growth rates resulting in a prolonged lag phase thereby, 

hampering their ability to compete with other groups. This leads to their lower 

abundance in the non-native salinities. 
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A B S T R A C T

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 forcing 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 ver-
tically 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.

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 phyto-
plankton 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 µm) 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 meso-
trophic 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
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(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 condi-
tions 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 re-
sponse of phytoplankton community as a whole with chlorophyll bio-
mass 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 No-
vember 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 nu-
trients and PP analyses were collected from 7 to 10 depths in the upper
0–200 m water column with 12 dm3 Niskin bottles (General Oceanics,
Miami, FL, USA) mounted on a CTD (Sea- Bird electronics) rosette
sampler. Nutrient samples were analyzed [nitrite (NO2

-) nitrate (NO3
-),

orthophosphate (PO4
3-), ammonium (NH4

+), and silicate (SiO4
4-)] with

a SKALAR SANplus 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 10,000 events. Flow rates were cali-
brated before analysis using the equation, R = (Wi − Wf)/ (T × d)
where Wi = initial weight of the sample (mg), Wf = 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 col-
lected from each particle and analyzed with Facs Suite™ software.
Yellow-green fluoresbrite fluorescent beads (Polysciences co., USA) of
2 µm 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 µg C: µg chl−1 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 (Z1%) was estimated from chl a con-
centration 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 bio-
mass 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 II

Fig. 1. Location of sampling station in the eastern
Arabian Sea.
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(mixed water column) samplings in the surface (0 m), ML and below
ML. Path analysis was used to explain the linear relationships (R2 =
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 es-
tablish a path diagram (SPSS Amos). The D5 data (ML and below ML)
was also treated separately in order to assess the PP response to en-
vironmental 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 II (D6 to D9) was char-
acterized 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
and b). DO concentration ranged from 3.9 to 6.1 mg dm−3 in the ML
(Fig. 3c). Nutrient concentrations within the ML were significantly
higher during phase II. NO3

- and PO4
3- concentrations were<1 µM

within the ML during phase I whereas during phase II, it increased
(> 1 µM; Fig. 3d and f). PO4

3- concentration started increasing from the
end of phase I (D4-D5; Fig. 3f). NO2

- concentration ranged from 0.02 to
0.97 µM in the water column (Fig. 3e). SiO4

4- concentration in the ML
ranged from 1.05 to 6.54 µM (Fig. 3g). In the ML, NH4

+ concentration
ranged from 0.01 to 5.95 µM (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, espe-
cially 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 × 104 cells cm−3). Its abundance reduced during the later part of
phase I (except on D4 at 25 m; 9.8 × 104 cells cm−3) 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, re-
spectively, 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 and c). 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 µg dm−3 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 µg dm−3 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 µg dm−3 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

Fig. 2. Dot plot of flow cytometric analysis showing PP groups from the eastern Arabian Sea.

Table 1
Conversion factors used to estimate carbon biomass of PP groups (fg C cell−1) and total
phytoplankton (µg C µg−1 chl a) in the mixed layer (ML) and below mixed layer during
phase I and phase II.

Phase I Phase-II

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:Chl a 140.0 52.0 83.0 52.0
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Fig. 3. Vertical profiles of temporal variation in (a) temperature, (b) salinity, (c) 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.
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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. 6c).

The major contributor to PP carbon biomass was PEUK (35–90%) fol-
lowed 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, PO4

3-, SiO4
4-, chl a concentration, PEUK abundance,

PRO abundance, phytoplankton carbon biomass, and PP carbon bio-
mass between phase I and phase II samplings in the surface waters
(0 m) whereas salinity, NH4

+, NO2
-, 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 bio-
mass, and PP carbon biomass between phase I and phase II samplings
whereas salinity, DO and PP contributions showed insignificant varia-
tions (Table 2). Below ML, DO, nutrients (except SiO4

4-), chl a con-
centration, 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 II
samplings, whereas temperature, salinity, PRO abundance and SiO4

4-

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 (R2

= 0.17, P<0.05) and PO4
3- during phase II (R2 = 0.12, P<0.05)

(Fig. 7a and b). The variation of PEUK abundance was partially ex-
plained by negative correlation with temperature, and positive corre-
lation with PO4

3- and NO3
- during phase I (R2 = 0.33, P<0.05) and

positive correlation with NH4
+, salinity, and temperature during phase

II (R2 = 0.28, P<0.05). PRO abundance variation was partially ex-
plained by the positive correlation with temperature and NO2

- during
phase I (R2 = 0.23, P<0.05) and negative correlation with NH4

+ and
positive correlation with PO4

3- during phase II (R2 = 0.12, P<0.05).
The variability of PP carbon biomass was largely explained by positive
correlation with SYN, PEUK, temperature and nutrient concentrations
(NH4

+, PO4
3-, NO2

- and NO3
-) during phase I (R2 = 0.93, P<0.05) and

positive correlation with PEUK, PRO, PO4
3-, and NO3

-; and negative
correlation with NH4

+ and temperature during phase II (R2 = 0.83,
P<0.05). The variation in phytoplankton carbon biomass was largely
explained by positive correlation with PP carbon biomass and PO4

3- and
negative correlation with salinity, SiO4

4- and NO2
- during phase I (R2 =

0.67, P<0.05) and positive correlation with PP carbon biomass and
salinity during phase II (R2 = 0.73, P<0.05) (Fig. 7a and b).

At 50 m depth, variation in SYN abundance was largely explained
by the positive correlation with temperature (R2 = 0.32, P<0.05), at
75 m, partially explained by the negative correlation with NH4

+ (R2 =
0.16, P<0.05) and at 100 m depth, largely explained by the positive
correlation with salinity, NO2

- and NO3
- and negative correlation with

temperature and PO4
3-, (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

+, SiO4
4-, and PO4

3-, 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 PO4

3- (R2 =
0.33, P<0.05) and 100 m depth, partially by the positive correlation
with NO3

- (R2 = 0.14, P<0.05). The variation in PRO abundance was
largely explained by the positive correlation with temperature and
NH4

+ at 50 m depth (R2 = 0.53, P<0.05), whereas at 75 m by the
positive correlation with temperature (R2 = 0.13, P<0.05). At 50 m,

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 con-
tinental 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.

K.M. Rajaneesh et al. Continental Shelf Research 146 (2017) 28–36

32



variation in PP carbon biomass was largely explained by the positive
correlation with PEUK, NO3

- and NH4
+ and negative correlation with

SiO4
4- (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 (R2 = 0.65, P<0.05) and at 100 m, largely explained
by the positive correlation with PEUK abundance (R2 = 0.41,

P<0.05). At 50 m, the positive correlation with PP carbon biomass
largely explained the variation in phytoplankton carbon biomass (R2 =
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 cor-
relation with salinity and PP carbon biomass (R2 = 0.40, P<0.001).

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 1.17 0.38 1 14.3 14.3 0.8 0.36 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 0.36 1 11,965.0 11,965.0 5.3 0.01
NO3

- 1 3734.4 3734.4 2.13 0.09 1 13,175.0 13,175.0 8.8 0.01 1 5385.5 5385.5 5.7 0.01
NO2

- 1 1132.9 1132.9 1.05 0.32 1 8364.6 8364.6 7.5 0.01 1 12,118.0 12,118.0 10.6 0.01
PO4

3- 1 799.8 799.8 9.91 0.00 1 4564.1 4564.1 40.0 0.01 1 7061.2 7061.2 19.0 0.01
NH4

+ 1 729.2 729.2 1.09 0.30 1 4110.1 4110.1 6.8 0.01 1 11,460.0 11,460.0 15.9 0.01
SiO4

4- 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 6.4 0.01 1 3499.6 3499.6 6.2 0.01 1 8887.5 8887.5 7.6 0.01
SYN 1 59.3 59.3 3.08 0.09 1 5026.9 5026.9 5.4 0.01 1 29,312.0 29,312.0 12.3 0.01
PEUK 1 113.7 113.7 13.01 0.00 1 3886.3 3886.3 6.0 0.01 1 16,992.0 16,992.0 6.2 0.01
PRO 1 170.2 170.2 8.24 0.01 1 23,308.0 23,308.0 27.4 0.01 1 2315.9 2315.9 1.2 0.28
Phytoplankton carbon 1 1549.5 1549.5 78.9 0.00 1 5029.7 5029.7 25.4 0.01 1 4256.2 4256.2 15.8 0.01
PP carbon 1 2490.3 2490.3 28.2 0.00 1 7797.3 7797.3 7.8 0.01 1 22,374.0 22,374.0 16.3 0.01
PP contribution (%) 1 55.5 55.5 1.6 0.23 1 115.1 115.1 0.45 0.64 1 4167.7 4167.7 12.1 0.01

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 (a) phase I, (b) phase II, below mixed layer at (c) 50 m, (d) 75 m, (e) 100 m, and on day 5 (f) within mixed layer and (g) below mixed layer. Bold values are the coefficient of
determination of the linear regression (R2) and colored values are the regression coefficients for the specific standardized independent variables. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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On D5, variability of SYN abundance was largely explained by the
positive correlation with temperature, PO4

3- and NO3
- in ML (R2 =

0.82, P<0.05; Fig. 7f), whereas below ML by the positive influence of
salinity, temperature and NO3

- and negative correlation with PO4
3- (R2

= 0.96, P<0.05; Fig. 7g). The variation in PEUK abundance was
largely explained by the positive correlation with temperature, NH4

+,
PO4

3-, and NO3
- and negative correlation with NO2

- in ML (R2 = 0.88,
P<0.05); whereas below ML by the positive correlation with tem-
perature, NH4

+, SiO4
4-, and PO4

3- and negative correlation with sali-
nity, NO2

-, and NO3
- (R2 = 1.00, P<0.05). The variation in PRO

abundance in the ML was largely explained by the positive correlation
with PO4

3- and temperature (R2 = 0.67, P<0.05) whereas below ML,
by the positive correlation with PO4

3-, and negative correlation with
NO3

- and NH4
+ (R2 = 0.77, P<0.05). The variability of PP carbon

biomass was largely explained by the positive correlation with salinity,
temperature, PO4

3-, NO2
-, NO3

-, PEUK and PRO and negative correla-
tion with SYN and SiO4

4- in the ML (R2 = 1.00, P<0.05) whereas
below ML by a positive correlation with NO2

-, NO3
-, and PEUK and

negative correlation with NH4
+, SiO4

4-, PO4
3- and PRO (R2 = 1.00,

P<0.05). The variation in phytoplankton carbon biomass (R2 = 0.92,
P<0.05) was largely explained by the positive correlation with PP
carbon biomass and negative correlation with salinity, PO4

3- and NH4
+

in the ML, whereas below ML, by the positive correlation with PP
carbon biomass, temperature and NO3

- and negative correlation with
salinity, SiO4

4- and PO4
3- (R2 = 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 posi-
tively correlated with temperature but showed an insignificant relation
with NO3

- and PO4
3- 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 distribu-
tion. 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 sur-
face 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 con-
centrations could be due to lowered growth rates. Since SYN is a me-
sotrophic form, its vertically decreasing trend shows that temperature
and irradiance effect overrides the nutrient needs to optimize growth
(Mouriño-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 corre-
lation. 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−1 (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 po-
sitive influence of increased nutrient concentrations. This was sup-
ported by the positive correlation with the prevailing temperature, NO3

-

and PO4
3-. Below the ML, the highest PEUK abundance at the subsur-

face chl a 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 (SiO4

4-,
PO4

3-, 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 sug-
gests that during pulses of nutrient inputs, PEUK are the fastest to re-
spond 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 µm have also been ob-
served in the PP community (Vaulot et al., 2008). Not et al. (2008) also
reported the presence of picoplanktonic diatom in Indian ocean. Min-
utocellus 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 PP in the present study area. The positive
correlation of PEUK with SiO4

4- 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 pro-
ductivity (Sharples et al., 2001). In the shelf edge of north-east Atlantic
Ocean complete dominance of PEUK was observed due to the supply of
NO3

- from bottom waters, whereas SYN and PRO were dominant in the
NO3

- depleted continental shelf region (Sharples et al., 2009). 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
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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 under-
standing of the microbial loop functioning in such dynamic ecosystems.

The vertical mixing of water column during phase II caused dee-
pening of the mixed layer leading to a uniform distribution of PP within
the ML, with significantly lower PP abundance and biomass compared
to phase I. 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
(Mitbavkar and Saino, 2015), 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 abun-
dance 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 challen-
ging 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−1 for both PRO and SYN varied sig-
nificantly between cells from within and below ML, which was in the
range observed in our study (< 50 m). For the C: Chl a 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 in-
creases 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 con-
tributes 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 con-
tributed 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 ob-
servations 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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a  b  s  t  r  a  c  t

Eutrophication  is a major  problem  in  coastal  water  bodies.  Information  about  the  trophic  status  of  water
bodies  will  enable  proper  management  of coastal  ecosystems.  In this  regard,  biological  organisms  which
are  sensitive  to  environmental  changes  can serve  as  indicators  of ecosystem  trophic  status.  In this  study,
seasonal  and  spatial  variations  of  picophytoplankton  (PP;  <3  �m size)  community  structure  was  assessed
in  the  Cochin  backwaters  (CB)  with  respect  to the prevailing  environmental  conditions  during  three
seasons,  post-monsoon  (PM-I;  October  2011  and  PM-II;  November  2012),  pre-monsoon  (PrM;  May  2012)
and  monsoon  (MON;  August  2012).  CB,  along  the  west  coast  of India,  receives  continuous  load  of nutrients
throughout  the  year through  anthropogenic  wastes.  Trophic  status  index  (TRIX)  scores  showed  that  CB  is
highly  eutrophic  with  a high  phytoplankton  biomass.  Synechococcus  was  the  dominant  PP observed  in  the
study  area.  Seasonal  and  spatial  salinity  variations  influenced  the  PP  distribution,  especially  Synechococcus
where  PE-rich  Synechococcus  (SYN-PE)  were  dominant  in higher  saline  (>30)  and  PC-rich  Synechococcus
(SYN-PC)  in  lower  saline  (<30)  waters.  SYN-PC  showed  a significant  positive  relation  with  chlorophyll  a

suggesting  that  this  group  contributes  substantially  to the total  phytoplankton  biomass.  TRIX  scores  and
SYN-PC:  SYN-PE  abundance  ratio were  negatively  correlated  with  salinity  suggesting  an influence  of  the
tidal  amplitude.  SYN-PC  correlated  positively  and  SYN-PE  negatively  with  TRIX  scores  suggesting  that
these  groups  occupy  contrasting  ecological  niches.  These  findings  imply  that  PP distribution  pattern  can
serve  as an  indicator  of the  trophic  status  of  coastal  water  bodies.
. Introduction

Backwaters are interlinked bodies of waterways, rivers, inlets,
akes and natural canals. These are the largest and the most com-
lex ecosystems in the world. These locations are highly productive
nd play a distinct role in the livelihood and sustenance of the
ocal people. Physical and chemical variables are the crucial factors
upporting the higher productivity. The Cochin backwaters (CB),

ne of the such estuarine systems along the west coast of India,
s considered to be highly productive, where phytoplankton plays
n important role in the food web and serves as nursery grounds

Abbreviations: CB, Cochin backwaters; PP, picophytoplankton; SYN, Synechococ-
us;  PE, phycoerythrin; PC, phycocyanin; PRO-like, Prochlorococcus-like; PEUK,
icoeukaryotes; PM,  post-monsoon; PrM, pre-monsoon; MON, monsoon; NBW,
ear bottom waters; TRIX, trophic status index; SW,  south-west; S, station; Chl
,  chlorophyll a; IMD, Indian Meteorological Department; RALS, right angle light
catter; FALS, forward angle light scatter; DO, dissolved oxygen; BOD, biological
xygen demand; DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phos-
hate.
∗ Corresponding author. Tel.: +91 832 2450376; fax: +91 832 2450615.

E-mail address: mitbavkars@nio.org (S. Mitbavkar).
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470-160X/© 2015 Elsevier Ltd. All rights reserved.
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for fishes and other ecologically and economically important orga-
nisms (Qasim, 2003).

Eutrophication is one of the serious problems which CB is fac-
ing presently, resulting from the increasing anthropogenic activity.
This is mainly due to the location of the Cochin port in the CB, which
has accelerated the industrial growth in Cochin, making it one of
the fastest growing cities in India. As a consequence, eutrophica-
tion becomes a threat for trophic dynamics and functioning of the
ecosystem (Madhu et al., 2007; Kaladharan et al., 2011). CB receives
a lot of organic and inorganic substances from several industries
like oil refineries, fertilizer plants and chemical industries. From
these industries, acids, alkalis, suspended solids, fluorides, free
ammonium, insecticides, dyes, trace and heavy metals and radioac-
tive nuclei are the major contaminants (Menon et al., 2000; Martin
et al., 2012; Anu et al., 2014), which create a polluted environ-
ment in CB. For its efficient functioning, such ecosystems should
be in a healthy state which can be easily detected through regular
monitoring of the base of the food web  i.e., phytoplankton.
At the base of the food web, the smallest group of phytoplank-
ton, i.e., picophytoplankton (PP; <3 �m;  Sieburth et al., 1978),
which forms a major component of phytoplankton in the aquatic
ecosystems, both marine and freshwater, including nutrient rich to

dx.doi.org/10.1016/j.ecolind.2015.02.033
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2015.02.033&domain=pdf
mailto:mitbavkars@nio.org
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oor ecosystems, was selected as the study organism (Stockner and
ntia, 1986; Shiomoto et al., 1997). PP are significant contributors

o primary productivity and total phytoplankton biomass in various
cosystems (Paerl, 1977; Platt et al., 1983). PP forms an important
omponent of the marine microbial food web by creating a linkage
ith the higher trophic levels (Chiang et al., 2013). PP comprises

f three groups; two of cyanobacteria i.e., Synechococcus (SYN) and
rochlorococcus (PRO) and a group of picoeukaryotes (PEUK). SYN
s the major group of PP in well-lit coastal and estuarine waters
Jochem, 1988) with comparatively lower numbers in oligotrophic
aters where PRO are abundant (Partensky et al., 1999). PEUK are
ost competitive in nutrient rich waters (Jiao et al., 2005). Although

RO is considered to be an oceanic group, recently researchers have
eported PRO-like cells in low saline waters (Shang et al., 2007;
itbavkar et al., 2012) and it is still speculative whether this group

f cells is actually growing in these waters or is being carried from
he offshore waters (Partensky et al., 1999). SYN is further differ-
ntiated based on phycobilisome composition into phycoerythrin
PE) rich and phycocyanin (PC) rich in estuarine and coastal ecosys-
ems (Murrell and Lores, 2004). Previous studies have suggested
hat salinity plays an important role in the spatial distribution of
YN where PE rich SYN dominates high saline waters whereas, PC
ich SYN are abundant in lower saline waters (Murrell and Lores,
004; Rajaneesh and Mitbavkar, 2013). Based on PE fluorescence

ntensity, different clades of PE rich SYN have been observed in the

ississippi river plume (Liu et al., 2004), Pearl River estuary (Lin

t al., 2010) and the Zuari estuary (Mitbavkar et al., 2012).
CB is influenced by the south-west (SW) monsoon (MON).

enerally, estuaries influenced by monsoonal rainfall are highly

1    

8

9

N

India

Arabian
   Sea

Bay
of
Bengal 

Approach channel

Mattancherry 

76°24’E
9°94’N

9°96’N

9°98’N

Cochin 
backwaters

ig. 1. Sampling stations located in the Cochin backwaters, west coast of India. (1) Custom
7)  north coal berth, (8) boat train pier, (9) container terminal, (10) DC jetty, (11) Quay-6,
17)  bunker oil jetty, (18) integrated fisheries project jetty, (19) south tanker berth, (20) nor
reek  mouth.
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productive due to excess nutrient input from the landmass. Stud-
ies conducted in tropical (Qiu et al., 2010; Rajaneesh and Mitbavkar,
2013) and subtropical (Lin et al., 2010; Qiu et al., 2010; Zhang et al.,
2013) regions, which come under the influence of monsoonal rain-
fall, have suggested that riverine runoff influences the PP growth.
Physico-chemical and biological characteristics of the CB (Menon
et al., 2000; Madhu et al., 2009) have suggested that this region
is highly eutrophic and productive, where nanoplankton are the
major component of phytoplankton (Madhu et al., 2007) and is
also a perfect breeding ground for economically important fishes
and other organisms (Qasim, 2003). In the monsoonal Zuari estu-
ary along the west coast of India, rainfall intensity was  found to
regulate freshwater runoff, which controls the estuarine environ-
ment thereby resulting in temporal and spatial niche segregation
of SYN groups (Rajaneesh and Mitbavkar, 2013). The present study
was carried out on a seasonal basis to characterize the main envi-
ronmental factors, which control the spatial distribution pattern of
PP groups and consequently whether these organisms can serve as
ecological indicators. Since SYN-PE is known to prefer clear waters
and SYN-PC turbid waters (Stomp et al., 2007), we hypothesize that
these organisms can serve as good indicators of the trophic status
of the water column.

2. Materials and methods
2.1. Study area

Sampling was  carried out in an area within the CB, along the west
coast (9◦34′48′′N, 76◦08′24′′E) of India (Fig. 1). It is situated along

2
76°26’E
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Rajiv Gandhi 
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Low W
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 channel
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76°28’E

 buoy, (2) fishery harbor, (3) dry dock, (4) south coal berth, (5) Quay-1, (6) Quay-2,
 (12) Quay-8, (13) Quay-10, (14) Ro-Ro jetty, (15) naval jetty, (16) Cochin shipyard,
th tanker berth, (21) Ernakulam ferry jetty, (22) Cochin oil terminal, (23) Ernakulam



1 ical In

t
w
a
t
i
a
t
p
C
a
i
w
c
w
W
l
o
2
a
r
t
M
a
c
w
D
t
t
t
J
(

2

P
2
s
t

20 K.M. Rajaneesh et al. / Ecolog

he northern part of Kerala state, running parallel to the coastline
ith two permanent openings to the Arabian Sea. One opening is

t the Cochin Port and another further north at Azhikode, where
he estuary is flushed during ebb tide and seawater intrudes dur-
ng flood tide. Periyar and Muvattupuzha rivers along with 4 others
nd their tributaries bring large volume of freshwater into the CB
hrough the Vembanad Lake, which has an active influence on the
revailing salinity of the estuarine system (Jyothibabu et al., 2006).
B is a very important estuarine system of Kerala in terms of fishing
nd extensive transportation of goods. It is also used for dumping
ndustrial as well as domestic wastes. It has three dredged channels

here the selected stations are located, one being the approach
hannel (S1, S9–12, S21–23) of around 10 km length and 500 m
idth and the two inner channels located on either side of the
illingdon Island, i.e. Ernakulam channel (S13–20) of around 5 km

ength with a width of 250–500 m and Mattancherry channel (S2–8)
f 3 km length with a width of around 170–250 m (Menon et al.,
000). Tides in this region are mixed semidiurnal with a range of
bout 1 m (Qasim and Gopinathan, 1969). Annual air temperature
ange is 20 ◦C to 35 ◦C with maximum temperature during February
o May. Annually this region experiences three seasons i.e., SW

ON  (June to September), post-monsoon (October to January; PM)
nd pre-monsoon (February to May; PrM). It has a hot and humid
limate with an average annual rainfall of about 350 cm,  most of
hich is contributed by the SW MON  and rest by north-east MON.
uring SW MON  this estuary receives large amounts of freshwa-

er, which leads to a salt wedge condition in the CB during August
o October, whereas during November to May  it changes to par-
ially mixed condition due to reduction in freshwater discharge. In
une, moderately stratified to partially mixed waters are observed
Menon et al., 2000).

.2. Sampling

All together four samplings were conducted which included two

M seasons during the consecutive years i.e., 9th to 12th October,
011 (PM-I) and 21st to 25th November, 2012 (PM-II), one MON
eason, (10th to 15th August, 2012; MON) and one PrM season (26th
o 29th May, 2012; PrM). Within the CB, twenty three stations were

Fig. 2. Flow cytometric analysis of picophytoplankton community
dicators 55 (2015) 118–130

selected for sample collection including ship berths and channels
(Table A1). Sampling was  carried out between 06:30 and 13:00 h
for four days. Rainfall and tidal range data were collected from the
Indian Meteorological Department (IMD; Table A2). Tidal height
was estimated from the tidal range for the respective sampling
time. Temperature was  determined using multiparameter Sonde
DS5X (Hydrolab). Surface and near bottom water (NBW) samples
were collected with a 5 l Niskin sampler. Salinity was measured
with an autosal (Guildline Autosal 8400B). For chlorophyll a (chl
a) estimation, seawater samples (250 ml)  were filtered through
Whatman GF/F filter papers. Filters were preserved with MgCO3
and stored at −20 ◦C until analysis. In the laboratory, each filter
paper was  placed separately in a dark vial containing 90% acetone.
After extraction in the dark at 4 ◦C for 24 h, chl a concentration was
determined on a Turner Design 10-AU fluorometer calibrated with
commercial chl a (Parsons et al., 1984). Nutrients such as nitrate
(NO3), phosphate (PO4), nitrite (NO2), ammonium (NH4) and sili-
cate (SiO4) were analyzed by SKALAR SANplus ANALYSER. Dissolved
oxygen (DO) and biological oxygen demand (BOD) were analyzed
following standard methods (Parsons et al., 1984). For PP analysis,
duplicate samples were preserved with paraformaldehyde (0.2%
final concentration) in 2 ml  cryovials, flash frozen in liquid nitrogen
and stored at −80 ◦C until analysis.

2.3. Flow cytometric analysis of picophytoplankton

In the laboratory, frozen samples were thawed and yellow green
latex beads of 2 �m (Polysciences Co., USA) were added to 1 ml  of
sample as an internal standard to calibrate cell fluorescence emis-
sion and light scatter signals. Samples were analyzed with FACS Aria
II flow cytometer equipped with blue (488 nm)  and red (630 nm)
lasers. Prochlorococcus-like (PRO-like) cells, SYN and PEUK were dis-
tinguished based on the forward and right angle light scatter (FALS
and RALS, respectively, which serve as proxies for cell size), red flu-
orescence from chlorophyll (>650 nm)  and phycocyanin (630 nm)

and orange fluorescence from phycoerythrin (578 nm;  Fig. 2). Two
groups of SYN were distinguished based on their specific fluo-
rescence characteristics; one rich in phycoerythrin (SYN-PE) with
orange fluorescence and the other in phycocyanin (SYN-PC) with

 from (a–c) low saline and (d–f) high saline water samples.
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ed fluorescence. PEUK and PRO-like cells were identified based
n their larger and smaller RALS along with higher and lower red
uorescence characteristics, respectively. SYN-PE group comprised
wo sub-groups, one with a lower PE fluorescence (SYN-PEI) than
he other (SYN-PEII).

.4. Trophic status of the water column

The multivariate index of trophic state (TRIX) method was  used
o evaluate the trophic status of CB (Vollenweider et al., 1998;
in et al., 2013), which was then used to assess the relationship
etween PP groups and trophic status of water. TRIX was calculated
sing the equation TRIX = (log10 (chl a × a%O2 × DIN × DIP) + k)/m,
here chl a is in mg  m−3, a%O2 is absolute value of the percentage

f DO saturation (abs |100 − %O2| = %O2), DIN is dissolved inorganic
itrogen including NO3, NO2, NH4 in mg  m−3 and DIP is dissolved

norganic PO4 in mg  m−3. The constants k—3.5 and m—0.8 are scale
alues obtained from Vollenweider et al. (1998) to adjust TRIX scale
alues (reads from 0 to 10) with a level of eutrophication in the CB.
ccording to this method, TRIX scores lesser than 4 indicate high
tate of water quality with low eutrophication; scores between 4
nd 5 indicate good state of water quality with medium eutrophi-
ation; scores between 5 and 6 indicate bad state of water quality
ith high eutrophication and scores greater than 6 indicate poor

tate of water quality with elevated levels of eutrophication.

.5. Data analyses

Linear regression analysis was performed in order to under-
tand the relationship of PP abundance (SYN-PEI, SYN-PEII, SYN-PC,
EUK and PRO-like; log [x + 1]) with the environmental variables
salinity, temperature, estimated tidal height, depth, DO, BOD,
utrients and chl a) and TRIX scores. Linear regression analysis
as also performed to assess the relation of SYN-PC: SYN-PE abun-
ance ratio with salinity. Principle Component Analysis (PCA) was
pplied to the ecological variables: DO, BOD, nitrate, nitrite, phos-
hate, ammonium and silicate (log [x + 1]), which are indicators of
nthropogenic pressure. This analysis was done using SPSS statis-
ics software (windows 16.0) with a significance level of 0.05 in
rder to evaluate the ecological variables which are major indica-
ors of anthropogenic pressure in the CB. Principle components (PC)
aving eigen values >1 were considered for further analysis. Sub-
equently, linear regression analysis was performed between the
C1 scores and cell abundance (log [x + 1]) of individual PP groups in
rder to evaluate the relationship of PP groups with the indicators
f anthropogenic pressure.

. Results

.1. Environmental parameters

Lowest temperature was recorded during MON  (24 to 29 ◦C;
ig. 3a and b) and it varied from 27 to 31.3 ◦C during PrM and PM in
urface and NBW. Heavy precipitation was observed during MON
eason (total 195 mm).  During PM-II, 56 mm precipitation was
ecorded on November 23, 2012. PrM showers were observed at the
nd of May  2012 (Table A2). During PM-I and PM-II, tidal amplitude
ifference was 0.50–0.91 m.  During PrM and MON, tidal amplitude
ifference was 0.41–0.58 m and 0.56–0.74 m, respectively (Table
2). Station depths varied from ∼1.71 m (S23) to ∼11.69 m (S9). CB
as partially mixed during PrM and PM and stratified during MON

Salinity 2 to 14 of surface waters and 4 to 34.8 of NBW) due to

arge amount of freshwater discharge. During PM-I, surface water
alinity was higher than that during PrM at the approach channel
tations (Fig. 3c and d), as PrM sampling was carried out during low
ide (Table A1). Higher salinity was observed across the CB during
dicators 55 (2015) 118–130 121

PM-II sampling which was  carried out during high tide. Vertically,
salinity and temperature showed differences only at those stations
where the depth was >5 m.  DO concentration was high in PM-I (up
to 8.4 mg  l−1) followed by PrM, PM-II and MON  (Fig. 3e and f). DO
concentrations were lower in the NBW than in the surface waters.
BOD values were >1 mg  l−1 during all the seasons and did not show
much difference between surface and NBW. On  an average, BOD
values were high during PM-I (3.14 mg  l−1) and PM-II (1.58 mg l−1)
and low during PrM and MON  (Fig. 3g and h).

High NO3 concentrations (up to 28.42 �M) were recorded dur-
ing MON  followed by PM-II, PrM and PM-I with higher values
in the surface waters. NO3 concentrations did not differ much
between the stations except during PM-II, when inner stations
(S4–6, S14–15) had higher NO3 concentrations (Fig. 3i and j). Higher
PO4 concentrations were recorded in the surface waters during PrM
followed by MON  and PM (up to 6.69 �M;  Fig. 3k and l). NO2 con-
centrations were lower during two successive PM seasons. NH4
concentrations were high during PrM followed by PM-I and MON
(10 to 66 �M).  SiO4 concentration ranged from 9.76 to 93.53 �M
and were higher during PM-I in the surface waters, particularly
at S15 to S19 (Fig. 3q and r). Vertically, not much difference was
observed in PO4, NH4 and NO2 concentrations (Fig. 3k–p). Aver-
age chl a concentrations during the four seasons varied from 1.4 to
32.46 �g l−1 across the CB. Compared to the mouth of the CB, chl a
concentrations were higher at the inner stations (S2–8 and S11–23)
with occasionally high concentrations in the surface waters during
PrM (∼59.92 �g l−1; S7), PM-II (∼107.1 �g l−1; S4) and in the NBW
during PM-I (∼63.23 �g l−1; S22), PrM (∼64.77 �g l−1; S7) and MON
(∼84.60 �g l−1; S7; Fig. 3s and t).

3.2. Interseasonal and spatial variation of picophytoplankton

Total PP abundance ranged from 0.1 to 2.29 × 105 cells ml−1

in surface and NBW during PM-I. During PrM, a promi-
nent increase in PP abundance was  observed across the
CB (up to 4.06 × 105 cells ml−1), which decreased during
MON  (<1.71 × 105 cells ml−1) and increased during PM-II
(<2.8 × 105 cells ml−1; Fig. 4k and l). Seasonal and spatial variation
of PP groups abundance is shown in Fig. 4a–l. SYN-PEI was the
dominant group observed during PM-I (surface waters of S1, S5,
S7, S9 and NBW of S1–22) and PM-II (surface waters of S5–8, S11,
S18–20, S22 and NBW of S1, S5–22; Fig. 4a and b). During PrM and
MON, SYN-PEI abundance was  low (<0.46 × 105 cells ml−1). During
PM-I, contribution of SYN-PEI to total PP was higher (∼85%) in the
NBW compared to the surface waters (Fig. 5a and b). Highest cell
abundance was  recorded in NBW of S1 (2.0 × 105 cells ml−1) and
S7 (2.86 × 105 cells ml−1) compared to all other seasons. During
PM-II, higher SYN-PEI abundance was observed at Ernakulam
channel stations (surface waters and NBW) where salinity was  >29
(Fig. 4a and b). Being second dominant group during PM-I, SYN-PC
abundance was high in the Ernakulam channel stations compared
to the stations near the mouth of CB (Fig. 4e and f). Throughout
the season, cell abundance was  higher in the surface waters than
NBW, except at some stations where NBW salinity was <29. A
steep increase in SYN-PC abundance was observed during the PrM,
with maximum cell abundance at S21 (Fig. 4e and f). This was the
dominant group contributing up to 92% to the total PP abundance
across the CB (Fig. 5c and d). During MON, dominance of SYN-PC
group continued with comparatively higher cell abundance than
that during PrM (Fig. 4e and f). During PM-II, SYN-PC dominated
low saline waters (<24) with the highest cell abundance at S9. At
S23, higher cell abundance was  recorded as observed during MON

(Fig. 4e and f). During PM-I, SYN-PEII group was  absent where
salinity was  <20 and during PrM it was completely absent. This
group was observed in the NBW during MON  with very low cell
abundance. During PM-II, SYN-PEII was  detected only at salinities
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Fig. 3. Seasonal and spatial variations in (a and b) temperature, (c and d) salinity, (e and f) dissolved oxygen, (g and h) biological oxygen demand, (i and j) nitrate, (k and l)
phosphate, (m and n) nitrite, (o and p) ammonium, (q and r) silicate and (s and t) chlorophyll a in the Cochin backwaters.
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nd  h) PRO-like cells, (i and j) PEUK and (k and l) total picophytoplankton cell abun

26, with low cell abundance (Fig. 4c and d). Their contribution to
otal PP abundance was  higher in the NBW, especially at S20 (46%)
uring PM-I whereas during other seasons it was  <26% (Fig. 5a–h).

PRO-like cells showed remarkable increase during MON  with
igher cell abundance in the surface waters than that in the NBW,
xcept at Mattancherry channel stations (Fig. 4g and h). Contribu-
ion to total PP abundance was high (∼40%) during this season and
ecreased (<27%) during PM-II (Fig. 5a–h). PEUK abundance was
igh during MON  exhibiting a decreasing trend from S2 to S23. In
he surface waters, cell abundance was higher than in the NBW,

xcept at Mattancherry channel stations. Highest cell abundance
0.49 × 105 cells ml−1) was recorded in the NBW of S7. Even though
heir abundance was high, their contribution to total PP was  <33%.
EUK abundance was reduced by an order of magnitude during
 the Cochin backwaters. (a and b) SYN-PEI, (c and d) SYN-PEII, (e and f) SYN-PC, (g
.

PM-II. However, during PrM increased abundance was  observed
compared to PM-I (Fig. 4i and j). During PM-I, PEUK contribution to
total PP abundance in the surface waters ranged up to 64% (Fig. 5a
and b). Generally, their abundance was high in the surface waters
compared to the NBW, except during PrM.

3.3. Intraseasonal variation of picophytoplankton

During PM-II, total PP abundance was higher compared to that
during PM-I (Fig. 4k and l). SYN-PEI and SYN-PEII abundance were

significantly higher during PM-II compared to that during PM-I at
S22, S5–8 and S18–20 (Fig. 4a–d) where salinity was comparatively
higher (Fig. 3c and d). SYN-PC showed higher cell abundance during
PM-II at most of the stations compared to that during PM-I (Fig. 4e
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nd f). The spatial distribution of SYN-PEI and SYN-PC differed dur-
ng PM-II wherein the latter dominated in the surface waters of
13–17, S1–4, S9–10, S12 and S21 and NBW of S11, S23 and S2–4
Fig. 4a–f).

.4. TRIX scores for Cochin backwaters

The average values of TRIX (5.15) for the study period revealed
hat the CB is highly eutrophic with a bad state of water quality. TRIX
cores for the study region ranged from 1.64 to 7.37 during all the

easons (Fig. 6a and b). During PrM and MON, most of the stations
howed elevated conditions of eutrophication. Only during PM-I
edium level of eutrophication with good state of water quality
as observed for the surface waters.
nkton abundance during (a and b) post-monsoon I, (c and d) pre-monsoon, (e and

3.5. Relationship between environmental parameters and
picophytoplankton groups

Linear regression analysis showed that TRIX scores correlated
negatively with salinity and estimated tidal height (Table 1). SYN-
PEI and SYN-PEII correlated positively with salinity, estimated tidal
height and station depth, whereas SYN-PC and PEUK correlated
negatively. PRO-like cells correlated negatively with salinity. SYN-
PC correlated positively with temperature whereas SYN-PEII and
PRO-like cells correlated negatively (Table 1). DO  correlated neg-

atively with station depth. SYN-PC and PEUK correlated positively
with nutrients whereas, SYN-PEI and SYN-PEII correlated negatively
(Table 1). SYN-PC and PRO-like cells correlated positively with
total chl a. SYN-PC correlated positively with TRIX scores, whereas
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Fig. 6. TRIX scores during different seasons for Cochin backwaters. (a) surface and (b) Near bottom waters.

Table 1
Results of linear regression analysis for the environmental variables, TRIX scores and picophytoplankton abundance.

Variables Temperature Salinity Est. tidal
height

Station
depth

TRIX DO BOD NO3 NO2 NH4 PO4 SiO4 Chlorophyll a

Salinity 0.11
Est. tidal height −0.14 0.20**

Station depth −0.25** 0.43** 0.03
TRIX −0.21** −0.18* −0.20** 0.06
DO 0.46** −0.19** −0.07 −0.50** −0.36**

Chlorophyll a −0.08 0.02 −0.13 0.05 0.54** −0.43** −0.40** 0.11 0.58** 0.12 0.14 −0.01
SYN-PEI  0.06 0.26** 0.36** 0.33** −0.24** −0.10 0.18* −0.40** −0.30** −0.28** −0.25** −0.31** −0.06
SYN-PEII −0.24** 0.20** 0.33** 0.28** −0.16 −0.13 0.15* −0.29** −0.23** −0.34** −0.17* −0.24** −0.01
SYN-PC  0.19* −0.35** −0.20** −0.43** 0.34** 0.06 −0.25** 0.36** 0.36** 0.16* 0.22** 0.38** 0.34**

PEUK −0.11 −0.32** −0.32** −0.20** 0.14 0.13 −0.06 0.20** 0.29** 0.27** 0.25** 0.27** −0.09
PRO-like  −0.27** −0.19** −0.07 −0.01 0.02 −0.30** −0.25** −0.09 0.33** −0.10 −0.11 −0.08 0.31**

* p < 0.05.
** p < 0.01.
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and silicate) which are indicators of anthropogenic pressure. The
first factor, PC1 accounted for 37% of the variance with a posi-

tive load of PO4, NH4, SiO4, NO2, and NO3. NH4 and PO4 were
the most significant variables. Weak negative loading of the BOD
was observed in PC1 (Table 2). Positive load of the DO and BOD

Table 2
Principle component analysis with varifactors (PC’s) extracted for the ecological
variables. Bold text denotes significant loading.

Variables PC1 PC2

DO −0.239 0.868
BOD −0.460 0.739
NO3 0.590 0.299
NO2 0.634 −0.440
NH4 0.739 0.206
PO4 0.781 0.209
SiO4 0.639 0.524
Eigenvalues 2.58 1.94
%  of variance 36.9 27.8
Cumulative % 36.9 64.7
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as observed at PC2 which explained 27% of the variance. Linear
egression analysis showed that SYN-PEI and SYN-PEII correlated
egatively with PC1 scores, whereas SYN-PC, PEUK and chl a corre-

ated positively (Fig. 9a–f).

. Discussion

.1. Hydrography of Cochin backwaters

Over the past few years, investigators have revealed that CB
s contaminated by anthropogenic activities (Balachandran et al.,
005; Martin et al., 2012; Anu et al., 2014) such as industrializa-
ion (104 million liters of partially treated and untreated industrial
ffluents are discharged everyday by a large number of industries),
griculture, transportation and domestic sewage effluent discharge
Unnithan et al., 1975; Vijayan et al., 1976; Menon et al., 2000;
asim, 2003). As a consequence, concentration of toxic metals in

he surficial sediments has been reported in moderate to heavily
olluted condition (Martin et al., 2012). In the present study, TRIX
cores showed that CB is highly eutrophic.

Hydrography of the CB reflected typical tropical estuarine
onditions where temperature gradually increased from PM to
rM season and subsequently decreased during MON. During

ON, stratification developed due to increased freshwater influx

nd formed a decreasing salinity gradient from the mouth toward
pstream of the CB. During non-MON period, as freshwater influx
educed, water column was partially mixed as is observed in
estuaries influenced by monsoonal rainfall (Joseph and Kurup,
1989; Shetye, 1999). Recently, Jacob et al. (2013) reported that dur-
ing non-MON high tide, saltwater intrudes up to 40 km in CB. Thus,
in the present study, stations located in all three channels were
influenced by the incoming high saline waters during the high tide.

An unique feature of CB is the surplus amount of nutrient
load that it receives throughout the year via land drainage, agri-
cultural activities and river discharge during MON  (Devi et al.,
1991; Madhu et al., 2007), when annual discharge of freshwater is
20,000 × 106 m3 (Srinivas et al., 2003). High nutrient supply dur-
ing MON  is a profound characteristic of estuaries influenced by
monsoonal rainfall (Qasim and Sen Gupta, 1981). High PO4 concen-
trations were observed during the PrM as reported in earlier studies
(Sankaranarayanan and Qasim, 1969). Martin et al. (2012) has
reported a steady increase in PO4 concentration from December to
April. This is believed to be the result of high salinity/pH combined
with tidal activity during the PrM, which causes desorption of phos-
phate from the suspended particles (Reddy and Sankaranarayanan,
1972; Martin et al., 2008). In this study, PCA suggested that PO4 and
NH4 are the major indicators of the eutrophicated environment in
the CB.

Comparatively lower concentrations of DO in the NBW than that
in the surface waters indicated higher utilization of oxygen than
production. This observation was consistent with previous reports
(Madhu et al., 2009; Martin et al., 2011) and was substantiated by
the BOD values of >1.5 mg  l−1 at most of the stations suggesting

that respiration by aquatic animals, decomposition by bacteria and
various chemical reactions were active in the CB.
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.2. Interseasonal variation of picophytoplankton in Cochin
ackwaters

Several studies have been conducted on the biological aspects in
he CB (Madhu et al., 2007, 2009; Martin et al., 2008). These studies
mphasize that irrespective of the season, CB facilitates luxurious
rowth of phytoplankton due to excess level of nutrient availability
Balachandran et al., 2005; Madhu et al., 2007). In the study region,

aximum phytoplankton biomass recorded was higher (average
7.05 �g l−1; ranged up to 107 �g l−1) than that reported in previ-
us studies in CB (49 �g l−1; Madhu et al., 2007, 2009; Martin et al.,
011) and also in the Mandovi and Zuari estuaries located along the
est coast of India (Pednekar et al., 2011; Patil and Anil, 2011). This

ould be due to the nutrient enrichment by anthropogenic activi-
ies, which triggers the massive growth of nanoplankton (<20 �m;

adhu et al., 2007; Martin et al., 2011) and phytoplankton blooms
hich are common in the CB when the intermediate salinity condi-

ion exists (Devassy, 1974; Madhu et al., 2010; Martin et al., 2013).
nother reason could be the weeds and water hyacinths, which
roliferate in the upstream waters that severely restrict the natu-
al flushing (Shivaprasad et al., 2012) and enter the CB during MON
ue to influx of low saline waters. In the PrM and PM-II seasons the
igher chl a concentration in the surface (64.77 �g l−1; S7) and NBW
59.99 �g l−1; S8), could be the result of showers that occurred dur-
ng the sampling period (Table A2), which probably drive the weeds
nd water hyacinths into the CB or from stirred up sediments. In
ddition, during PM-II, the highest chl a concentration recorded
t S4 (104 �g l−1) one day after heavy showers confirms that the
ncoming freshwater is a source of the high chl biomass.

Consistently high PP abundance (105 cells ml−1) during all the
easons indicates that PP could be an important component of
he phytoplankton community in CB. During MON  the prevailing
nvironmental factors influenced the distribution of PP groups,
specially SYN-PE and SYN-PC, wherein the former is known to
e abundant in high saline waters and latter in low saline waters
Murrell and Lores, 2004). During non-MON seasons, tide controls
he salinity distribution in CB (George and Kartha, 1963). Salinity
ariation due to tidal impact clearly influenced SYN-PC and SYN-PE
istribution in the CB, both horizontally and vertically. PM-II samp-

ing was carried out during high tide. This could be the reason for
igh salinity in Ernakulam channel where SYN-PEI was the domi-
ant group in the surface and NBW. PrM sampling was carried out
uring low tide which resulted in low surface salinity across the
stuary where SYN-PC was dominant. These observations suggest
hat tide is also an influential factor for SYN distribution in the CB
herein SYN-PE enters the CB from the coastal waters during high

ide and SYN-PC during the low tide from the upstream end. This
s substantiated by observations from the monsoonal Zuari estuary
Rajaneesh and Mitbavkar, 2013), wherein during the non-MON
eriod due to high tidal activity, SYN-PE showed higher abundance
pstream whereas, during MON, SYN-PC abundance was  higher
ownstream due to strong freshwater runoff. The significant posi-
ive relation of SYN-PE abundance and negative relation of SYN-PC
nd PEUK abundance with salinity and estimated tidal height (Table
1) indicates that tide is a prominent controller of PP community
tructure in CB. Significant relationship of PP groups with salinity
s consistent with studies carried out in subtropical and temper-
te regions (Ray et al., 1989; Murrell and Lores, 2004), especially
or SYN. Transition in dominance from SYN-PC to SYN-PE at salini-
ies of ∼20–25 found in this study (Fig. 8), was previously observed
n subtropical estuaries (Ray et al., 1989; Murrell and Lores, 2004;
hang et al., 2013) and tropical estuaries (Rajaneesh and Mitbavkar,

013). In addition, negative relation of SYN-PC and positive relation
f SYN-PE with the station depths indicate that higher salinity in the
BW favors SYN-PE groups. This was well reflected in MON  when

he high saline waters harboring SYN-PE were capped by the low
dicators 55 (2015) 118–130 127

saline waters harboring SYN-PC in the approach channel stations
(Fig. 5c and d). These findings suggest that SYN distribution pattern
can serve as an indicator of the seasonal water column hydrography
(stratified or mixed) influenced by physical forces such as tides and
freshwater runoff. The presence of an additional group of SYN-PE
with high PE intensity at higher salinities (SYN-PEII) in the estuarine
waters indicates that this group could have been introduced from
the offshore waters during high tide. This observation is consis-
tent with previous reports from the Zuari estuary, North western
Arabian coast, Mississippi river plume and the Pearl River estu-
ary (Campbell et al., 1998; Liu et al., 1998, 2004; Lin et al., 2010;
Rajaneesh and Mitbavkar, 2013). PRO-like cells detected in the low
saline waters of the CB were also observed recently in the Zuari
estuary along the south west coast of India (Mitbavkar et al., 2012).
Shang et al. (2007) reported PRO-like cells in brackish and in fresh-
water. Similarly in the present study, PRO-like cells were higher in
the low saline waters as seen from the negative correlation with
salinity. However, work on PRO-like cells is very limited and effect
of environmental condition on these cells is still not clear. Recently,
Liu et al. (2013) identified a previously suggested group of PRO-
like cells as SYN-PC based on laboratory experiments. However, to
confirm the strain in the CB, molecular approaches are required.

Variation in the spectral light quality is one of the factors altering
the PP composition in oceanic, coastal and estuarine waters (Wood,
1985; Scanlan, 2003). In coastal and estuarine waters, generally,
SYN-PE group abundance is high in clear waters where the green
light predominates due to the low concentrations of suspended par-
ticles and dissolved organic matter concentrations (Li et al., 1983;
Wood, 1985; Stomp et al., 2007). SYN-PC is higher in turbid waters
loaded with dissolved particulate organic matter or rich in chloro-
phyll where the spectral light quality is altered from green to red
(Stomp et al., 2007). In CB, water is highly turbid throughout the
year and comparatively higher during the MON  (Qasim and Reddy,
1967). Hence, this could be one of the factors responsible for the
predominance of SYN-PC in the CB throughout the year, due to its
better ability to utilize the red wavelength along with its ability to
proliferate at lower salinities. In addition, the positive correlation of
SYN-PC with chl a suggests that this group is not only dominant, but
also significantly contributes to total phytoplankton biomass in the
CB. Increasing temperature, irradiance, salinity and comparatively
lower turbidity could be responsible for the higher abundance of
SYN-PE groups during PM.

The negative relationship of TRIX with the estimated tidal
height and salinity suggests that low tide causes a higher trophic
index due to more influence of freshwater rich in anthropogenic
contaminants from the upstream whereas, high tide brings off-
shore waters in to the CB, which leads to dilution of eutrophic
waters (Table 1). The positive and negative relation of SYN-PC
and SYN-PE, respectively, with TRIX scores suggests that these
groups occupy contrasting ecological niches (Fig. 7a and b). In
the hypertrophic waters of French Mediterranean lagoon, which
was described as an anthropogenically influenced eutrophicated
area, abundance of SYN-PC was  higher than that of SYN-PE (Bec
et al., 2011). Munawar and Weisse (1989) reported that autotrophic
picoplankton avoided contaminated environments but were high
in contaminated eutrophicated areas. They attributed this to avail-
ability of excess nutrients, which may  have complexing effects
resulting in the detoxification of contaminants. Aneeshkumar and
Sujatha (2012) reported that zeaxanthin pigment indicative of
cyanobacteria was found more in the sediments of sites influenced
by anthropogenic activities (near to S23) in the CB. Since zeaxan-
thin is a marker pigment of both SYN-PE and SYN-PC and we found

SYN-PC > SYN-PE throughout the study period at S23, which is a
sewage discharge point, we  assume that SYN-PC was the domi-
nant group found in this area by Aneeshkumar and Sujatha (2012).
These observations corroborate our findings and suggest that SYN
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ould serve as a potential indicator of the trophic status of water
odies.

Temperature in the tropical regions does not show much annual
ariation (8 ◦C in the present study) as in temperate regions (14 ◦C).
s a consequence, PP abundance was high throughout the year

n the tropics as compared to the temperate regions where abun-
ance peaks are observed only during summer (Agawin et al., 1998;
hiang et al., 2002; Murrell and Lores, 2004). This suggests that
easonal temperature exercises a latitudinal variation on the PP dis-
ribution. Significant positive relation of total PP abundance with
emperature is a profound characteristic of tropical, subtropical and
emperate estuaries (Ray et al., 1989; Agawin et al., 1998; Qiu et al.,
010; Wang et al., 2011). However, in the present study, only SYN-
C showed a positive correlation (p < 0.05) with temperature. Some
tudies conducted in tropical and subtropical estuaries showed that
P negatively correlated with nutrients (Qiu et al., 2010; Zhang
t al., 2013). However, these studies considered total SYN (SYN-PC
nd SYN-PE) abundance in order to evaluate the relationship with
utrients. In the present study, although the positive relation of
YN-PC, PEUK and negative relation of SYN-PE groups with NO3, PO4
nd NH4 may  not be cause and effect relationships, it indicates that
utrient concentrations could influence the seasonal variations of
hese groups. Similar results were obtained from the Zuari estuary,
ndia (Rajaneesh and Mitbavkar, 2013). In the Uchiumi Bay, Japan,
O4 addition showed seasonal variations on the growth rates of SYN
nd PEUK (Katano et al., 2005). They presumed that the in situ nutri-
nt concentrations or difference in species could be responsible
or such a seasonal response. Though PEUK are the most compet-
tive among PP groups (Pan et al., 2007), it was not the dominant
roup in CB, even in high nutrient concentrations. Previous studies
n tropical and subtropical regions have reported that this group
ominated the nutrient rich conditions (Jiao et al., 2005; Qiu et al.,
010). Probably, this group abundance was controlled by the high
icrozooplankton grazing rates which we did not consider in the

resent study (Wetz et al., 2011).
SYN-PE groups attained higher abundance during PM-I and PM-

I seasons indicating its preference for increased temperature after
ON. Along with temperature, irradiance is also known to influ-

nce the seasonal distribution of SYN abundance and biomass
Agawin et al., 1998; Tsai et al., 2008). It is believed that there are

ultifactors, which are controlling the SYN-PE growth in coastal
nd estuarine ecosystems (Chang et al., 2003; Zhang et al., 2013).
ncreasing temperature during PrM and decreasing temperature
nd salinity during MON  could be the reason for low abundance
uring these periods. SYN-PC was the dominant group present in
he CB with highest abundance in PrM and their contribution was
ubstantial to total PP. Similarly, studies carried out in the subtropi-
al and temperate estuaries have shown that abundance of SYN-PC
as greatest during warm periods (Ray et al., 1989; Murrell and

ores, 2004). Temperature was the limiting factor for PEUK in the
revious studies where temperature varied between 20 and 27 ◦C
Pan et al., 2007). However, in the present study area, where the
emperature range was 24 to 32 ◦C, PEUK were not significantly
ffected by temperature.

.3. Intraseasonal variation of picophytoplankton in Cochin
ackwaters

As the PM-I sampling was carried out in October soon after
he MON, the freshwater influence was still observed in the CB as
ompared to that during PM-II sampling which was carried out in
ovember. As a result, salinity and temperature were compara-
ively lower during PM-I. This was reflected in the PP distribution
herein higher PP abundance was observed during the PM-II. The
ominance of SYN-PC over SYN-PEI during PM-II in some of the
tations was maily due to salinity <25 as a result of rainfall that
dicators 55 (2015) 118–130

occurred on the sampling day (Table A2). Higher salinity in the NBW
during PM-II favored higher SYN-PEI and SYN-PEII abundance in the
CB.

5. Conclusion

Hydrography of the CB reflected typical tropical estuarine condi-
tions with stratification during MON  and partially mixed condition
during non-MON seasons. Irrespective of the season, high con-
centrations of nutrients were recorded in the estuary. TRIX scores
showed that this estuary is highly eutrophic. Consistently high PP
abundance (105 cells ml−1) during all the seasons indicates that PP
is an important component of the phytoplankton community in
the CB. During non-MON, tide was an influential factor for SYN dis-
tribution wherein SYN-PE was found to be high during high tide
and SYN-PC during the low tide suggesting their influx from the
coastal waters and upstream, respectively. During MON, due to
stratification by freshwater influx, surface waters dominated by
SYN-PC capped the SYN-PE dominated NBW of inner stations. Along
with low salinity, high turbidity that affects the light penetration
with predominance of red light could be another factor favoring
the SYN-PC abundance in the low saline waters. SYN-PC showed
a significant positive relation with chl a suggesting its significant
contribution to total biomass. Although the relation of SYN-PC and
SYN-PE groups with nutrients may  not be cause and effect relation-
ships, it indicates that nutrient concentrations could influence the
seasonal variations of these groups. SYN-PE groups attained higher
abundance during PM-I and PM-II seasons indicating its preference
for higher temperature. SYN-PC and PEUK showed positive and SYN-
PE showed negative relation with TRIX scores which suggests that
these groups occupy contrasting ecological niches. These findings
suggest that PP distribution pattern can serve as an indicator of the
trophic status of coastal water bodies.
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A B S T R A C T

Phytoplankton size-fractionated biomass is an important determinant of the type of food web functioning in
aquatic ecosystems. Knowledge about the effect of seasonal salinity gradient on the size-fractionated biomass
dynamics is still lacking, especially in tropical estuaries experiencing monsoon. The phytoplankton size-frac-
tionated chlorophyll a biomass (> 3 μm and<3 μm) and picophytoplankton community structure were char-
acterized in the monsoonal Zuari estuary, along the west coast of India, from October 2010 to September 2011
across the salinity gradient (0–35). On an annual scale, > 3 μm size-fraction was the major contributor to the
total phytoplankton chlorophyll a biomass with the ephemeral dominance of< 3 μm size-fraction. During
monsoon season, freshwater runoff and shorter water residence time resulted in a size-independent response.
The lowest annual chlorophyll a biomass concentration of both size-fractions showed signs of recovery with
increasing salinity downstream towards the end of the monsoon season. In contrast, the chlorophyll a biomass
response was size-dependent during the non-monsoon seasons with the sporadic dominance (> 50%) of< 3 μm
chlorophyll a biomass during high water temperature episodes from downstream to middle estuary during pre-
monsoon and at low salinity and high nutrient conditions upstream during post-monsoon. These conditions also
influenced the picophytoplankton community structure with picoeukaryotes dominating during the pre-mon-
soon, phycoerythrin containing Synechococcus during the monsoon and phycocyanin containing Synechococcus
during the post-monsoon. This study highlights switching over of dominance in size-fractionated phytoplankton
chlorophyll a biomass at intra, inter-seasonal and spatial scales which will likely govern the estuarine tropho-
dynamics.

1. Introduction

Among the coastal ecosystems, estuaries play a vitally important
role in supporting higher biodiversity by providing nursery grounds for
a variety of macroorganisms, including valuable fish species. Indian
estuaries are highly productive in terms of fisheries (Jha et al., 2008)
which is the main source of income for the local people. In order to
sustain good fishery yields, the entire biological community of the food
web needs to function efficiently. Estuarine regions are influenced by a
wide variety of environmental factors such as nutrient inputs, salinity,
turbidity and freshwater flow (Bec et al., 2011; Liu et al., 2015; Patil
and Anil, 2015). Indeed, river runoff is the main source of nutrient
input and also responsible for the salinity gradient across the estuary
and therefore, is considered to be a major stressor causing significant
changes in the biological community (Paerl et al., 2006). In the tropical
monsoonal estuaries where the seasonal hydrography is controlled by
the freshwater runoff and tides, the estuarine characteristics evolve
from stratified to partially mixed conditions. This is intermingled with

ephemeral stabilized environmental conditions depending on the
monsoonal precipitation intensity. These estuaries are characterized by
high annual runoff with a distinctly higher run off during monsoon
season as compared to non-monsoon seasons resulting in rapid changes
in physico-chemical conditions throughout the year (Shetye and Murty,
1987; Vijith et al., 2009; Anand et al., 2014) which subsequently in-
fluences the seasonal variation of the biological communities in these
waters (Qasim, 2003).

Phytoplankton are one of the important components of the biolo-
gical community fuelling the food webs of aquatic ecosystems through
primary productivity. The studies on phytoplankton community struc-
tures are well documented for the coastal and estuarine regions (Madhu
et al., 2007; Marshall, 2009; Patil and Anil, 2011) and were mostly
focused on larger phytoplankton (> 3 μm). In recent years, smaller
phytoplankton i.e., picophytoplankton (cell size< 3 μm; Pico) are
being highlighted as an important component of phytoplankton com-
munity in coastal and estuarine regions (Gaulke et al., 2010; Qiu et al.,
2010; Mitbavkar et al., 2012, 2015; Contant and Pick, 2013; Rajaneesh
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and Mitbavkar, 2013).
The measurement of phytoplanktonic biomass is critical to under-

stand the carbon flow dynamics in a particular ecosystem.
Phytoplankton biomass can be measured in different ways (eg. chlor-
ophyll, cell abundance, carbon). The spectrometric determination of
total chlorophyll a (chl a) content is a simple and most widely used
method to estimate phytoplankton biomass compared to microscopic or
any other instrument based measurements. However, phytoplankton
abundance may not be directly proportional to chl a biomass mostly
due to variation in the size of the organisms and photoacclimation
(Rodriguez et al., 2006; Alvarez et al., 2017). In this regard, the size
structure of the phytoplankton community based on chl a biomass is
considered an important factor controlling the carbon cycle and food
web dynamics in pelagic ecosystems (Richardson and Jackson, 2007).
Oceanic oligotrophic regions are dominated by the Pico in terms of chl
a, cell abundance and primary production (Partensky et al., 1999). On
the contrary, in meso or eutrophic coastal waters, nano- (3–20 μm) and

micro-phytoplankton (20–200 μm) dominate the phytoplankton com-
munity where the environment is comparatively more variable due to
the influence of residence time of water, currents, tidal intensity, land
runoff and freshwater influx (Guenther et al., 2015). However, Pico
dominance has been reported in some coastal regions occasionally (Qiu
et al., 2010; Bec et al., 2011). Since phytoplankton forms the base of
food webs, the variations in its size-fractionated chl a biomass in an
ecosystem determines the type of prevailing food web. When the larger
phytoplankton biomass (> 3 μm) dominates, the herbivore food web
prevails whereas it is the microbial food web when the Pico biomass
(< 3 μm) dominates (Azam et al., 1983). Amongst the studies on the
contribution of> 3 μm and<3 μm phytoplankton size-fractions to the
bulk chl a biomass, although information is available from temperate
regions, there is still a scarcity of information from the tropical es-
tuarine regions (Sin et al., 2000; Caroppo, 2000; Madhu et al., 2009;
Gaulke et al., 2010; Qiu et al., 2010).

Zuari is a typical tropical monsoonal estuary located in the state of

Nomenclature

Pico Picophytoplankton
SYN Synechococcus
PE Phycoerythrin
PC Phycocyanin
PRO-like Prochlorococcus-like
PEUK Picoeukaryotes
PoM Post-monsoon
PrM Pre-monsoon
SW Southwest
MON Monsoon

S Station
NBW Near bottom waters
CTD Conductivity, temperature and depth
ΔS Stratification parameter
FCM Flow cytometer
GF/F glass fiber filter
Chl a Chlorophyll a
RALS Right angle light scatter
FALS Forward angle light scatter
IMD Indian meteorological department
SD Secchi disk
ANOVA Analysis of variance
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Fig. 1. Locations of sampling stations in the Zuari estuary, west coast of India.
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Goa, along the west coast of India (Fig. 1). This estuary is stratified
during the monsoon season and ranges from partially to well mixed
during the non-monsoon periods depending on the tidal influence and
amount of freshwater discharge (Vijith et al., 2009). In such highly
dynamic estuarine conditions,> 3 μm phytoplankton are known to
proliferate (Patil and Anil, 2011, 2015) whereas< 3 μm are favored by
stratified conditions (Rajaneesh and Mitbavkar, 2013). Earlier studies
in this estuary revealed the influence of tides and freshwater run off on
the abundance of Pico (Mitbavkar et al., 2012, 2015; Rajaneesh and
Mitbavkar, 2013) and microphytoplankton (Patil and Anil, 2011, 2015)
on a seasonal scale. However, there are no combined studies which
assessed the size-fractionated chl a biomass contribution to the total chl
a biomass across the salinity gradient of this estuary. In this regard, the
aim of this study was to assess the spatial and temporal variations in
size-fractionated chl a biomass of> 3 μm and<3 μm phytoplankton
along with the controlling environmental factors. We hypothesized that
in the monsoonal estuaries, the intensity of tides and amount of
freshwater influx will control the spatial and seasonal variations of
phytoplankton chl a biomass size structure wherein the>3 μm chl a
biomass would dominate the total biomass during most part of the year,
with ephemeral dominance by< 3 μm chl a biomass depending on the
seasonal and spatial water column structure along the estuarine
transect. The information obtained from such studies can be useful in
understanding the biomass dynamics of these two important phyto-
plankton size groups and also to predict the type of food web prevailing
in estuarine ecosystems based on the environmental conditions.

2. Materials and methods

2.1. Study area

Goa is the smallest state of India with a population of around 2
Million. It is famous for its beaches, natural sanctuaries, places of
worship and heritage sites making it a famous tourist destination. The
Western Ghats, which form most of eastern Goa, has been inter-
nationally recognized as one of the biodiversity hotspots of the world
(Myers et al., 2000). Zuari estuary is the backbone of Goa's agriculture
and fishing industries (Fig. 1). Its cross-sectional area decreases from
mouth to head of the estuary (Shetye and Murty, 1987). The average
depth of this estuary is ∼5m with a catchment area of 1152 km2

(Shetye et al., 2007). This location is strongly influenced by the
southwest (SW) monsoon. The huge quantity of freshwater discharge
(491×106m3) during this period results in drastic changes in physico-
chemical characteristic of the water column (Shetye et al., 2007). Based
on the physico-chemical characteristics, a year is classified into three
seasons: monsoon (June–September, MON) followed by post-monsoon
(October–January, PoM) and pre-monsoon (February–May, PrM). In
the study region, a total of 3738.9mm rainfall was recorded during the
study period (from October 2010 to September 2011) (Indian Meteor-
ological Department (IMD), Panaji, Goa). Out of that, 96% of pre-
cipitation occurred during the southwest MON. Tides are semidiurnal

with the highest height of 2.3m during spring tide and ∼1m during
neap tide (Manoj and Unnikrishnan, 2009).

2.2. Sampling

Surface and near bottom water (NBW; ∼1m above the sea bed)
samples were collected from ten stations (S1-S10) in the Zuari estuary,
along a salinity gradient of 0–35 (Fig. 1; Table 1) on a monthly basis
from October 2010 to September 2011 during flood tide with occa-
sional sampling during ebb tide (Table 2). The sampled transect was
demarcated as the estuarine mouth (S1-S4; salinity> 30), middle es-
tuary (S5 to S8; salinity between 30 and 0.5) and upstream (S9-S10;
salinity< 0.5). Portable Seabird CTD (SBE 19 plus) was deployed to
measure the temperature and salinity. Stratification parameter (ΔS) was
calculated from the difference between surface and NBW salinity for the
entire study period. Water transparency was measured with a secchi
disk (SD). Rainfall and tidal phase data for the study period were ac-
quired from IMD (Table 2). Water samples for analyses of nutrients,
size-fractionated chl a biomass (> 3 μm and<3 μm) and Pico abun-
dance were collected using a 5 L Niskin sampler.

2.3. Nutrient analysis

For the analysis of dissolved inorganic nutrients [nitrate (NO3
−),

nitrite (NO2
−), phosphate (PO4

3−), and silicate (SiO4
4−)], samples

were collected in 5mL cryo vials and frozen at −20 °C. Within 2 weeks,
samples were analyzed in the laboratory using an autoanalyzer (Skalar
SAN++ continuous flow analyzer) following the method of Grasshoff
et al. (1983). Prior to nutrient analysis, turbid samples were filtered
through GF/F (0.7 μm porosity) filters.

2.4. Size-fractionated chlorophyll a and phaeopigments

In the laboratory, measured volumes (250–500mL) of seawater
were filtered through Whatman GF/F filters (0.7 μm porosity) to

Table 1
Details of sampling stations in the Zuari estuary.

Station No. Station name Latitude (N) Longitude (E) Distance from mouth (km) Approximate depth (m)

1 Marmugao 15° 25′ 16.9″ 73° 47′ 36.9″ 0 16
2 Chicalim 15° 25′ 8.5″ 73° 47′ 22.4″ 5.8 5
3 Island 15° 25′ 57.4″ 73° 47′ 57.0″ 8.6 5
4 Sancoale 15° 25′ 45.1″ 73° 47′ 30.6″ 11 7.1
5 Cortalim 15° 25′ 32.0″ 73° 47′ 50.2″ 13 9.6
6 Loutulim 15° 25′ 54.0″ 73° 47′ 24.4″ 19.7 10.5
7 Borim 15° 25′ 03.6″ 73° 47′ 58.0″ 23.9 12.9
8 Shiroda 15° 25′ 12.3″ 73° 47′ 55.5″ 31.4 9.1
9 Kushavati 15° 25′ 31.7″ 73° 47′ 28.3″ 38.4 9.9
10 Sanvordem 15° 25′ 01.1″ 73° 47′ 36.0″ 42.2 4.9

Table 2
Rainfall data (includes the previous day) and tidal phase for the sampling days.
LT-low tide and HT-high tide.

Sampling dates (d-m-y) Rainfall (mm) Tidal phase

23-10-2010 55.4 LT (spring tide)
06-11-2010 13.0 HT (spring tide)
06-12-2010 0 HT (spring tide)
10-01-2011 0 HT (spring tide)
11-02-2011 0 LT (neap tide)
21-03-2011 0 HT (spring tide)
19-04-2011 0 HT (spring tide)
27-05-2011 0 LT (neap tide)
16-06-2011 99.5 HT (spring tide)
15-07-2011 92.2 HT (spring tide)
25-08-2011 15.4 HT (spring tide)
22-09-2011 6.4 HT (spring tide)
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estimate the total chl a and phaeopigment concentrations. For de-
termining chl a and phaeopigment concentrations of< 3 μm size-frac-
tion, initially subsamples were filtered through 3.0 μm porosity nu-
cleopore polycarbonate membrane filters and then filtrate was filtered
through Whatman GF/F filters. Size-fraction filtration was carried out
under gentle vacuum. Each filter paper was placed separately in a dark
vial containing 90% acetone. After extraction in the dark at 4 °C for 24 h
(Parsons et al., 1984), chl a and phaeopigments (after acidification by
10% HCl) were determined on a Turner Designs Triology fluorometer
complemented with an acidification module (Turner Designs #7200-
040) at an emission wavelength of 665 nm. Prior to sample analysis, the
instrument was calibrated with commercial chl a. Subsequently, > 3
μm chl a and phaeopigment concentrations were calculated by sub-
tracting<3 μm chl a from the total concentration.

2.5. Flow cytometric analysis of picophytoplankton

For Pico community structure and abundance analysis, seawater
samples were preserved with paraformaldehyde (0.2% final con-
centration), quick frozen in liquid nitrogen and stored at −80 °C until
analysis. Pico abundance was determined on a FACS Aria II flow cyt-
ometer (FCM) equipped with blue (488 nm) and red (630 nm) lasers.
Data obtained was processed using BD FACSDiva (Version 6.2) soft-
ware. From the flow cytometer plots, Synechococcus (SYN),

picoeukaryotes (PEUK) and Prochlorococcus-like (PRO-like) cells were
identified by their light scattering [forward angle light scatter (FALS)
and right angle light scatter (RALS)] and fluorescence [red fluorescence
from chl (> 650 nm) and phycocyanin (630 nm), and orange fluores-
cence from phycoerythrin (564–606 nm)] properties. Different groups
of SYN, such as phycocyanin rich SYN (SYN-PC) and phycoerythrin rich
SYN (SYN-PE), and its subgroups (SYN-PEI, SYN-PEII, and SYN-PEIII)
were identified based on flow cytometric signatures as described in
Rajaneesh and Mitbavkar (2013). Two sub-groups of PEUK (PEUK-I and
PEUK-II) were observed in the estuary, with similar size but unequal chl
fluorescence intensity (Fig. 2A to C). The chl fluorescence intensity
emitted by PEUK-I was lower than that of PEUK-II. PRO-like cells were
differentiated based on their smaller size and lower chl fluorescence
intensity compared to PEUK. Yellow-green latex size beads of 2 μm
(Polysciences Co., USA) were added to the samples as an internal
standard to normalize the light scatter signals and fluorescence emis-
sion by cells. In order to calculate the chl contribution of each Pico
group to the total< 3 μm chl a, the mean red fluorescence values ob-
tained from FCM analysis for each group was normalized by the mean
bead fluorescence. The normalized mean coefficient value of red
fluorescence was then multiplied by the cell abundance of each group.
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2.6. Data analyses

Two-way analyses of variance (ANOVA) was conducted to assess the
monthly, spatial and vertical variations in> 3 μm chl a and< 3 μm chl
a, and between the size-fractions, followed by Tukey's post-hoc test to
observe the pair wise comparisons of size-fractions between the sea-
sons. In order to understand the relationship between total chl
a, > 3 μm chl a,<3 μm chl a, and flow cytometric chl fluorescence,
Pearson correlations were performed. Regression analysis was per-
formed to observe the relationship of> 3 μm and<3 μm chl a with
salinity and temperature.

Further, a multivariable analytic technique, factor analysis was
performed to describe the interrelationships among the set of multiple
abiotic and biotic variables. In our analysis, two major factors explained
the relationship between the variables. The most important variables
are loaded on factor 1 (x axis). The value obtained for each variable
indicates the importance of the variable. Values< 0.4 are not con-
sidered, between 0.4 and 0.5 are considered as weak factors, between
0.5 and 0.75 as moderate factors and>0.75 as strong factors (Liu et al.,
2003). The above analysis was done through SPSS Multi-variate Sta-
tistical Package (Windows Ver. 22). The contour plots for biotic and
abiotic parameters were plotted using Ferret programme (Ver. 7.2).

3. Results

3.1. Environmental parameters

During PrM, the river water (S9 to S10) was warmer
(30.14 ± 2.38 °C) than the seawater (S1 to S2; 29.64 ± 1.45 °C)
(Fig. 3A and B). Temperature lowered (27.42 ± 0.91 °C) during MON.
During PoM, the temperature was higher (28.78 ± 0.81 °C) compared
to MON except during January when the lowest temperature was re-
corded (26.33 ± 0.53 °C). During MON and PoM, the temperature did
not vary much along the estuary, and statistically significant differences
were not observed throughout the study period.

During PrM, the intrusion of seawater towards upstream resulted in
a partially mixed water column except in May (S6-S8) when a weak
stratification was observed. During MON, with the onset of rainfall and
consequent freshwater influx, the lower saline riverine water flowing in
at the surface and saltier water entering the estuary at the bottom

resulted in a vertically stratified water column in the middle estuary
and downstream (Fig. 3C and D). This salt wedge characteristic lasted
throughout the MON with stronger stratification from July to Sep-
tember (Fig. 3E). In October (PoM), freshwater influx due to the con-
tinuation of monsoonal rainfall led to a salinity difference of
9.47 ± 3.92 between the surface and NBW up to the middle estuary,
leading to a stratified water column. During the following PoM months
(November to January), a partially mixed water column was observed.

Generally, the water transparency in the entire estuary was low
throughout most of the year (< 1m). Higher values were observed
downstream at S1 during most part of the year except during early
MON due to heavy rainfall (Fig. 3F). During August to September,
water transparency was high even at the upstream end of the estuary.
Higher values were also observed in the middle estuary during May.

NO3
− concentrations ranged between 0.66 and 9.92 μM (Fig. 4A

and B) with highest values during MON (June: 8.42 ± 5.43 μM) co-
inciding with the highest rainfall (Table 2). This was followed by PoM
with highest values in October (7.48 ± 2.09 μM) coinciding with high
rainfall. PO4

3− concentrations ranged between 0.24 and 4.3 μM
(Fig. 4C and D) with highest values during MON (September:
4.3 ± 1.73 μM) and PoM (October: 4.69 ± 1.03 μM). NO2

− con-
centrations were high (0.97 ± 0.94 μM) during PrM with a higher
concentration at the upstream (Fig. 4E and F). SiO4

4− concentrations
(33.63 ± 21.39 μM) increased from the middle estuary to upstream
during PoM, followed by a decline during PrM and increase during
MON (Fig. 4G and H).

3.2. Phytoplankton biomass size structure

ANOVA revealed that the> 3 μm chl a biomass was significantly
higher (p < 0.001) than the<3 μm chl a biomass throughout the
study period. Chl a biomass of both the size-fractions exhibited sig-
nificant seasonal variations (p < 0.01) in the surface and NBW, with
higher biomass during the PrM (p < 0.01). The variations were insig-
nificant between the surface and NBW for both the size-fractions. Hence
the surface and NBW data were combined.

Pre-monsoon: The total chl a biomass concentration was higher at
the upstream and middle estuary followed by downstream (Table 3)
with the highest concentration in March (4.84 ± 2.01 μg L−1) and May
across the estuary (4.55 ± 1.81 μg L−1; Fig. 5A and B). The highest
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concentration of the>3 μm fraction was observed in March across the
estuary (4.34 ± 2.10 μg L−1; 83.00 ± 23.60%) and May at S1 to S3,
S5 and S10 (3.43 ± 1.93 μg L−1; 52.75 ± 30.44%) (Fig. 5C and D).
This fraction was the major contributor to the total chl a biomass
(Fig. 6A). The< 3 μm chl a biomass concentration was highest at the
downstream followed by the middle estuary and upstream (Table 3)
with highest concentration and contribution in May
(2.40 ± 1.05 μg L−1; 65 ± 18%; Fig. 5E to H). PEUK-I was the major
contributor (87 ± 7%; S1 to S6) at the downstream and SYN-PC
(44 ± 14%) at the upstream (Fig. 7G-, H−, K−, L−). Higher con-
tribution (57 ± 28%) of< 3 μm chl a biomass was also observed in
February in the surface waters of the downstream and middle estuary
with significant variation (p < 0.01) between surface and NBW con-
centrations observed only for this month (Fig. 5G and H). However, this
higher contribution of< 3 μm chl a biomass was due to a decrease in
the concentration of> 3 μm chl a biomass.

Monsoon: The total chl a biomass concentration declined after the
onset of rainfall followed by an increase in August and September
which coincided with low rainfall intensity and high water transpar-
ency (Table 3; Fig. 5A and B). The highest concentration
(1.60 ± 0.95 μg L−1) was observed in August and September at the
downstream and middle estuary (Table 3; Fig. 5C and D). The>3 μm
fraction was the major contributor to the total chl a biomass (Fig. 6B).
The highest concentration of< 3 μm fraction (0.76 ± 0.19 μg L−1)
was observed in August (Fig. 5E–H). SYN-PEI and SYN-PEII were the
major contributors during this season (54 ± 14%) with higher

contribution of SYN-PEI in the NBW compared to that in the surface
waters (Fig. 7A− to D−).

Post-monsoon: The total chl a biomass concentration was relatively
higher at the downstream and middle estuary than upstream (Table 3)
with the highest concentration (5.11 ± 1.84 μg L−1) in January across
the estuary (Fig. 5A and B). The highest concentration of the> 3 μm chl
a biomass was recorded in January (4.18 ± 1.83 μg L−1), especially at
the downstream and middle estuary (Fig. 5C and D). The> 3 μm
fraction was the major contributor to the total chl a biomass (Fig. 6C).
The contribution of< 3 μm chl a biomass was highest at the upstream
followed by the middle estuary and downstream (Fig. 6C). The decrease
in> 3 μm chl a biomass and relatively higher< 3 μm chl a biomass
resulted in the highest contribution of the latter in October
(71 ± 18%) at the middle estuary (from S6) and upstream and in
December at the downstream (48 ± 20%; Fig. 5G and H). PEUK-II was
the major contributor (Fig. 7M−, N−).

The phaeopigment concentrations in the>3 μm fraction were
higher in January (2.34 ± 1.11 μg L−1), March (2.58 ± 1.28 μg L−1)
and May (1.58 ± 1.24 μg L−1; Fig. 5I and J). In the<3 μm fraction,
higher phaeopigment concentrations were observed in January
(0.64 ± 0.59 μg L−1) and May (1.11 ± 0.63 μg L−1; Fig. 5K and L).

3.3. Factors affecting the chlorophyll a biomass size structure

Correlation analysis revealed that irrespective of season and depth,
the> 3 μm chl a biomass correlated positively with total chl a biomass
concentration (Table 4). The<3 μm chl a biomass was also positively
correlated with the total biomass, although not statistically significant
in a couple of interactions. The FCM red fluorescence values positively
correlated with the measured< 3 μm chl a biomass (Table 4). Regres-
sion analysis showed that> 3 μm chl a biomass correlated negatively
with temperature during PoM whereas the<3 μm chl a biomass cor-
related positively during PrM (Fig. 8E, G). Chl a biomass of both the
size-fractions correlated positively with salinity during MON (Fig. 8D,
J). The< 3 μm chl a biomass correlated negatively with salinity during
PoM (Fig. 8F).

In factor analysis, the biomass of two SYN-PE subgroups (I + II) and
two PEUK subgroups (I + II) were combined as they did not exhibit
major differences. Two main factors explained 42%, 46% and 52% of
total variance among the variables for PrM, MON and PoM, respec-
tively. During PrM, the<3 μm chl a biomass positively correlated with
temperature, PO4

3− and SiO4
4− (Fig. 9A). PEUK (I + II) showed a si-

milar relation with these abiotic factors. SYN-PC, SYN-PEIII and PRO-
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Table 3
Concentration of total, > 3 μm and<3 μm chl a biomass at the downstream,
middle estuary and upstream.

Estuarine zones Total chl a (μg
L−1)

> 3 μm chl a (μg
L−1)

< 3 μm chl a (μg
L−1)

Pre-monsoon
Downstream 3.14 ± 1.85 2.24 ± 1.77 0.89 ± 0.96
Middle estuary 3.62 ± 1.88 2.77 ± 1.76 0.84 ± 0.91
Upstream 3.99 ± 2.47 3.17 ± 2.59 0.81 ± 0.50

Monsoon
Downstream 2.04 ± 0.95 1.64 ± 0.90 0.39 ± 0.25
Middle estuary 1.03 ± 0.83 0.87 ± 0.76 0.16 ± 0.15
Upstream 0.48 ± 0.45 0.37 ± 0.36 0.11 ± 0.11

Post-monsoon
Downstream 3.09 ± 2.01 2.42 ± 1.95 0.67 ± 0.50
Middle estuary 3.78 ± 1.95 2.74 ± 1.79 1.04 ± 0.60
Upstream 2.76 ± 1.63 1.80 ± 1.68 0.98 ± 0.29

K.M. Rajaneesh et al. Estuarine, Coastal and Shelf Science 207 (2018) 325–337

330



like biomass were positively correlated with NO3
− and negatively with

salinity and SD whereas, SYN-PE (I + II) exhibited an opposite relation.
The>3 μm chl a biomass positively correlated with NO3

− and nega-
tively with salinity and SD. During MON, both size-fractions of chl a
biomass positively correlated with salinity (Fig. 9B). A similar corre-
lation was observed for SYN-PE (I + II). SYN-PC, SYN-PEIII, PEUK
(I + II) and PRO-like biomass negatively correlated with salinity.
During PoM,< 3 μm chl a biomass positively correlated with SiO4

4−

and negatively with salinity (Fig. 9C). SYN-PC, SYN-PEIII, PEUK (I + II)
and PRO-like biomass exhibited a similar relation with these abiotic
factors whereas SYN-PE (I + II) biomass exhibited an opposite relation.
The>3 μm chl a biomass positively correlated with SD and negatively
with temperature, PO4

3− and NO3
−.

4. Discussion

The study revealed a size-dependent and a size-independent re-
sponse of the total phytoplankton biomass during the non-MON and
MON seasons, respectively with inter- and intraseasonal variations in
the intensity of these responses. The relatively stronger relationship
between total chl a and> 3 μm chl a concentrations compared to re-
lationships with<3 μm chl a biomass indicate their major contribution
in the estuarine waters on most occasions and appears to control the
overall variability in the total phytoplankton community. As reported
in earlier studies (Bidigare and Ondrusek, 1996; Binder et al., 1996;

Blanchot and Rodier, 1996), a positive correlation between the FCM red
fluorescence values and the measured< 3 μm chl a was useful for
making an estimate of the relative contribution of each Pico group to
the measured< 3 μm chl a biomass (Table 3).

During the PrM, the intra-seasonal waxing and waning trend in
phytoplankton biomass could be attributed to two reasons (Fig. 10).
The waning in February and April could be due to exhaustion of nu-
trients resulting in reduced growth rates or the grazing pressure (as
evident from higher NO2

− concentrations) superseding the growth
rates. High abundance of copepods have been reported earlier from this
estuary during this period (Achuthankutty et al., 1998). The inter-
mittent waxing (March, May) in phytoplankton biomass reveals favor-
able environmental conditions such as high temperature, salinity and
water transparency. Also, the high PO4

3− concentrations, could be re-
sponsible for the high> 3 μm and<3 μm chl a biomass. The sediment
resuspension due to the high tidal well-mixed water column is known to
introduce high PO4

3− concentrations into the estuarine water column
(Anand et al., 2014). However, a switch over towards the dominance
of< 3 μm chl a biomass during May coinciding with the highest water
temperature (31.87 ± 0.72 °C) during the study period suggests an
influence of high temperatures on the<3 μm phytoplankton growth. In
sub-tropical and temperate estuaries,< 3 μm chl a biomass contribu-
tion was restricted to<10% when water temperature was< 20 °C and
subsequently increased to> 50% at higher temperatures (> 20 °C; Ray
et al., 1989; Caroppo, 2000; Buchanan et al., 2005; Qiu et al., 2010).
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Phytoplankton size-structure, among other factors, also depends on the
maximum growth rate of the different groups of phytoplankton (Irwin
et al., 2006). A general trend of an increase in relative SYN and PEUK
abundance with increasing water temperature due to the higher acti-
vation energy of their growth rates than that of the>3 μm phyto-
plankton has been reported (Chen et al., 2014). Similarly, in this study
SYN-PC and PEUK groups which are generally present in lower abun-
dance, attained higher abundance (104 and 105 cells mL−1, respec-
tively) downstream (salinity> 30) in May where highest temperature
was recorded. Also, the increase in growth rates of these Pico groups
corresponds with an increase in chl a and nutrient concentrations (Chen
et al., 2014) as observed in our study where abundance peaked at
higher concentrations of PO4

3− and SiO4
4−. During this period, high

NH4
+ concentrations are also reported from this estuary (Ram, 2002).

This could have also favored the< 3 μm phytoplankton which are
better utilizers of NH4

+ than the>3 μm phytoplankton (Stolte and
Riegman, 1995). Also, the dominance of SYN-PE at lower temperatures
and PEUK-I at higher temperatures suggests a temperature regulated
shift in the community structure. This further implies that increase
in< 3 μm chl a biomass was due to a combination of factors such as
temperature and nutrients (PO4

3−, SiO4
4− and NH4

+) leading to higher
growth rates. These observations show that SYN-PE can dominate both,
stratified as well as mixed waters (Xia et al., 2015). The possibility of

different strains inhabiting these conditions cannot be ruled out. Si-
milarly, the PEUK-I which was observed downstream could be a high
saline strain. High chl a and oxygen saturation (> 100%) showing
maximum production have been reported earlier from the downstream
of this estuary (Patil and Anil, 2011). From the size-fractionated bio-
mass, it can be hypothesized that a majority of this contribution during
this period is from the< 3 μm phytoplankton size fraction.

However, the restriction of< 3 μm chl a biomass dominance only
up to the middle estuary which coincided with temperatures below
32 °C and tilt of balance towards the> 3 μm chl a biomass above this
temperature could be due to increased grazing pressure or lowering
growth rates of< 3 μm phytoplankton. Grazing is likely to
affect> 3 μm phytoplankton less severely due to the longer generation
times of mesozooplankton while the<3 μm phytoplankton, in spite of
their effective light and nutrient utilization are tightly controlled by
heterotrophic nanoflagellates (HNF), with growth rates similar to their
own (Landry et al., 1997). The comparatively higher abundance of HNF
than that of micro- and mesozooplankton was reported earlier from this
estuary during this period (Gauns et al., 2015). Also, temporal changes
in the concentrations of phaeopigments relative to total biomass in the
particular size-fraction can be used as rough indicators of changes in the
abundance of pigmented faecal pellets and thus in the grazing rates of
predators (Tamigneaux et al., 1999). In the present study, the grazing
index of< 3 μm chl a biomass was comparatively higher
(0.570 ± 0.031) than that of> 3 μm chl a biomass (0.426 ± 0.240)
in May. The decreasing biomass could also be a reflection of the change
in community structure due to reducing salinity towards upstream.

The SW MON was the main meteorological driver of the chl a bio-
mass response during MON season (Fig. 10). Heavy rainfall intensity
during the beginning phase of MON, accompanied by low light intensity
due to cloud cover, low saline waters and high turbidity due to fresh-
water influx contributed to a reduction in the phytoplankton (Madhu
et al., 2007; Sarma et al., 2009; Patil and Anil, 2015). Phytoplankton
growth is also influenced by the reduced residence time of water masses
and the high particle transport due to flushing (Patil and Anil, 2011; Lu
and Gan, 2015). Although in the Zuari estuary, residence time has not
been calculated, the residence time of the waters in the neighboring
estuary (Mandovi) is 5–6 days during MON and about 50 days during
non-MON seasons (Qasim and Sen Gupta, 1981). The reduction in
rainfall intensity towards the later phase of MON, accompanied with
reduction in freshwater influx and a simultaneous increase in tidal in-
tensity, led to stabilization of the water column. These conditions along
with increasing solar radiation, salinity and high water transparency
could be responsible for an increase in< 3 μm and>3 μm chl a bio-
mass downstream. A minimum of 50 cm depth of light penetration
(secchi disk depth) was reported to be essential for phytoplankton
bloom formation in nutrient rich waters of this estuary (Patil and Anil,
2015).

With reduced rainfall progressing into the PoM season (October),
the marked increase in the>3 μm chl a biomass downstream implies
the rapid use of nutrients accumulated through the MON processes
(Fig. 10; Devassy and Goes, 1989; Patil and Anil, 2011). Due to the
unstable conditions during MON, the nutrients are utilized after the
cessation of rainfall when water column conditions return to its original
state, and light intensity increases (Patil and Anil, 2011; Rajaneesh and
Mitbavkar, 2013; Mitbavkar et al., 2015). Nutrient availability is an
important factor controlling the phytoplankton chl a biomass (Agawin
et al., 2000). The switching over of dominance towards the< 3 μm chl
a biomass at the middle estuary and upstream with the low saline
strain, SYN-PC as the major contributor, suggests salinity as the con-
trolling factor. Further into the PoM season (November–December), the
complete absence of rainfall and dominance of tidal effect favored
the> 3 μm chl a biomass across the estuary. This scenario underwent a
change towards the end of PoM (January) wherein the highest> 3 μm
chl a biomass (downstream) coincided with the lowest water tem-
peratures recorded for the study period and lower water transparency.
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The simultaneous presence of high SiO4
4− concentrations indicate

water turbulence. Such intermittent vertical mixing promotes phyto-
plankton growth, especially of diatoms (Devassy and Goes, 1989; Patil
and Anil, 2011). According to Nair (1980), zooplankton abundance is
high during this period, suggesting that the high NO2

− concentrations
found in our study could be a product of nitrification processes as re-
ported earlier for this estuary (Patil and Anil, 2011). Also, the low
NO3

− concentrations could suggest its utilization by phytoplankton
blooms. Due to their ability to store nutrients in large intracellular
vacuoles and high maximum growth rates, episodic inputs of nutrients
into the euphotic layer lead to an increase in diatom population, with

comparatively little response from the< 3 μm size-fraction (Cermeno
et al., 2005). A study carried out at the downstream of the estuary re-
ported an increase in diatom abundance, mainly Thalassiosira, Tha-
lassionema and Chaetoceros during the same season (Patil and Anil,
2011).

These spatial and inter- and intraseasonal size-fractionated chl a
biomass responses to environmental perturbations can provide some
clues about the dominant type of functioning food web (Tamigneaux
et al., 1999). During MON, the size-independent response with the
dominance of> 3 μm chl a biomass implies the prevalence of herbi-
vorous food web. Huge quantity of organic matter load is strongly
linked to the volume of freshwater discharge due to monsoonal or an-
thropogenic activities (Sarma et al., 2012; Krishna et al., 2016). After a
reduction in rainfall, there is an enhanced activity of each compartment
of the food web, such as higher microbial decomposition, higher phy-
toplankton biomass and higher microzooplankton biomass (Patil and
Anil, 2011; Gauns et al., 2015; Khandeparker et al., 2015). Overall, >
20% contribution of the< 3 μm chl a biomass including certain epi-
sodes of similar contributions from both size-fractions during the non-
MON seasons suggest the prevalence of the herbivorous food web along
with the microbial food web. This is substantiated by the earlier reports
on high numbers of grazers of both the size-fractions of chl a biomass
such as HNF, micro- and mesozooplankton during the non-MON sea-
sons (Gauns et al., 2015). HNF, which are the major predators of< 3
μm biomass, are preyed upon by the microzooplankton, thus forming a
link between the microbial and herbivorous food web. The micro-
zooplankton, which also grazes on the>3 μm chl a biomass are in turn
predated upon by the carnivorous mesozooplankton which are abun-
dant during this period (Padmavati and Goswami, 1996; Gauns et al.,

Table 4
Results of Pearson correlation analysis for the> 3 μm chl a biomass,< 3 μm chl
a biomass, flow cytometric (FCM) chl fluorescence and total chl a.

Parameter > 3 μm chl a <3 μm chl a FCM chl fluorescence

Pre-monsoon
Total chl a 0.906** 0.263* 0.328**
>3 μm chl a – – –
<3 μm chl a −0.170 0.906** 0.690**

Monsoon
Total chl a 0.978** 0.585** 0.580**
>3 μm chl a – – –
<3 μm chl a −0.404** – 0.576**

Post-monsoon
Total chl a 0.961** 0.305** 0.181
>3 μm chl a – – –
<3 μm chl a 0.030** – 0.480**

*p< 0.05, **p< 0.01.
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2015). The> 3 μm chl a biomass is also grazed by the herbivorous
mesozooplankton. The presence of the carnivorous mesozooplankton
and also the balanced Pico abundance with only ephemeral peaks ob-
served through daily sampling in this region (Mitbavkar et al., 2015)
provides an indirect evidence for the high availability of micro-
zooplankton and HNF. Recently, the existence of a multivorous food
web was suggested wherein during episodes of lowered>3 μm chl a
biomass, the herbivorous mesozooplankton resorts to omnivory,
preying upon the microzooplankton when the< 3 μm chl a biomass is
high (Legendre and Rassoulzadagen, 1995). Hence during non-MON
seasons, intra-seasonal and spatial variations in the size-dependent re-
sponse of chl a biomass in the Zuari estuary suggests intermittent
functioning between the herbivorous and microbial food webs. Thus,
highlighting the significance of both the size-fractions of chl a biomass
in estuarine food web dynamics although, the herbivorous food web is
said to be more efficient in energy transfer due to the lower number of
links (Barnes et al., 2010). Multivorous food webs are known to be
stable contributing towards a healthy ecosystem functioning
(Tamigneaux et al., 1999). Such a scenario can be expected in the Zuari
estuary where there is a sizeable contribution from both size-fractions
along with the abundant presence of related predators. This is further
substantiated by the high abundance of larvae, juveniles, sub-adults,
adults and spawners of many commercially important fish species in
this estuary during the non-MON seasons (Padmavati and Goswami,
1996; Sreekanth et al., 2017) when food is available in plenty. Hence
such estuaries serve as breeding and nursing grounds for a diverse as-
semblage of fish thereby enhancing the fishery potential, locally and
globally.

5. Conclusions

As hypothesized, the>3 μm chl a biomass dominated the total chl
biomass on most occasions with the ephemeral dominance of
the< 3 μm chl a biomass (Fig. 10). During MON, size-independent
response led to a decrease and increase in the total phytoplankton
biomass downstream during the heavy rainfall and rainfall break, re-
spectively. Size-dependent response during the non-MON seasons re-
vealed the dominance of the>3 μm chl a biomass downstream during
the lowest recorded annual temperature coinciding with high SiO4

4−

concentrations indicating vertical mixing. Highest< 3 μm chl a bio-
mass was observed at high salinity-highest temperature conditions re-
corded from downstream to middle estuary during PrM and low sali-
nity-high nutrient conditions upstream during PoM. Although some
samplings were carried out during ebb tide, the tidal effect was
minimal, e.g. October sampling time was dominated by freshwater
runoff whereas, in May, temperature effect was dominant on the phy-
toplankton biomass. The relatively lower biomass in February as com-
pared to March and April could be an exceptional case. Hence, in future
studies inclusion of the tidal effects on the phytoplankton biomass size
structure needs to be taken into consideration. Community composition
differences were revealed with PEUK dominating during PrM, SYN-PE
at higher salinity downstream during MON and SYN-PC at lower sali-
nity upstream during PoM. This study reveals seasonal and spatial
variations in size-fractionated chl a biomass influenced by the hydro-
graphy and environmental factors which will in turn influence the
higher trophic community structure.

Acknowledgments

The authors would like to thank the Director, Council of Scientific
and Industrial Research (CSIR)-National Institute of Oceanography for
his support. This work was conducted under the project OCEAN
FINDER (PSC 0105) funded by CSIR. We thank Mr. D. Sundar for pro-
viding CTD data. We also thank our project team members for their help
and suggestions during sampling. We thank the anonymous reviewers
for their valuable comments. Rajaneesh K.M. acknowledges CSIR for

SYN-PCNN C

PEUK(I+II)O4
3-

SiO4
4-

Temp < 3 μm chl3 hl3 a
I)

T

N-PE(I+II)NN

SD

S l

POOP 4
3

O3
-

Tempm

S 4
4

<3 μm chlμ a
SYN-PEIIINN

PEUK(I+II)

O-like

SYN-PCNN

<

P

Sal

SYN-PE(I+II)NN

>3 μm chl a
SD

>3 μm chlμ>>3 a
<3 μm chl33 a

Sal
SYN-PE(I+II)NN

SYN-PEIIINN

PEUK(I+I

SYNS -PCNNPRO-like
I

PEUK(I+II

PO4
3-SiO4

4-

Tempm

SD

Factor 1

Fa
ct

or
 2

Fa
ct

or
 2

Pre-monsoonA

B Monsoon

Post-monsoonC

Biotic factors
Abiotic factors

Fig. 9. Diagrammatic representation of factor analysis with two major factors
obtained for the (A) pre-monsoon, (B) monsoon and (C) post-monsoon seasons,
showing the relationship among the various parameters (temp-temperature, sal-
salinity, SD-secchi disk depth, NO3

−, PO4
3−, NO2

− and SiO4
4−, < 3 μm chl a

biomass, > 3 μm chl a biomass and contribution of each Pico group to
the< 3 μm chl a biomass).

K.M. Rajaneesh et al. Estuarine, Coastal and Shelf Science 207 (2018) 325–337

335



the award of Senior Research Fellowship (SRF). This is a NIO con-
tribution (no. 6211).

References

Achuthankutty, C., Ramaiah, N., Padmavati, G., 1998. Zooplankton Variability and
Copepod Assemblage in the Coastal and Estuarine Waters of Goa along the Central-
west Coast of India. IOC Workshop Report, 142. .

Agawin, N.S., Duarte, C.M., Agusti, S., 2000. Nutrient and temperature control of the
contribution of picoplankton to phytoplankton biomass and production. Limnol.
Oceanogr. 45, 591–600.

Alvarez, E., Nogueira, E., Lopez-Urrutia, A., 2017. In vivo single-cell fluorescence and size
scaling of phytoplankton chlorophyll content. Appl. Environ. Microbiol. 83
e03317–16. https://doi.org/10.1128/AEM.03317-16.

Anand, S.S., Sardesai, S., Muthukumar, C., Mangala, K., Sundar, D., Parab, S., Kumar,
M.D., 2014. Intra-and inter-seasonal variability of nutrients in a tropical monsoonal
estuary (Zuari, India). Continent. Shelf Res. 82, 9–30.

Azam, F., Fenchel, T., Field, J.G., Gray, J., Meyer-Reil, L., Thingstad, F., 1983. The eco-
logical role of water-column microbes in the sea. Mar. Ecol. Prog. Ser. 10, 257–263.

Barnes, C., Maxwell, D., Reuman, D.C., Jennings, S., 2010. Global patterns in predator-
prey size relationships reveal size dependency of trophic transfer efficiency. Ecology
91, 222–232.

Bec, B., Collos, Y., Souchu, P., Vaquer, A., Lautier, J., Fiandrino, A., Benau, L., Orsoni, V.,
Laugier, T., 2011. Distribution of picophytoplankton and nanophytoplankton along
an anthropogenic eutrophication gradient in French Mediterranean coastal lagoons.
Aquat. Microb. Ecol. 63, 29–45.

Bidigare, R.R., Ondrusek, M.E., 1996. Spatial and temporal variability of phytoplankton
pigment distributions in the central equatorial Pacific Ocean. Deep Sea Res. Part II
43, 809–833.

Binder, B.J., Chisholm, S.W., Olson, R.J., Frankel, S.L., Worden, A.Z., 1996. Dynamics of
picophytoplankton, ultraphytoplankton and bacteria in the central equatorial Pacific.
Deep Sea Res. Part II 43, 907–931.

Blanchot, J., Rodier, M., 1996. Picophytoplankton abundance and biomass in the western
tropical Pacific Ocean during the 1992 El Niño year: results from flow cytometry.
Deep Sea Res. Part I 43, 877–895.

Buchanan, C., Lacouture, R.V., Marshall, H.G., Olson, M., Johnson, J.M., 2005.
Phytoplankton reference communities for Chesapeake Bay and its tidal tributaries.
Estuaries 28, 138–159.

Caroppo, C., 2000. The contribution of picophytoplankton to community structure in a
Mediterranean brackish environment. J. Plankton Res. 22, 381–397.

Cermeno, P., Maranon, E., Rodríguez, J., Fernandez, E., 2005. Large-sized phytoplankton
sustain higher carbon specific photosynthesis than smaller cells in a coastal eutrophic

ecosystem. Mar. Ecol. Prog. Ser. 297, 51–60.
Chen, B., Liu, H., Huang, B., Wang, J., 2014. Temperature effects on the growth rate of

marine picoplankton. Mar. Ecol. Prog. Ser. 505, 37.
Contant, J., Pick, F.R., 2013. Picophytoplankton during the ice-free season in five tem-

perate-zone rivers. J. Plankton Res. 35, 553–565.
Devassy, V., Goes, J., 1989. Seasonal patterns of phytoplankton biomass and productivity

in a tropical estuarine complex (west coast of India). Proc. Plant Sci. 99, 485–501.
Gaulke, A.K., Wetz, M.S., Paerl, H.W., 2010. Picophytoplankton: a major contributor to

planktonic biomass and primary production in a eutrophic, river-dominated estuary.
Estuar. Coast Shelf Sci. 90, 45–54.

Gauns, M., Mochemadkar, S., Patil, S., Pratihary, A., Naqvi, S.W.A., Madhupratap, M.,
2015. Seasonal variations in abundance, biomass, and grazing rates of micro-
zooplankton in a tropical monsoonal estuary. J. Oceanogr. 71, 345–359.

Grasshoff, K., Ehrhardt, M., Kremling, K., 1983. Methods of Seawater Analysis, vol. 419.
Verlag Chemie, New York, NY, pp. 159–223.

Guenther, M., Araújo, M., Flores-Montes, M., Gonzalez-Rodriguez, E., Neumann-Leitao,
S., 2015. Eutrophication effects on phytoplankton size fractioned biomass and pro-
duction at a tropical estuary. Mar. Pollut. Bull. 91, 537–547.

Irwin, A.J., Finkel, Z.V., Schofield, O.M., Falkowski, P.G., 2006. Scaling-up from nutrient
physiology to the size structure of phytoplankton communities. J. Plankton Res. 28,
459–471.

Jha, B., Nath, D., Srivastava, N., Satpathy, B., 2008. Estuarine Fisheries Management-
options & Strategies, vol. 3. CIFRI Policy paper, pp. 1–23.

Khandeparker, L., Anil, A.C., Naik, S.D., Gaonkar, C.C., 2015. Daily variations in patho-
genic bacterial populations in a monsoon influenced tropical environment. Mar.
Pollut. Bull. 96, 337–343.

Krishna, M.S., Prasad, M.H.K., Rao, D.B., Viswanadham, R., Sarma, V.V.S.S., Reddy,
N.P.C., 2016. Export of dissolved inorganic nutrients to the northern Indian Ocean
from the Indian monsoonal rivers during discharge period. Geochem. Cosmochim.
Acta 172, 430–443.

Landry, M.R., Barber, R.T., Bid, R.R., Chai, F., Coale, K.H., Dam, H.G., Lewis, M.R.,
Lindley, S.T., McCarthy, J.J., Roman, M.R., 1997. Iron and grazing constraints on
primary production in the central equatorial Pacific: an EqPac synthesis. Limnol.
Oceanogr. 42, 405–418.

Legendre, L., Rassoulzadagen, F., 1995. Plankton and nutrient dynamics in coastal waters.
Ophelia 41, 153–172.

Liu, C.W., Lin, K.H., Kuo, Y.M., 2003. Application of factor analysis in the assessment of
groundwater quality in a Blackfoot disease area in Taiwan. Sci. Total Environ. 313,
77–89.

Liu, J., Fu, B., Yang, H., Zhao, M., He, B., Zhang, X.H., 2015. Phylogenetic shifts of
bacterioplankton community composition along the Pearl Estuary: the potential im-
pact of hypoxia and nutrients. Front. Microbiol. 6, 1–13.

Lu, Z., Gan, J., 2015. Controls of seasonal variability of phytoplankton blooms in the Pearl

W
at

er
 c

ol
um

n

24

26

28

30

32

Te
m

pe
ra

tu
re

 (º
C

)

Rainfall

34

October
(DS) (ME, US)

Nov-DecMar-Apr rebmetpeS-enuJyaMyraurbeFTemperature 

Well mixed Well mixedWell mixedStratified
(Thermal)

Stratified
(haline)

Stratified
(haline)

Stratified
(haline)

Water column
characteristics 

(DS, ME, US) (DS, ME, US )SU,EM,SD()SU,EM,SD()

H
ig

h 
fre

sh
w

at
er

 
di

sc
ha

rg
e

High nutrients

(DS, ME, US)
January

Moderate nutrientsAccumulated 
nutrientsModerate nutrients

High rainfall

Low rainfall

Low solar radiation
High solar radiation

Highest biomassHigh biomass Low biomass edoMssamoibetaredoMssamoibhgiH rate biomass Moderate biomass
(DS)

Lowest >3 μm chl a biomass
Seawater

FreshwaterHighest >3 μm chl a biomass

Lowest <3 μm chl a biomass

Highest <3 μm chl a biomass

Fig. 10. Schematic representation of the temporal and spatial variations in< 3 μm and>3 μm chl a biomass in the Zuari estuary (DS-Downstream, ME-middle
estuary, US-Upstream).

K.M. Rajaneesh et al. Estuarine, Coastal and Shelf Science 207 (2018) 325–337

336

http://refhub.elsevier.com/S0272-7714(17)30790-4/sref1
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref1
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref1
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref2
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref2
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref2
https://doi.org/10.1128/AEM.03317-16
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref4
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref4
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref4
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref5
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref5
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref6
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref6
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref6
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref7
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref7
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref7
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref7
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref8
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref8
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref8
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref9
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref9
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref9
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref10
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref10
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref10
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref11
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref11
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref11
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref12
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref12
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref13
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref13
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref13
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref14
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref14
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref15
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref15
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref16
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref16
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref17
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref17
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref17
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref18
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref18
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref18
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref19
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref19
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref20
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref20
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref20
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref21
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref21
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref21
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref22
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref22
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref23
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref23
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref23
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref24
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref24
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref24
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref24
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref25
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref25
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref25
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref25
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref26
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref26
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref27
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref27
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref27
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref28
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref28
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref28
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref29


River Estuary. Deep-Sea Res. Pt II 13, 86–96.
Madhu, N.V., Jyothibabu, R., Balachandran, K.K., 2009. Monsoon-induced changes in the

size fractionated phytoplankton biomass and production rate in the estuarine and
coastal waters of southwest coast of India. Environ. Monit. Assess. 166, 521–528.

Madhu, N., Jyothibabu, R., Balachandran, K., Honey, U., Martin, G., Vijay, J., Shiyas, C.,
Gupta, G., Achuthankutty, C., 2007. Monsoonal impact on planktonic standing stock
and abundance in a tropical estuary (Cochin backwaters–India). Estuar. Coast Shelf
Sci. 73, 54–64.

Manoj, N., Unnikrishnan, A., 2009. Tidal circulation and salinity distribution in the
Mandovi and Zuari estuaries: case study. J. Waterw. Port, Coast. 135, 278–287.

Marshall, H.G., 2009. Phytoplankton of the york river. J. Coast Res. 57, 59–65.
Mitbavkar, S., Patil, J.S., Rajaneesh, K.M., 2015. Picophytoplankton as tracers of en-

vironmental forcing in a tropical monsoonal bay. Microb. Ecol. 7, 1–18.
Mitbavkar, S., Rajaneesh, K.M., Anil, A.C., Sundar, D., 2012. Picophytoplankton com-

munity in a tropical estuary: detection of Prochlorococcus-like populations. Estuar.
Coast Shelf Sci. 107, 159–164.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403, 853–858.

Nair, V.R., 1980. Production and associations of zooplankton in estuarine and nearshore
Waters of Goa. Indian J. Mar. Sci. 9, 116–119.

Padmavati, G., Goswami, S.C., 1996. Zooplankton ecology in the Mandovi-Zuari estuarine
system of Goa, west coast of India. Indian J. Mar. Sci. 25, 268–273.

Paerl, H.W., Valdes, L.M., Peierls, B.L., Adolf, J.E., Harding Jr., L., 2006. Anthropogenic
and climatic influences on the eutrophication of large estuarine ecosystems. Limnol.
Oceanogr. 51, 448–462.

Parsons, T., Maita, Y., Lalli, C., 1984. A Manual of Chemical and Biological Methods for
Seawater Analysis, vol. 173 Pergamon Press, Oxford.

Partensky, F., Hess, W., Vaulot, D., 1999. Prochlorococcus, a marine photosynthetic pro-
karyote of global significance. Microbiol. Mol. Biol. Rev. 63, 106–127.

Patil, J.S., Anil, A.C., 2011. Variations in phytoplankton community in a monsoon-in-
fluenced tropical estuary. Environ. Monit. Assess. 182, 291–300.

Patil, J.S., Anil, A.C., 2015. Effect of monsoonal perturbations on the occurrence of
phytoplankton blooms in a tropical bay. Mar. Ecol. Prog. Ser. 530, 77–92.

Qasim, S.Z., 2003. Indian Estuaries, vol. 259 Allied publishers.
Qasim, S., Sen Gupta, R., 1981. Environmental characteristics of the Mandovi-Zuari es-

tuarine system in Goa. Estuar. Coast Shelf Sci. 13, 557–578.
Qiu, D., Huang, L., Zhang, J., Lin, S., 2010. Phytoplankton dynamics in and near the

highly eutrophic pearl river estuary, south China sea. Continent. Shelf Res. 30,
177–186.

Rajaneesh, K.M., Mitbavkar, S., 2013. Factors controlling the temporal and spatial var-
iations in Synechococcus abundance in a monsoonal estuary. Mar. Environ. Res. 92,

133–143.
Ram, A., 2002. Studies on the Role of Bacteria in the Assimilation of Organic Inputs in

Coastal Waters. Ph.D. dissertation. Goa University, Goa, India, pp. 49–50
(chapter 4).

Ray, R.T., Haas, L.W., Sieracki, M.E., 1989. Autotrophic picoplankton dynamics in a
Chesapeake Bay sub-estuary. Mar. Ecol. Prog. Ser. 52, 273–285.

Richardson, T.L., Jackson, G.A., 2007. Small phytoplankton and carbon export from the
surface ocean. Science 315, 838–840.

Rodriguez, F., Chauton, M., Johnsen, G., Andresen, K., Olsen, L.M., Zapata, M., 2006.
Photoacclimation in phytoplankton: implications for biomass estimates, pigment
functionality and chemotaxonomy. Mar. Biol. 148, 963–971.

Sarma, V.V.S.S., Viswanadham, R., Rao, G.D., Prasad, V.R., Kumar, B.S.K., Naidu, S.A.,
Kumar, N.A., Rao, D.B., Sridevi, T., Krishna, M.S., Reddy, N.P.C., 2012. Carbon di-
oxide emissions from Indian monsoonal estuaries. Geophys. Res. Lett. 39, 1239–1242.

Sarma, V.V.S.S., Gupta, S., Babu, P., Acharya, T., Harikrishn achari, N., Vishnuvardhan,
K., Rao, N., Reddy, N., Sarma, V., Sadhuram, Y., 2009. Influence of river discharge on
plankton metabolic rates in the tropical monsoon driven Godavari estuary, India.
Estuar. Coast Shelf Sci. 85, 515–524.

Shetye, S., Murty, C., 1987. Seasonal variation of the salinity in the Zuari estuary, Goa,
India. J. Earth Syst. Sci. 96, 249–257.

Shetye, S., Shankar, D., Neetu, S., Suprit, K., Michael, G., Chandramohan, P., 2007. The
Environment that Conditions the Mandovi and Zuari Estuaries. The Mandovi and
Zuari Estuaries. NIO, Dona Paula, Goa, India, pp. 29–38.

Sin, Y., Wetzel, R.L., Anderson, I.C., 2000. Seasonal variations of size fractionated phy-
toplankton along the salinity gradient in the York River estuary, Virginia (USA). J.
Plankton Res. 22, 1945–1960.

Sreekanth, G.B., Lekshmi, N.M., Chakraborty, S.K., Jaiswar, A.K., Singh, N.P., 2017.
Seasonal fish species composition, catch rate and catch value in the small scale
fishery of a tropical monsoon estuary along southwest coast of India. J. Environ. Biol.
38, 81.

Stolte, W., Riegman, R., 1995. Effect of phytoplankton cell size on transient-state nitrate
and ammonium uptake kinetics. Microbiology 141, 1221–1229.

Tamigneaux, E., Legendre, L., Klein, B., Mingelbier, M., 1999. Seasonal dynamics and
potential fate of size-fractionated phytoplankton in a temperate nearshore environ-
ment (Western Gulf of St Lawrence, Canada). Estuar. Coast Shelf Sci. 48, 253–269.

Vijith, V., Sundar, D., Shetye, S., 2009. Time-dependence of salinity in monsoonal estu-
aries. Estuar. Coast Shelf Sci. 85, 601–608.

Xia, X., Vidyarathna, N.K., Palenik, B., Lee, P., Liu, H., 2015. Comparison of the seasonal
variations of Synechococcus assemblage structures in estuarine waters and coastal
waters of Hong Kong. Appl. Environ. Microbiol. 81, 7644–7765.

K.M. Rajaneesh et al. Estuarine, Coastal and Shelf Science 207 (2018) 325–337

337

http://refhub.elsevier.com/S0272-7714(17)30790-4/sref29
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref30
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref30
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref30
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref31
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref31
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref31
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref31
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref32
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref32
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref33
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref34
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref34
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref35
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref35
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref35
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref36
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref36
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref37
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref37
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref38
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref38
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref39
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref39
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref39
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref40
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref40
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref41
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref41
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref42
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref42
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref43
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref43
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref44
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref45
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref45
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref46
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref46
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref46
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref47
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref47
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref47
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref48
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref48
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref48
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref49
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref49
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref50
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref50
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref51
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref51
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref51
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref52
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref52
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref52
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref53
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref53
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref53
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref53
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref54
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref54
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref55
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref55
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref55
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref56
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref56
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref56
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref57
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref57
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref57
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref57
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref58
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref58
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref59
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref59
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref59
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref60
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref60
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref61
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref61
http://refhub.elsevier.com/S0272-7714(17)30790-4/sref61


at SciVerse ScienceDirect

Estuarine, Coastal and Shelf Science 107 (2012) 159e164
Contents lists available
Estuarine, Coastal and Shelf Science

journal homepage: www.elsevier .com/locate/ecss
Short communication

Picophytoplankton community in a tropical estuary: Detection of
Prochlorococcus-like populations

Smita Mitbavkar, K.M. Rajaneesh, A.C. Anil*, D. Sundar
Council of Scientific and Industrial Research, National Institute of Oceanography, Dona Paula, Goa 403 004, India
a r t i c l e i n f o

Article history:
Received 9 February 2011
Accepted 5 May 2012
Available online 16 May 2012

Keywords:
Zuari estuary
neap tide
picophytoplankton
Prochlorococcus-like cells
spring tide
Synechococcus

Regional index terms:
India
Goa
Zuari estuary
* Corresponding author.
E-mail address: acanil@nio.org (A.C. Anil).

0272-7714/$ e see front matter � 2012 Elsevier Ltd.
doi:10.1016/j.ecss.2012.05.002
a b s t r a c t

The influence of hydrography on the picophytoplankton (PP) abundance in estuaries was studied by
sampling along a salinity gradient for the first time in an Indian estuary. Prochlorococcus-like cells were
detected at salinities ranging from 0.06 to 35, which otherwise is reported from offshore regions, thereby
showing that this group is capable of surviving in estuarine waters. PP also comprised picoeukaryotes
and two groups of Synechococcus, one rich in phycoerythrin (SYN-PE) and other in phycocyanin (SYN-PC).
Salinity played an important role in the picophytoplankton distribution. SYN-PE was represented by two
sub-groups, one which was found only in saline waters (SYN-PEII) and the other throughout the salinity
gradient (SYN-PEI). SYN-PEI and SYN-PC dominated downstream and upstream, respectively but were
present throughout the salinity gradient unlike in other estuarine regions. Picoeukaryotes abundance
showed an increasing trend from saline to brackish water and decreased in freshwater. The entry of
seawater into the estuary regulated SYN-PE and Prochlorococcus-like cells downstream whereas their
higher abundance in freshwater could be due to different strains of freshwater origin. The average
contribution of PP to the total photosynthetic biomass during spring and neap tides was 43% and 29%
respectively, which highlights the importance of PP in estuaries.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Picophytoplankton (PP;<2 mm), the smallest group representing
the phytoplankton community, forms an integral part of the marine
microbial food web contributing substantially to primary produc-
tion especially in oligotrophic ecosystems (Campbell et al.,1998). PP
provides food for many protists, large zooplankton and small
invertebrates (Richardson and Jackson, 2007;Wilson and Steinberg,
2010). This acts as a pathway for the transfer of PP carbon to the
higher trophic levels as well as its vertical flux to the deep sea. PP
comprises of two cyanobacteria, Prochlorococcus and Synechococcus
and the picoeukaryotes. Discovery of Prochlorococcus (Chisholm
et al., 1988) was a breakthrough in biological oceanography
research since this is the smallest known phototrophic organism
that is capable of flourishing in the oligotrophic regions and the only
dominant photosynthetic group found in the waters as deep as
150e200 m (Partensky et al., 1999). Synechococcus and picoeukar-
yotes are abundant in coastalwaters as compared to oceanic regions
(Pan et al., 2005). Although Prochlorococcus is most abundant in
oligotrophic waters relative to the other photosynthetic
All rights reserved.
populations, it is by nomeans restricted to nutrient depletedwaters
(Partensky et al., 1999). Also this group was thought to be a truly
oceanic species, but there are fewreportswhich showtheir presence
in the estuaries, bay and riverine regions (Vaulot et al., 1990;
Shimada et al., 1995; Shang et al., 2007; Mitbavkar et al., 2009).
However, there is still a question about the existence/origin of this
group in such areas regarding whether they are passively advected
from the open oceans or they are capable of growth in these areas.

While the importance of PP is well documented in open oceans,
their role incoastalwaters isnot yetwell established,especially in the
tropical estuaries (Morán, 2007). Moreover, no information is avail-
able from the estuaries in the Arabian Sea, although a lot of infor-
mation is available on the larger groups such as diatoms and
dinoflagellates (Patil and Anil, 2008). The objective of this study was
to characterize the PP in the Zuari estuary in order to develop an
understanding of their prevalence and distribution along a salinity
gradient.

2. Materials and methods

The Zuari estuary is a tide-dominated coastal plain estuary
located in Goa, on the west coast of India and joins the Arabian Sea
in the North Indian Ocean. Themain channel of this estuary is about
50 km long and its cross-sectional area decreases towards the

mailto:acanil@nio.org
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upstream regions (0.5 km) with a width of w5.5 km at the mouth
(Shetye et al., 1995) and an average depth of 5 m (Sundar and
Shetye, 2005). The main estuarine channel receives freshwater
from a number of streams and rivers (Shetye, 1999). At about
11 km from the mouth, this estuary is joined by the Cumbarjua
canal. The general flow pattern in this canal is regulated by the
entry of seawater during the incoming tide and during the
outgoing tide the flow in the canal is reversed (Qasim and Sen
Gupta, 1981) leading to flushing of the estuarine system.
Compared to the monsoon season (June to September), November
to May is a dry season when the estuary receives comparatively
less river discharge and is vertically well mixed throughout the
length and the tidal influence reaches up to 50 km from themouth
(Shetye et al., 1995). The increase in elevation of the estuarine
channels prevents tides from propagating beyond this distance.
Tides in these estuaries are of the mixed semidiurnal type which
occurs twice a day raising and lowering the water level by about
2 m and the tidal ranges are about 2.3 and 1.5 m during the spring
and neap tides, respectively. Circulation in the channels is forced
by oscillatory tidal flow at the mouth and by river discharge at the
head (Shetye, 1999).

Ten stations (S) along the estuary were sampled during
December 2009 over spring tide (ST; 04 December) and neap tide
(NT; 29 December) (Table 1). Samples were collected from the
surface and near-bottom (NB) from S1 in the morning subse-
quently proceeding toward S10. At each station a secchi disk was
used to estimate the euphotic zone thickness. Temperature and
salinity were recorded in the water column using a conductivity-
temperature-depth (CTD) probe. Phytoplankton biomass was
estimated as total chlorophyll a concentration by filtering 500 ml
of seawater through GF/F which was then extracted in 90% acetone
overnight and analyzed with fluorometry (Parsons et al., 1984).
Water samples for PP analysis were fixed in paraformaldehyde
(0.2% final concentration), preserved in liquid nitrogen and later
stored at �80 �C until analysis.

For the PP analysis, a BD FACSAria� II flow cytometer equipped
with a blue (488 nm) and a red laser (633 nm) which can distin-
guish the red fluorescence excited by blue light (produced by
chlorophyll) and red light (produced by phycocyanin) was used.
Emitted light was collected through the following set of filters:
488/10 band pass (BP) for right angle light scatter (RALS; proxy for
cell size), 575/26 BP for orange fluorescence, 695/40 and 660/20 BP
for red fluorescence from chlorophyll (blue laser) and phycocyanin
(red laser), respectively. Fluorescent beads (2 mm for PP “Fluores-
brite”, polysciences) were used as internal standards and for
calibration of the above parameters.

Flow cytometry data were processed with the BD FacsDiva
software. PP groups were discriminated according to their specific
autofluorescence properties and RALS differences. The cellular
carbon content for the different PP groups was based on the cell
biovolume, estimated by the calibration method of Worden et al.
(2004), assuming the PP cells to be spherical. A biovolume to
carbon conversion factor of 254 fg C mm�3, 240 fg C mm�3 and
239 fg C mm�3 for Synechococcus (Baudoux et al., 2007), Pro-
chlorococcus-like cells and picoeukaryotes (Worden et al., 2004),
respectively was used. Linear regression was performed between
the PP abundance, temperature and salinity. In order to determine
the contribution of PP to the total phytoplankton biomass, the
latter was calculated from chl a using a carbon-to-chlorophyll ratio
of 40 (Gallegos, 2001).

3. Results

During ST and NT, sampling started at S1 during flood and ebb
tide, respectively. During ST, by the time S5 was sampled the tide
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had started receding and water from the Cumbarjua canal entered
the estuary resulting in a temperature and salinity change from this
point onwards (Table 1). From S9, lowest water temperature and
salinity were detected due to discharge from the Kushavati River.
The estuary was occupied by saline, brackish and freshwater during
ST from S1eS5, S6eS8 and S9eS10, respectively and during NT
from S1eS3, S4eS8 and S9eS10, respectively.

PP were encountered throughout the estuarine transect during
both tides and comprised of Prochlorococcus-like cells (PRO-like)
identified based on their smaller RALS and red autofluorescence,
two groups of Synechococcus, one rich in phycoerythrin (SYN-PE)
and the other rich in phycocyanin (SYN-PC), identified based on
their orange and red autofluorescence, respectively and picoeu-
karyotes (PEUK) identified based on their larger RALS and red
autofluorescence. The group of cells with a higher red auto-
fluorescence than the PEUK was identified as nanoeukaryotes
(NEUK) (Annex Table 1; Fig. 1).

SYN-PE group comprised of two sub-groups, onewith a lower PE
fluorescence (SYN-PEI) than the other (SYN-PEII). The latter group
was observed only up to S3 or S4 (Fig. 1). Their contribution to the
total PP abundance during both the tides ranged from 7 to 39%
(Fig. 2). SYN-PEI showed a decreasing trend up to S8 during both
tides and increased from S9 to S10. A significant variation was
observed between the surface and NB abundance during both the
tides (P � 0.01 and 0.001, respectively). Higher abundance was
observed in saline and freshwater. This group dominated during ST
at S1, S2 and S4 and during NT at S1 to S5 and S10. Their contri-
bution to the total PP abundance ranged from 35 to 75% in the
saline waters during ST and 58e95% during NT. The percentage
contribution decreased in brackish water and freshwater (5%e
39%) during both the tides except at S10 during NT. SYN-PC
abundance increased from seawater to freshwater stations during
both tides. The variations in abundance during both the tides
were not significant and their contribution to the total PP
abundance was low in saline waters (up to S5; 3e30%) and
increased from brackish to freshwater (34e75%) except at S10
during NT (15%). A clear spatial pattern was evident in the
distribution of SYN-PC and SYN-PE cells, where they were more
abundant upstream and downstream, respectively. There was
a sharp transition in dominance from SYN-PE to SYN-PC at
salinities <30 during ST and 25 during NT (Annex Fig. 2).

PRO-like cells showed significant variations between the
surface and NB abundance (P � 0.025 and 0.005, respectively).
During ST, their contribution to the total PP abundance ranged
from 35 to 46% and 24e27% where salinity was >31 and <0.5,
respectively, except at S4 (6e5%). At S7 and S8 (salinity: 8e18),
their concentrations were very low, representing <4% of the
total. During NT, their contribution to total was comparatively low
in saline waters (0.7e2%) and in brackish waters (2.8e3.7%)
whereas in freshwaters it was higher (10e14%). Although this
group was present at salinities ranging from 35 to 0.06, for the
marine samples, comparatively higher values of RALS (0.042e0.11)
and chlorophyll fluorescence (0.02e0.21) were observed than for
the brackish and freshwater (0.006e0.045 and 0.022e0.149,
respectively).

PEUK abundance increased from saline to brackish water and
decreased in freshwater. Highest abundance was found at S4,
contributing 33% to the total PP abundance. The variations in
surface and NB abundance during both the tides were not signifi-
cant. NEUK abundance was higher in brackish waters than in saline
and freshwaters. Their abundance in the surface waters was similar
to that of PEUK. Highest abundance was found at S6, contributing
28% to the total PP abundance. During ST, PP contribution to the
total photosynthetic biomass ranged from 11 to 85% whereas
during NT it ranged from 7 to 60% (Fig. 3).
During ST, temperature showed a significant negative correla-
tionwith SYN-PEI (r2¼ 0.61, P< 0.001) and PRO-like cells (r2¼ 0.36,
P< 0.01) while with PEUK (r2 ¼ 0.19, P� 0.05) and NEUK (r2¼ 0.24,
P < 0.05) it showed a positive correlation. Salinity showed
a significant positive correlation with SYN-PEII (r2 ¼ 0.27, P < 0.02)
and negative correlation with SYN-PC (r2 ¼ 0.87, P < 0.001). During
NT, salinity showed a significant negative correlation with abun-
dance of PRO-like cells (r2 ¼ 0.66, P < 0.001), SYN-PC (r2 ¼ 0.59,
P < 0.001), PEUK (r2 ¼ 0.81, P < 0.001) and NEUK (r2 ¼ 0.63,
P < 0.001) whereas it showed a positive correlation with SYN-PEII
(r2¼ 0.41, P< 0.01). Temperature also showed a significant negative
correlationwith PRO-like cells (r2¼ 0.63, P< 0.001), PEUK (r2 ¼ 0.3,
P < 0.01) and NEUK (r2 ¼ 0.47, P < 0.001).

4. Discussion

Since sampling at S1 startedwhen the STandNTwere at its peak,
the sampling at the subsequent stations was not tidally synchro-
nized. Hence the samples, especially fromupstreamwere not typical
for the tide assigned. The estuarine circulation played an important
role in structuring the community in estuaries because of their
dynamic nature as compared to open oceans. Clustering of PP
abundance data showed that under calm condition (NT) the estuary
was less disturbed when compared to the ST (Annex Fig. 3). There
was a clear spatial gradient in the distribution of the PE-rich and PC-
rich cells with the formermore abundant downstreamand the latter
upstream. Such a distributionpatternhas also been reported in other
estuaries. Murrell and Lores (2004) reported that the SYN-PC cells
were an order of magnitude higher in abundance at the upstream
end of the estuary to SYN-PE which decreased dramatically as
salinity changed fromw20 to 28. The PC:PE ratio ofw11 observed in
the Zuari estuary illustrates the importance of SYN-PC in estuarine
systems. Although it is recognized that SYN-PC cells are not observed
in oceanic systems, little attention has been accorded to the effect of
salinity on the distribution of SYN. Waterbury et al. (1986) reported
that SYN-PE cells have an obligate requirement for elevated
concentrations of ionswhilemarine SYN isolates that lack PE are halo
tolerant and grow equally well in seawater or freshwater. However,
in this study we observed two sub-groups of SYN-PE, one which is
found only in saline waters and the other throughout the salinity
gradient, although in low numbers in the brackish waters. Also,
although a shift in dominance was observed between SYN-PEI and
SYN-PC groups where each of these groups had a separate ecological
niche, they were present throughout the salinity gradient and did
not completely disappear as reported in some estuarine regions
(Haas and Pearl, 1988). The PC:PE ratio shows that while the
upstream end of the estuary is the source for SYN-PC, for SYN-PEI it is
the downstream end. The significant negative correlation observed
between SYN-PC and salinity was consistent with the observation of
an increasing PC:PE ratio progressing upstream which showed that
low salinity favored the growth of SYN-PC. However, such a signifi-
cant negative relation was not observed between SYN-PEI and
salinity because its abundance declined only in brackish water. Such
a pattern can arise due to the presence of two different strains of
SYN-PE abundant in saline and freshwater, which are physiologi-
cally/genetically different and cannot flourish in brackish water.

Only a few estuarine regions have reported the presence of PRO-
like cells in low saline waters. Maximum surface PRO-like cell
concentrations were similar to that found in the Rhone River of the
Mediterranean Sea up to a salinity of 1.2 (Vaulot et al., 1990), Mis-
sissippi River plume (Jochem, 2003), Suruga Bay, Japan and
Changjiang estuary, China at salinities >20 whereas it was two
orders of magnitude lower than that recorded in the Australian
coastal lagoon within a salinity range of 1.77e3.54 and >15. In the
present study, although PRO-like cells were present at salinities
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Fig. 1. Distribution of picophytoplankton groups along the Zuari estuary during the spring and neap tide.
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ranging from 35 to 0.06, differences in their RALS signals and
chlorophyll fluorescence is an indication that the cells could be
taxonomically and/or physiologically different. Low temperatures
are unfavorable for the growth of PRO-like cells, with its presence
recorded at the lowest surface temperature of about 10 �C and
highest of 30 �C in warm equatorial oceanic regions (Partensky
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et al., 1999). The temperature in the Rhone River, Suruga Bay,
Changjiang estuary and in the present study area was within the
range for its growth. Nutrient enrichment experiments in the Zuari
estuary have shown that PRO-like cells cannot only survive but also
grow in these waters (S. Mitbavkar, unpublished data). These
observations suggest that PRO-like cells possess capabilities to
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survive in high temperature and low saline estuarine waters.
However, these results have to be confirmed through pigment
analysis or genetic finger printing. Previous studies based on
phytoplankton pigments along the southwest coast of India did not
report PRO-like cells (Roy et al., 2006) which could be due to their
low abundance compared to that in oceanic regions (Campbell
et al., 1998). Another reason could be the type of filter paper used
for sample collection where there is a possibility of losing the small
sized cells. Earlier studies have reported 0.2 mm nylon membranes
(Whatman) to be the most suitable for retention of picophyto-
plankton (Knefelkamp et al., 2007). Taking this observation into
consideration, in this study, the total phytoplankton biomass may
be underestimated as GF/F was used.

The correlations between environmental parameters and PP
abundance may not be a causal one. However, their distribution
pattern could be influenced by the entry of water from the Cum-
barjua canal into the estuary resulting in flushing out of SYN-PE and
PRO-like cells and influx of SYN-PC and PEUK. The rise in SYN-PE,
SYN-PC and PRO-like cells at S9 could be due to the Kushavati River
discharge. A decrease in the total abundance at S4 was a result of
the high turbidity which impacted PRO-like cells the most.

The proposition that PRO-like cells can be brought to the coastal
regions from the offshore regionsmayexplain their higher numbers
during ST (up to S5) than during NT. During ST, saline waters (>30
salinity) were present up to S5 whereas during NT, the tide was
already receding. The difference in cell abundance between the two
tides indicates that the entry of seawater regulates the population
at the estuary mouth. However, the role of other factors such as
nutrients and grazing, which were not monitored in the present
study, cannot be overlooked. The higher abundance in freshwater
during both the tides are probably represented by different strains
having its origin from the freshwaters. The occurrence of PRO-like
cells and SYN-PE groups along the salinity gradient may indicate
presence of different strains which have specific salinity thresholds.
This aspect should be confirmed through experimental studies on
pure cultures in order to understand their physiology. The average
contribution of PP to the total photosynthetic biomass was close to
the values reported for other estuaries (Gaulke et al., 2010).
However, unlike other estuaries, PP contributionwas generally high
when the total biomass was low. Similar results have been reported
from the monsoonal Arabian Sea (Goericke, 2002) where diatoms
and PP dominated the phytoplankton biomass at high and low
concentrations of total chl a, respectively.
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Temporal and spatial variations in Synechococcus abundance were investigated over an annual cycle
(February’10eJanuary’11) along a salinity gradient (0e35) in the tropical Zuari estuary, influenced by
south-west monsoons. Synechococcus exhibited salinity preferences with phycoerythrin-rich cells at
salinities >2 (Synechococcus-PEI), >20 (Synechococcus-PEII) and <1 (Synechococcus-PEIII) whereas
phycocyanin-rich (Synechococcus-PC) dominant at lower salinities. Downstream stratification during
monsoon caused Synechococcus group segregation in the surface and near-bottom waters. During
monsoon-break and non-monsoon period stabilized waters, increased salinity, temperature, solar radi-
ation and low rainfall favored high Synechococcus abundance whereas unstable waters, increased
turbidity and low solar radiation during active monsoon lowered abundance. SYN-PC positively co-
related with nitrate and phosphate and SYN-PEI with phosphate. Synechococcus contribution to phyto-
plankton carbon biomass ranged from 9 to 29%. In monsoonal estuaries, rainfall intensity regulates
freshwater runoff which modulates the estuarine environment, creating temporalespatial niche segre-
gation of Synechococcus groups thereby serving as indicator organisms of the estuarine hydrodynamics.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Picophytoplankton (PP; <3 mm) have been recognized as sig-
nificant contributors to the total phytoplankton biomass and
primary production in marine (Platt et al., 1983) and freshwater
ecosystems (Paerl, 1977). PP comprises two major groups of cya-
nobacteria, Prochlorococcus and Synechococcus (SYN) and small
eukaryotes known as picoeukaryotes. Prochlorococcus is abundant
in oligotrophic waters whereas picoeukaryotes are abundant in
coastal waters. SYN proliferates in well-lit, eutrophic coastal eco-
systems (Jochem, 1988) and are present in comparatively lower
numbers in oligotrophic open ocean waters at temperatures
ranging from 2 �C to 30 �C from tropic, subtropic, temperate and
Polar Regions (Partensky et al., 1999). Based on phycobilisome
composition, two groups of SYN have been identified in estuarine
ecosystems; one rich in phycoerythrin (PE) and the other in
phycocyanin (PC). These studies revealed that PE rich SYN domi-
nates higher saline waters whereas PC rich SYN are abundant in
lower saline waters (Murrell and Lores, 2004). Sub-groups of PE
rich SYN were also detected in the Mississippi river plume (Liu
: þ91 832 2450615.
).

ll rights reserved.
et al., 2004), Pearl River estuary (Lin et al., 2010) and the Zuari
estuary (Mitbavkar et al., 2012) implying the importance of
salinity on the distribution of the SYN groups. PP plays an
important role in the microbial loop by forming the base of food
chain and serving as food for many protists and small in-
vertebrates species (Azam, 1983; Pomeroy, 1974). This carbon
transfer through microbial food web creates the important
connection between PP and higher trophic levels (Chiang et al.,
2013). Studies on PP are well established in the Pacific and
Atlantic Oceans whereas comparatively in the Indian Ocean only a
few observations have been made (Brown et al., 1999; Campbell
et al., 1998). Apart from the open ocean, the importance of PP in
coastal regions is now being highlighted (Mitbavkar et al., 2012;
Murrell and Lores, 2004).

Estuaries are one of the most productive natural habitats in the
world which show wide variation of hydrological characteristics
depending on the inputs from upstream rivers. The excess amount
of nutrients available in estuarine ecosystems favor the rapid
growth of phytoplankton (Madhu et al., 2009; Qiu et al., 2010).
Several studies on phytoplankton and PP have been conducted in
estuarine region encompassing brackish water to seawater with a
wide salinity range (2e35). These studies suggest that salinity plays
an important role in the spatial distribution of PP groups (Murrell
and Lores, 2004; Ray et al., 1989) and also highlights that PP are
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Fig. 1. Location of the study area.

Table 1
Details of sampling stations in the Zuari estuary.

Station
no.

Station name Latitude Longitude Distance from
mouth (km)

Approximate
depth (m)

1 Marmugao 15� 250 16.900 73� 470 36.900 0 16
2 Chicalim 15� 250 8.500 73� 470 22.400 5.8 5
3 Island 15� 250 57.400 73� 470 57.000 8.6 5
4 Sancoale 15� 250 45.100 73� 470 30.600 11 7.1
5 Cortalim 15� 250 32.000 73� 470 50.200 13 9.6
6 Loutulim 15� 250 54.000 73� 470 24.400 19.7 10.5
7 Borim 15� 250 03.600 73� 470 58.000 23.9 12.9
8 Shiroda 15� 250 12.300 73� 470 55.500 31.4 9.1
9 Kushavati 15� 250 31.700 73� 470 28.300 38.4 9.9
10 Sanvordem 15� 250 01.100 73� 470 36.000 42.2 4.9
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the major component of the phytoplankton community contrib-
uting substantially to the total biomass and primary production in
estuarine region of subtropical (Sin et al., 2000) and temperate
estuaries (Ning et al., 2000). In tropical estuarine regions studies
have mostly focused on larger phytoplankton wherein hydrology
and nutrients were indicated as the major dynamic factors influ-
encing the phytoplankton biomass and composition (Costa et al.,
2009). However, there are few studies on PP especially SYN distri-
bution in tropical and subtropical estuarine and coastal environ-
ments (Lin et al., 2010; Qiu et al., 2010).

In the tropics, estuaries influenced by monsoons support pro-
ductive fisheries, which in turn are sustained via a healthy food
chain supported by a strong foundation, the phytoplankton. There
are few studies conducted on PP in monsoonal estuaries. These
findings showed that increase in freshwater discharge influences
the PP growth (Lin et al., 2010; Qiu et al., 2010). Such areas serve as
good model ecosystems for studying the dynamics of PP on tem-
poral and spatial scales. For the first time we have studied the
distribution of this organism in a monsoonal estuary where the
tides and freshwater runoff regulate the hydrodynamics on an
annual scale and also where short spells of breaks in monsoon are
experienced during the monsoon season. The aim of the present
study was to assess whether the distribution of SYN, the most
dominant PP group, is determined by the temporal and spatial
variations in environmental factors regulated by the freshwater
runoff. We hypothesize that SYN population structure is influenced
by both, the temporal and spatial variations in environmental fac-
tors, with low abundance during monsoon and dominance of
different groups along the salinity gradient. As such SYN groups can
serve as indicator organisms in estuarine regions depicting the
hydrodynamics across the estuary.
2. Materials and methods

2.1. Study area

Sampling was carried out in the Zuari estuary (Goa) located
along the central west coast of India (Fig. 1, Table 1). It is one of the
major estuaries of Goa and important for agriculture, fisheries and
transportation of mines (iron and manganese ore). It originates at
Hemad-Barshen in the Western Ghats and flows up to Arabian Sea
with a length of 65 km. It’s cross sectional area decreases from the
mouth to head. This location experiences three seasons: the pre-
monsoon (PrM; February eMay), the southwest monsoon (MON;
JuneeSeptember) and the post-monsoon (PoM; OctobereJanuary).
During the study period, a total of 3723.5 mm rainfall was recorded
which was relatively higher than that in previous years (Indian
Meteorological Department). Out of that, w92% of precipitation
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occurred during the southwest MON. Consequently during MON,
the main channel receives huge amounts of riverine freshwater
through Kushavathi, Sanguem Rivers and small streams at many
points along its length. This creates a river runoff exceeding
400m3 s�1 whereas rest of the year freshwater runoff is<10m3 s�1

(Shetye and Murty, 1987). Tides occur in this estuary up to a dis-
tance of about 50 km and the increase in the elevation of the
estuarine channel prevents tides from propagating beyond this
distance (Shetye, 1999). Average depth of this estuary isw5 mwith
the catchment area of 550 km2. Tides are semidiurnal, with the
highest height of 2.3 m during spring tide and w1 m during neap
tide (Manoj and Unnikrishnan, 2009). Cumbarjua canal, which is at
about 11 km distance from the mouth of the estuary, connects the
Zuari estuary to the adjacent Mandovi estuary and is also involved
in the regulation of the water flow (Qasim and Sen Gupta, 1981).

2.2. Sampling

Monthly sampling was carried out in the Zuari estuary from
February 2010 to January 2011 (Table 1). Surface and near-bottom
water (NBW) samples were collected from 10 stations with a Nis-
kin sampler (Fig. 1). Vertical profiles of temperature and salinity
were determined using portable seabird CTD (SBE 19 plus). Water
transparency was measured with a secchi disk (SD). Rainfall data
for the study period were acquired from the Indian Meteorological
Department (IMD) (Table 2). Chlorophyll a (chl a) was measured
following standard methods (Parsons et al., 1984). Nutrients (ni-
trate (NO3eN), phosphate (PO4eP), nitrite (NO2eN) and silicate
(SiO4)) were analyzed by SKALAR SANplus ANALYSER. For PP,
seawater samples were preserved with paraformaldehyde (0.2%
final concentration), quick frozen in liquid nitrogen and stored
at �80 �C until analysis.

2.3. Flow cytometric analysis of Synechococcus

Prior to analysis, frozen samples were thawed and then
analyzed by a flow cytometer (FACS Aria II) equipped with blue
(488 nm) and red (630 nm) lasers. Forward angle light scatter
(FALS), right angle light scatter (RALS), red fluorescence from
chlorophyll (>650 nm) and phycocyanin (630 nm) and orange
fluorescence from phycoerythrin (564e606 nm) were recorded
from each particle after excitation by lasers. Data obtained was
processed with the BD FacsDiva (Version 6.2) software. The
different SYN groups present in the sample could be discriminated
according to their specific fluorescence and scattering properties.
Yellow green latex beads of 2 mm (polysciences co., USA) were
added to the sample as internal standards to calibrate cell fluo-
rescence emission and light scatter signals, which allowed com-
parison of fluorescence and cell size among different samples.
Table 2
Rainfall data for the sampling days.

Sr no. Sampling dates Rainfall (mm)

1 29-Jan-10 0
2 03-Mar-10 0
3 01-Apr-10 0
4 29-Apr-10 0
5 27-Jun-10 57.8
6 13-Jul-10 0.2
7 11-Aug-10 51.7
8 17-Sep-10 69.8
9 23-Oct-10 55.4
10 06-Nov-10 3
11 06-Dec-10 0
12 10-Jan-11 0
Based on flow cytometric signatures, two groups of SYN were
distinguished: one rich in phycoerythrin (SYN-PE) and the other in
phycocyanin (SYN-PC) throughout the study period. RALS and FALS
(proxy for cell size) signals revealed that the cell size of SYN-PC is
bigger than SYN-PE whereas chlorophyll fluorescence is compara-
ble with SYN-PE (Fig. 2). The SYN-PE group was further differenti-
ated into 2 subgroups based on the phycoerythrin fluorescence
intensity and was designated as SYN-PEI which had a lower fluo-
rescence intensity and SYN-PEII with a comparatively higher fluo-
rescence intensity. Another group of SYN-PE whose flow
cytrometric signatures were similar to SYN-PEI but which was
found only in freshwater was designated as SYN-PEIII.

2.4. Carbon biomass estimation

Phytoplankton carbon biomass was derived from chl a using a
carbon to chlorophyll ratio of 40 (Gallegos, 2001). Choice of this
value was based on the fact that the dominant species of diatoms in
our study area (Patil and Anil, 2011) were similar to that found in
Chesapeake Bay (Marshall et al., 2009).

For calculating the SYN carbon biomass, initially RALS data was
converted to cell diameter as explained by Worden et al. (2004).
Subsequently, the cell diameter was used to estimate the bio-
volume using the equation, V ¼ p/6 (d3), assuming SYN cells to be
spherical. Factors for different SYN groups were derived from the
biovolume to carbon conversion factor of 254 fg C mm�3 (Baudoux
et al., 2007). From these estimates, the percentage contribution of
SYN to the total phytoplankton carbon biomass was calculated.

2.5. Data analysis

Three-way analysis of variance (ANOVA) was used to assess the
significant temporal and spatial variations in cell abundance
(log(x þ 1)) of the SYN groups. Principal component analysis (PCA)
was performed for the environmental data to identify the key
factors which influence the SYN groups. Principal components
(PC’s) having eigenvalues greater than 1 were considered for
further analysis. Stepwise multiple linear regression analyses were
performed between factor scores of PC’s and cell abundance
(log(x þ 1)) of different SYN groups to evaluate the possible factors
that affect the SYN abundance. Above statistical analysis was per-
formed using SPSS statistics 16.0 with the significance level of 0.05.
Statistica 8 software was used to find the significance among
environmental factors, SYN carbon biomass (%), phytoplankton
carbon biomass and SYN-PC: SYN-PE.

3. Results

3.1. Environmental parameters

During PrM, surface water temperature wasw27 �C in February
and increased gradually to 33 �C in May. Correspondingly, seawater
intrusion towards the upstream also increased during this period
(Fig. 3g and h). After onset of MON (June), a drop in surface water
temperature (<28 �C) and salinity (<21) was observed. During
MON the estuary was stratified downstream, with strong stratifi-
cation in August up to S5 (Fig. 3i and j). In July, when rainfall was
low, rise in temperature (29 �C) and salinity (26) was detected at S1.
During PoM, temperature was low (<27 �C) (Fig. 3e and f). In
October the estuary was stratified as a result of continuing rainfall
until November (Table 2). Subsequently (December and January)
salinity started increasing as a consequence of cessation in rainfall.
There was not much difference in temperature and salinity be-
tween surface and NBW during PrM and PoM (except in October).
The seasonal trend of chl a concentration (surface and NBW) was
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PrM < PoM < MON. During PrM, chl a concentration increased
along the transect with highest value upstream (3.03 mg l�1). Dur-
ing MON the trend was reversed with highest value downstream
(<12 mg l�1). Chl a concentration was higher in surface waters in
August as compared to NBW whereas the reverse was observed in
September (Fig. 3o and p). Chl a concentration peaked in January
and November with slightly lower concentration in NBW (Fig. 3q
and r). During MON, nitrate (22e37.71 mM) and phosphate (3e
7.48 mM) concentrations were high. Nitrate concentration showed a
decreasing trend from mouth to head of the estuary with higher
values at surface than that in the NBW whereas phosphate showed
an opposite trend (Fig. 4c, d, i and j). Nitrate and phosphate peaked
in May (13.32 mM) and April (4.78 mM). During rest of the months,
concentrations in surface and NBW were low (Fig. 4aei). Nitrite
concentration was high in April and May at S6 (Fig. 4m and n) and
lowest during MON (Fig. 4o and p). Silicate concentrations showed
an increasing trend from downstream to upstream of the estuary
except during MON season (Fig. 4sex). Silicate concentrations were
highest in September (44.54e155.29 mM).

3.2. Temporal and spatial variation of Synechococcus

Cell abundance of all SYN groups showed distinct temporal
variations. Three-way ANOVA indicated significant monthly
(p < 0.001) and spatial (p < 0.01) variations in all SYN groups
whereas vertical variation was not significant within the stations.
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SYN-PEI abundance in the surface and NBW was highest in
February at the mouth of the estuary (0.97 � 105 cells ml�1) and
reduced further upstream. Cell abundance reduced from March to
May with a peak at S8 (Fig. 5a and b). It declined further by an order
of magnitude after onset of MON (June) in surface and NBW and
increased in July up to S5 (Fig. 5c and d). Subsequently, abundance
decreased in August and increased in September (Fig. 5c and d). At
the beginning of the PoM (October), abundance was high up to S5
with higher abundance in the NBW (Fig. 5e and f). From November
to January, cell abundance was low (<0.25 � 105 cells ml�1). SYN-
PEII showed a decreasing trend from mouth to middle of the es-
tuarywhere salinity was>20. Monthly variationwas very similar to
SYN-PEI with lower abundance except during PoM (Fig. 5gel).
During PoM, cell abundance at the mouth of the estuary was
w0.5 � 105 cells ml�1 (surface and NBW), which was higher than
SYN-PEI abundance. During Mon, NBW cell abundance was higher
than that at the surface. SYN-PEIII was observed at the upstream
end (S9 and S10) during PrM (Fig. 5m and n). After the onset of
MON, abundance declined in surface and NBWand it was observed
from middle of the estuary where salinity was <0.5. Low (surface
and NBW; <0.07 � 105 cells ml�1) abundance during MON,
continued in the PoM season (October) (Fig. 5o and p). From
November, abundance started increasing (>0.13 � 105 cells ml�1).
SYN-PC showed an increasing trend from mouth to head of the
estuary in surface and NBW. Abundance was high during PrM with
highest abundance recorded in the NBW of S10 (1 �105 cells ml�1)
in May. With the onset of MON, cell abundance declined (Fig. 5u
and v) and later increased in July (w0.34 � 105 cells ml�1) in the
middle of the estuary in surface and NBW. In August, it increased
(0.39 � 105 cells ml�1) at the estuary mouth (surface) with a
decreasing trend upstream whereas in the NBW abundance was
low. During PoM, distribution trend was similar to PrM with
comparatively lower abundance in surface and NBW (5w and x).

3.3. Influence of environmental factors on Synechococcus

The total SYN abundance showed a significant positive correla-
tion with temperature (Fig. 6a). When plotted against salinity, SYN-
PE and SYN-PC distribution showed a clear spatial pattern (Fig. 6b)
wherein PC cells were abundant in the low saline waters whereas
the PE cells were abundant in the high saline waters. The seasonal
cycle of salinity also influenced SYN abundance in the Zuari estuary.
During PrM, total SYN abundance showed a significant negative
correlation (r¼�0.301, p< 0.001) with salinity whichwas reversed
during MON (r ¼ 0.568, p < 0.001) and PoM (r ¼ 0.256, p < 0.05).
PCA displayed three factors in PrM and MON and four in PoM,
which explained 68%, 64% and 87% of the variations of the envi-
ronmental factors, respectively. During PrM, PC1 was highly loaded
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with phosphate, silicate and nitrite (Table 3). A strong load of
salinity was detected in PC3. Stepwise multiple regression analysis
showed that all SYN groups were significantly correlated with PC1
(p < 0.05) and PC3 (p < 0.01), which also included chl a whereas
only SYN-PC correlatedwith PC2 (Table 4). DuringMON, SYN groups
and chl a were strongly associated with PC1 where phosphate and
salinity were highly loaded. SYN-PEIII and chl a were negatively
related to PC2. PC3 was loaded with light (0.63) and nitrite (�0.74)
where SYN-PC was positively correlated. Like PrM, all SYN groups
were significantly correlated to salinity which was associated with
PC2 along with nitrite during PoM (Tables 3 and 4). SYN-PC alone
showed positive relation to PC1 where nitrate and phosphate were
strongly loaded. None of the SYN groups showed correlation to PC3
which included temperature (0.75) and light (�0.90). Chl a indi-
cated positive correlation to PC4 (Table 4).

3.4. Contribution of Synechococcus to total phytoplankton carbon
biomass

Phytoplankton carbon biomass along the estuary varied from 50
to 127 mg C l�1 with higher carbon biomass (127 mg C l�1) up to S5 at
the surface (Fig. 7a and b). In the NBW, it was lower compared to
that at the surface at the mouth of the estuary. SYN carbon
contribution (%) to the total phytoplankton carbon biomass varied
from 9 to 29% (surface and NBW; Fig. 7c and d). SYN contributed
more to the total carbon at S8 and downstream end of the estuary.
Compared to surface, NBW contribution was higher downstream.
SYN-PEI (w13%) and SYN-PEII (w16%) groups contributed higher
downstream. Their contribution was slightly higher in the NBW as
compared to that in the surface. SYN-PC contributed higher (w17%)
upstream (surface and NBW). SYN-PEIII contributed (w4%) only at
the upstream (surface and NBW) end of the estuary. Significant
negative correlation was observed between phytoplankton carbon
biomass and total SYN carbon contribution in the estuary (Fig. 8a).
Total SYN carbon contribution showed a significant positive corre-
lation with salinity and phosphate (Fig. 8b and c).

4. Discussion

In the Zuari estuary, the annual variations in hydrodynamics
were mainly controlled by the river runoff and tides during
MON and tidal activity during non-MON periods (Qasim and Sen
Gupta, 1981; Shetye and Murty, 1987). As a result, during dry sea-
son the estuary is vertically homogenous whereas during wet
season it is stratified (Qasim and Sen Gupta, 1981; Shetye and
Murty, 1987). Monsoonal influence can be such that the entire es-
tuary is dominated by low saline waters as was observed in August
(salinity 11). Similar observations have been reported from the
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Mandovi estuary (salinity 0), which is adjacent to the Zuari estuary
(Vijith et al., 2009). However, active and break phases in rainfall
also brings weekly variations in water chemistry (Qasim and Sen
Gupta, 1981).

4.1. Spatial variations of SYN distribution

Variations in salinity throughout the estuary were reflected in
the distribution of SYN groups. Transition in dominance from PC-
rich to PE-rich SYN at salinities of w20e25 found in this study is
consistent with the studies carried out in subtropical estuaries such
as Pensacola Bay (Murrell and Lores, 2004), lower Chesapeake Bay
(Ray et al., 1989) and Pearl river estuary (Zhang et al., 2013). This
illustrates that salinity plays a key role in the spatial distribution of
SYN along this monsoon influenced tropical estuary. To support
this, in the present study PC’s which strongly associated with
salinity showed a significant correlation to all the SYN groups.

Vertical variation of SYN abundance was not significant in the
present study as was observed for the Pearl River (Lin et al., 2010)
where depth was comparatively higher (<60 m) than the Zuari
estuary (Table 1). However, during MON at the estuary mouth high
abundance of SYN-PEII in the NBWand SYN-PC in surface compared
to that at surface and NBW respectively indicates that increased
river runoff resulting in stratification of the water column
influenced the distribution of these groups. Similarly, the higher
abundance of SYN-PEI in NBW and SYN-PC in surface waters during
early PoM (October) also shows the influence of rainfall and the
resultant freshwater runoff. Presence of SYN-PC throughout the
estuary even during dry season when there is no possibility of its
influx from freshwater suggests that these groups are halotolerant
and they can survive at high salinities. However, their compara-
tively lower abundance downstream implies that their growth
rates are affected at higher salinities. Waterbury et al. (1986) re-
ported that SYN-PE cells have an obligate requirement for elevated
concentrations of ions while marine SYN isolates that lack PE are
halotolerant and grows equally well in the seawater or freshwater.
The presence of SYN-PE up to the upstream end could be facilitated
by the tidal entry of seawater. SYN-PEI and SYN-PEII observed at
higher salinities were also previously reported from North western
Arabian coast, Mississippi river plume and the Pearl River estuary
(Lin et al., 2010; Liu et al., 1998, 2004). The high PE intensity SYN
strain is considered as characteristic of oceanic waters (SYN-PEII)
and other strain (SYN-PEI) represents the coastal waters (Campbell
et al., 1998). This suggests a possibility of the SYN-PEII influx from
offshore waters into the estuary. Increased SYN PEIII abundance in
freshwater suggests that this could be a freshwater adapted strain.
Different SYN strains have been reported in a variety of freshwater
systems based on their pigment characteristics (Callieri, 1996).
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Table 4
Regression analysis of the factor scores (as independent factors) for the abundance
of SYN groups in different seasons.

Dependent factor R2 F b

PC1 PC2 PC3 PC4

Pre-monsoon
SYN-PC 0.40 51.21** 0.184* 0.250** �0.630** e

SYN-PEI 0.55 94.27** 0.200* 0.004 0.740** e

SYN-PEII 0.67 163.55** �0.197* �0.148 0.823** e

SYN-PEIII 0.39 50.11** �0.192* �0.560 - 0.625** e

Chlorophyll a 0.16 14.56** 0.060 0.139 �0.397** e

Monsoon
SYN-PC 0.41 13.81** 0.555** �0.740 0.327** e

SYN-PEI 0.29 30.69** 0.534** 0.038 0.058 e

SYN-PEII 0.10 8.95** 0.323** 0.206* 0.055 e

SYN-PEIII 0.16 15.47** �0.410** �0.226* 0.032 e

Chlorophyll a 0.05 4.21* 0.213* �0.228* 0.054 e

Post-monsoon
SYN-PC 0.43 51.12** 0.257* �0.655** - 0.004 0.516**
SYN-PEI 0.51 70.58** �0.011 0.714** 0.000 �0.162*
SYN-PEII 0.84 84.22** �0.079 0.736** 0.001 �0.538**
SYN-PEIII 0.50 16.01** 0.060 �0.691** 0.004 0.125
Chlorophyll a 0.30 4.16* �0.508 0.030 �1.980 0.208*

R2 e regression coefficient; F-value of the full model; b e standardized coefficient.
*p < 0.05, **p < 0.01.
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4.2. Temporal variation of SYN groups

Total SYN abundance range in the present study was comparable
to previous report for the same estuary (Mitbavkar et al., 2012) and
higher than that reported for the other tropical coastal waters
(Agawin et al., 2003). However, it was 1e2 magnitudes lower than
that reported for subtropical estuaries like Florida Bay (Phlips et al.,
1999), Chesapeake Bay (Wang et al., 2011) and Pensacola Bay
(Marshall and Nesius, 1996; Murrell and Lores, 2004). While in
Chesapeake Bay SYN cell abundance often exceeds 106 cells ml�1, in
Table 3
Rotated component matrix (RCM) with varifactors (principal components, PCs) extracted

Parameter Pre-monsoon (PrM) Monsoon (MON

PC1 PC2 PC3 PC1

Salinity �0.02 �0.08 0.94 0.70
Temperature �0.06 0.72 �0.05 0.33
Secchi disk depth �0.13 L0.51 0.15 �0.45
Nitrate �0.34 0.63 0.12 �0.47
Phosphate 0.92 �0.16 0.11 0.87
Nitrite 0.60 0.56 0.32 �0.20
Silicate 0.82 0.01 �0.45 �0.02
Eigenvalues 2.00 1.52 1.24 1.82
% of variance 28.61 21.76 17.68 26.05
Cumulative % 28.61 50.38 68.06 26.05
a temperate estuary it ranged from 102 to 105 cells ml�1 (Agawin
et al., 1998; Ning et al., 2000). The seasonal cycle of the SYN pop-
ulation differed from that in subtropical and temperate coastal and
estuarine regions which can be attributed to the influence of South
West monsoon that creates a seasonal cycle of hydrodynamics that
varies from other latitudinal regions.

Several studies have established temperature as the key factor
influencing the seasonal dynamics of SYN in tropics to temperate
estuaries such as Chesapeake Bay (Ray et al., 1989; Wang et al.,
2011), Pearl River (Qiu et al., 2010), Pensacola Bay (Murrell and
Lores, 2004), Francisco Bay (Ning et al., 2000), Blanes Bay
(Agawin et al., 1998), Western Pacific coast (Tsai et al., 2008) and
Sagami Bay (Mitbavkar et al., 2009). These studies showed that
warm period is favorable for SYN spp. Similarly, in the present study
the total SYN abundance showed significant positive correlation
with temperature (Fig. 6a), although a narrow temperature range
exists (24e32 �C) throughout the year as compared to that in the
subtropical (10e30 �C) and temperate estuaries (10e24 �C). The
optimum temperature range of 27e30 �C was found to be favorable
for SYN in the present study. Variations in the spatial distribution of
salinity during the three seasons were reflected in the temporal
distribution of SYN-PC which showed a negative relation with
salinity as expected during the PrM and PoM but during MON it
showed a positive relation because of the comparatively lower
salinity downstream resulting in its higher abundance. SYN-PEI and
in different seasons. Bold text denotes significant loading.

) Post-monsoon (PoM)

PC2 PC3 PC1 PC2 PC3 PC4

0.02 �0.10 �0.24 0.76 0.04 �0.49
0.47 0.36 0.33 0.24 0.75 �0.05
0.13 0.63 �0.02 0.15 L0.90 �0.02
0.69 �0.21 0.90 �0.30 0.08 �0.14

�0.07 0.24 0.89 0.24 0.24 0.14
0.09 L0.74 0.08 0.89 0.00 0.14

L0.87 �0.02 �0.04 �0.01 �0.01 0.98
1.49 1.19 1.77 1.60 1.44 1.25

21.27 16.96 25.21 22.91 20.56 17.89
47.32 64.28 25.21 48.12 68.67 86.57
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SYN-PEII showed a positive and SYN-PEIII negative relation with
salinity during the three seasons indicating that SYN-PEI and SYN-
PEII preferred higher salinity and SYN-PEIII lower salinity.

Recent studies elucidate negative correlation between SYN
abundance and nutrients (Qiu et al., 2010; Zhang et al., 2013). These
studies suggest that SYN prefers reduced form of nitrate (ammonia)
which was not measured in the present study. In this study, the
positive correlation of SYN-PC to PC’s which are strongly associated
with nitrate and phosphate during the non-MON periods and with
phosphate during the MON season suggests that both these nu-
trients could be important for this group. A laboratory experi-
mental study proved that PC rich SYN growswell in high nitrate and
phosphate concentration whereas PE rich SYN cannot tolerate high
nitrate concentration (Ernst et al., 2005). Wyman et al. (1985) re-
ported that SYN can use nitrate with lower concentration efficiently
and dominates the conditions. These findings corroborate the non-
significant relation of SYN-PE subgroups with nitrate and the pos-
itive relation with phosphate of SYN-PEI and SYN-PEII during the
PrM and MON season in this study (Table 4). These observations
indicate that nutrients could play a vital role in the temporal vari-
ation of SYN groups. Since silicate is not a requirement for this PP,
the positive relationship in some cases may not be a causal one.

The low cell abundance observed during active MON could be a
consequence of the prevailing environmental conditions such as
increased turbidity due to influx of huge quantities of freshwater
and restricted light availability due to increased cloud cover
(Devassy and Goes, 1988). Biological processes like grazing (Wetz
et al., 2011) and viral lysis (Pan et al., 2007) are also known to
play a role in controlling SYN abundance, which we did not account
for in the present study. During MON break increased salinity,
temperature, nutrients (nitrate and phosphate), solar radiation and
lower rainfall could have facilitated an increase in SYN abundance
along with high phytoplankton biomass. Similar variations in
phytoplankton biomass have been observed in this estuary with
high and low biomass during MON break and during peak of MON,
respectively (Patil and Anil, 2011; Pednekar et al., 2011). The
increased freshwater runoff during this period was reflected in the
dominance of SYN-PC from the mouth to head of the estuary and
absence of SYN-PEII as well as lower cell abundance of SYN-PEIII.
Towards the end of MON season, with the subsiding rainfall in-
tensity and the corresponding lowered freshwater influx down-
stream along with the high nutrient concentrations and solar
radiation, SYN-PEI, SYN-PEII and SYN-PEIII abundance increased in
the estuary. Lowering of SYN-PC abundance could be a result of the
gradual increase in salinity and low temperature. This period is
considered to be conducive for the proliferation of phytoplankton
(Patil and Anil, 2011; Pednekar et al., 2011) wherein phytoplankton
biomass showed significant positive correlation with silicate. Dur-
ing PoM, all the SYN groups showed similar distribution as observed
in PrM indicating return of favorable environmental conditions for
their growth.

4.3. Contribution of Synechococcus to total phytoplankton carbon
biomass

The contribution of SYN to the total phytoplankton carbon
biomass in the Zuari estuary (9e29%) was lower than that reported
for the Chesapeake Bay sub-estuary (34e52%; salinity 19.5e23.7)
dominated by cyanobacteria (Ray et al., 1989) and higher than that
reported in a tropical coastal region (<16%) at the river mouth
(Agawin et al., 2003). However, contribution of picoplankton
biomass to total phytoplankton biomass in the Cochin estuary,
along the west coast of India, influenced by the SW monsoon
ranged between 6.5% (salinity 3e9) and 11.2% (salinity>30; Madhu
et al., 2009). In the present study SYN carbon contribution was
inversely related to total phytoplankton biomass, which suggests
that dominance of larger phytoplankton. Similarly a study con-
ducted in North Carolina estuary showed inverse relation between
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picoplankton contribution (w40%; salinity 0e26) and phyto-
plankton biomass (Gaulke et al., 2010) and concluded that variation
in PP carbon contributions depends on various factors such as
nutrients, light and stability of water column. These observations
suggest that SYN contribution to total phytoplankton carbon
biomass was within the range of other tropical estuaries and
although lower than that reported for sub-tropical estuaries, could
play a vital role in the microbial food web dynamics of estuarine
regions.

In monsoonal estuaries where the freshwater runoff and tides
regulate the hydrodynamics during the MON and non-MON pe-
riods respectively, the distribution pattern of these organisms both
spatially (horizontal and vertical) and temporally, can serve as in-
dicators of the source of water as well as the water stability (mixed
or stratified) at a particular location in the estuary thereby
providing information about the physical factors regulating the
estuarine dynamics.

Acknowledgments

The authors wish to thank The Director, National Institute of
Oceanography for his support. We are grateful to Dr. Sathish Shetye
and Dr. A.C. Anil, Scientist, for their encouragement and support.
We thank Mr. D. Sundar for providing CTD data. We also
acknowledge anonymous reviewers for their valuable comments.
This is NIO contribution #5459.

References

Agawin, N., Duarte, C., Agusti, S., McManus, L., 2003. Abundance, biomass and
growth rates of Synechococcus sp. in a tropical coastal ecosystem (Philippines,
South China Sea). Estuar. Coast. Shelf Sci. 56, 493e502.

Agawin, N.S., Duarte, C.M., Agusti, S., 1998. Growth and abundance of Synechococcus
sp. in a Mediterranean Bay: seasonality and relationship with temperature. Mar.
Ecol. Prog. Ser. 170, 45e53.

Azam, L., 1983. The ecological role of water-column microbes in the sea. Mar. Ecol.
Prog. Ser. 10, 257e263.

Baudoux, A.C., Veldhuis, M.J., Witte, H.J., Brussaard, C.P., 2007. Viruses as mortality
agents of picophytoplankton in the deep chlorophyll maximum layer during
IRONAGES III. Limnol. Oceanogr. 52, 2519e2529.

Brown, S.L., Landry, M.R., Barber, R.T., Campbell, L., Garrison, D.L., Gowing, M.M.,
1999. Picophytoplankton dynamics and production in the Arabian Sea during
the 1995 Southwest Monsoon. Deep Sea Res. Part II Top. Stud. Oceanogr. 46,
1745e1768.

Callieri, C., 1996. Extinction coefficient of red, green and blue light and its influence
on picocyanobacterial types in lakes at different trophic levels. Mem. Ist. Ital.
Idrobiol. Dott Marco Marchi 54, 135e142.

Campbell, L., Landry, M., Constantinou, J., Nolla, H., Brown, S., Liu, H., Caron, D., 1998.
Response of microbial community structure to environmental forcing in the
Arabian Sea. Deep-Sea Res. Part II 45, 2301e2325.

Chiang, K.P., Tsai, A.Y., Tsai, P.J., Gong, G.C., Tsai, S.F., 2013. Coupling of the spatial
dynamic of picoplankton and nanoflagellate grazing pressure and carbon flow
of the microbial food web in the subtropical pelagic continental shelf
ecosystem. Biogeosci. Dis. 10, 233e263.

Costa, L., Huszar, V., Ovalle, A., 2009. Phytoplankton functional groups in a
tropical estuary: hydrological control and nutrient limitation. Estuar. Coasts
32, 508e521.

Devassy, V., Goes, J., 1988. Phytoplankton community structure and succession in a
tropical estuarine complex (central west coast of India). Estuar. Coast. Shelf Sci.
27, 671e685.

Ernst, A., Deicher, M., Herman, P.M.J., Wollenzien, U.I.A., 2005. Nitrate and phos-
phate affect cultivability of cyanobacteria from environments with low nutrient
levels. Appl. Environ. Microbiol. 71, 3379e3383.

Gallegos, C.L., 2001. Calculating optical water quality targets to restore and protect
submersed aquatic vegetation: overcoming problems in partitioning the diffuse
attenuation coefficient for photosynthetically active radiation. Estuaries 24,
381e397.

Gaulke, A.K., Wetz, M.S., Paerl, H.W., 2010. Picophytoplankton: a major contributor
to planktonic biomass and primary production in a eutrophic, river-dominated
estuary. Estuar. Coast. Shelf Sci. 90, 45e54.

Jochem, F., 1988. On the distribution and importance of picocyanobacteria in a
boreal inshore area (Kiel Bight, Western Baltic). J. Plankton Res. 10, 1009e1022.

Lin, D., Zhu, A., Xu, Z., Huang, L., Fang, H., 2010. Dynamics of photosynthetic pico-
plankton in a subtropical estuary and adjacent shelf waters. J. Mar. Biol. Assoc.
U. K. 90, 1319e1329.

Liu, H., Campbell, L., Landry, M., Nolla, H., Brown, S., Constantinou, J., 1998. Pro-
chlorococcus and Synechococcus growth rates and contributions to production in
the Arabian Sea during the 1995 Southwest and Northeast Monsoons. Deep-Sea
Res. Part II 45, 2327e2352.

Liu, H., Dagg, M., Campbell, L., Urban-Rich, J., 2004. Picophytoplankton and bac-
terioplankton in the Mississippi River plume and its adjacent waters. Estuar.
Coasts 27, 147e156.

Madhu, N.V., Jyothibabu, R., Balachandran, K.K., 2009. Monsoon-induced changes in
the size-fractionated phytoplankton biomass and production rate in the

http://refhub.elsevier.com/S0141-1136(13)00160-8/sref1
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref1
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref1
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref1
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref2
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref2
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref2
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref2
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref3
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref3
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref3
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref4
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref4
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref4
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref4
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref5
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref5
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref5
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref5
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref5
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref6
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref6
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref6
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref6
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref7
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref7
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref7
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref7
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref8
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref8
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref8
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref8
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref8
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref9
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref9
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref9
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref9
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref10
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref10
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref10
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref10
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref11
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref11
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref11
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref11
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref12
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref12
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref12
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref12
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref12
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref13
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref13
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref13
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref13
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref14
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref14
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref14
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref15
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref15
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref15
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref15
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref16
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref16
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref16
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref16
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref16
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref17
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref17
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref17
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref17
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref18
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref18


R. K.M., S. Mitbavkar / Marine Environmental Research 92 (2013) 133e143 143
estuarine and coastal waters of southwest coast of India. Environ. Monitor.
Assess. 166, 521e528.

Manoj, N., Unnikrishnan, A., 2009. Tidal circulation and salinity distribution in the
Mandovi and Zuari estuaries: case study. J. Waterw. Port Coast. Ocean Eng. 135,
278e287.

Marshall, H.G., Lane, M.F., Nesius, K.K., Burchardt, L., 2009. Assessment and signif-
icance of phytoplankton species composition within Chesapeake Bay and Vir-
ginia tributaries through a long-term monitoring program. Environ. Monitor.
Assess. 150, 143e155.

Marshall, H., Nesius, K., 1996. Phytoplankton composition in relation to primary
production in Chesapeake Bay. Mar. Biol. 125, 611e617.

Mitbavkar, S., Rajaneesh, K., Anil, A., Sundar, D., 2012. Picophytoplankton commu-
nity in a tropical estuary: detection of Prochlorococcus-like populations. Estuar.
Coast. Shelf Sci. 107, 159e164.

Mitbavkar, S., Saino, T., Horimoto, N., Kanda, J., Ishimaru, T., 2009. Role of envi-
ronment and hydrography in determining the picoplankton community
structure of Sagami Bay, Japan. J. Oceanogr. 65, 195e208.

Murrell, M.C., Lores, E.M., 2004. Phytoplankton and zooplankton seasonal dy-
namics in a subtropical estuary: importance of cyanobacteria. J. Plankton Res.
26, 371e382.

Ning, X., Cloern, J.E., Cole, B.E., 2000. Spatial and temporal variability of picocya-
nobacteria Synechococcus sp. in San Francisco Bay. Limnol. Oceanogr., 695e702.

Paerl, H.W., 1977. Ultraphytoplankton biomass and production in some New Zea-
land lakes. N. Z. J. Mar. Freshw. Res. 11, 297e305.

Pan, L., Zhang, J., Zhang, L., 2007. Picophytoplankton, nanophytoplankton, hetero-
trohpic bacteria and viruses in the Changjiang Estuary and adjacent coastal
waters. J. Plankton Res. 29, 187e197.

Parsons, T.R., Maita, Y., Lalli, C.M., 1984. Manual of Chemical and Biological Methods
for Seawater Analysis. Pergamon, New York.

Partensky, F., Hess, W., Vaulot, D., 1999. Prochlorococcus, a marine photosynthetic
prokaryote of global significance. Microbiol. Mol. Biol. Rev. 63, 106e127.

Patil, J.S., Anil, A.C., 2011. Variations in phytoplankton community in a monsoon-
influenced tropical estuary. Environ. Monitor. Assess. 182, 291e300.

Pednekar, S.M., Matondkar, S.G.P., Gomes, H.D.R., Goes, J.I., Parab, S., Kerkar, V., 2011.
Fine-scale responses of phytoplankton to freshwater influx in a tropical
monsoonal estuary following the onset of southwest monsoon. J. Earth Syst. Sci.
120, 545e556.

Phlips, E.J., Badylak, S., Lynch, T.C., 1999. Blooms of the picoplanktonic cyanobac-
terium Synechococcus in Florida Bay, a subtropical inner-shelf lagoon. Limnol.
Oceanogr. 44, 1166e1175.
Platt, T., Rao, D.S., Irwin, B., 1983. Photosynthesis of picoplankton in the oligotrophic
ocean. Nature 301, 702e704.

Pomeroy, L.R., 1974. The ocean’s food web, a changing paradigm. Bioscience 24,
499e504.

Qasim, S., Sen Gupta, R., 1981. Environmental characteristics of the Mandovi-Zuari
estuarine system in Goa. Estuar. Coast. Shelf Sci. 13, 557e578.

Qiu, D., Huang, L., Zhang, J., Lin, S., 2010. Phytoplankton dynamics in and near
the highly eutrophic Pearl River Estuary, South China Sea. Cont. Shelf Res. 30,
177e186.

Ray, R.T., Haas, L.W., Sieracki, M.E., 1989. Autotrophic picoplankton dynamics in a
Chesapeake Bay sub-estuary. Mar. Ecol. Prog. Ser. MESEDT 52, 273e285.

Shetye, S., Murty, C., 1987. Seasonal variation of the salinity in the Zuari estuary,
Goa, India. J. Earth Syst. Sci. 96, 249e257.

Shetye, S.R., 1999. Propagation of tides in the Mandovi and Zuari estuaries, Sadhana
(Academy Proceedings in Engineering Sciences). Indian Acad. Sci. 24, 5e16.

Sin, Y., Wetzel, R.L., Anderson, I.C., 2000. Seasonal variation of size-fractionated
phytoplankton along the salinity gradient in the York River estuary, Virginia
(USA). J. Plankton Res. 22, 1945e1960.

Tsai, A.Y., Chiang, K.P., Chang, J., Gong, G.C., 2008. Seasonal variations in trophic
dynamics of nanoflagellates and picoplankton in coastal waters of the western
subtropical Pacific Ocean. Aquat. Microb. Ecol. 51, 263e274.

Vijith, V., Sundar, D., Shetye, S., 2009. Time-dependence of salinity in monsoonal
estuaries. Estuar. Coast. Shelf Sci. 85, 601e608.

Wang, K., Wommack, K.E., Chen, F., 2011. Abundance and distribution of Synecho-
coccus spp. and cyanophages in the Chesapeake Bay. Appl. Environ. Microbiol.
77, 7459e7468.

Waterbury, J.B., Watson, S.W., Valois, F.W., Franks, D.G., 1986. Biological and
ecological characterization of the marine unicellular cyanobacterium Synecho-
coccus. Can. Bull. Fish Aquat. Sci. 214, 71e120.

Wetz, M.S., Paerl, H.W., Taylor, J.C., Leonard, J.A., 2011. Environmental controls upon
picophytoplankton growth and biomass in a eutrophic estuary. Aquat. Microb.
Ecol. 63, 133.

Worden, A.Z., Nolan, J.K., Palenik, B., 2004. Assessing the dynamics and ecology of
marine picophytoplankton: the importance of the eukaryotic component.
Limnol. Oceanogr., 168e179.

Wyman, M., Gregory, R., Carr, N., 1985. Novel role for phycoerythrin in a marine
cyanobacterium, Synechococcus strain DC2. Science 230, 818e820.

Zhang, X., Shi, Z., Ye, F., Zeng, Y., Huang, X., 2013. Picophytoplankton abundance and
distribution in three contrasting periods in the Pearl River Estuary, South China.
Mar. Freshw. Res. 64, 692e705.

http://refhub.elsevier.com/S0141-1136(13)00160-8/sref18
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref18
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref18
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref19
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref19
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref19
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref19
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref20
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref20
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref20
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref20
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref20
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref21
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref21
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref21
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref22
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref22
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref22
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref22
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref23
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref23
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref23
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref23
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref24
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref24
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref24
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref24
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref25
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref25
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref25
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref26
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref26
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref26
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref27
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref27
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref27
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref27
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref48
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref48
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref28
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref28
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref28
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref29
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref29
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref29
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref30
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref30
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref30
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref30
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref30
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref31
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref31
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref31
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref31
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref32
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref32
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref32
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref33
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref33
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref33
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref34
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref34
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref34
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref35
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref35
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref35
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref35
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref36
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref36
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref36
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref37
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref37
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref37
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref38
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref38
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref38
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref39
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref39
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref39
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref39
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref40
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref40
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref40
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref40
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref41
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref41
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref41
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref42
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref42
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref42
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref42
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref43
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref43
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref43
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref43
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref44
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref44
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref44
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref45
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref45
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref45
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref45
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref46
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref46
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref46
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref47
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref47
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref47
http://refhub.elsevier.com/S0141-1136(13)00160-8/sref47

	1. Title page dedication contents 2.doc
	4. Content.doc
	2. Statement and Certificate.doc
	3. Aknowledgement.doc
	5. Abbreviation.docx.doc
	Chapter 1 23aug2018.doc
	Chapter 2A 1sept2018.doc
	Chapter 2B 1sept2018.doc
	Chapter 3 1sept2018.doc
	Chapter 4 1sept2018.doc
	Chapter 5 1sept2018.doc
	Chapter 6 23aug2018.doc
	References.doc
	page 12.doc
	CSR.pdf
	Influence of short-term hydrographic variations during the north-east monsoon on picophytoplankton community structure in the eastern Arabian Sea
	Introduction
	Materials and methods
	Sampling
	Flow cytometric analyses of picophytoplankton
	Carbon biomass estimation
	Data analyses

	Results
	Environmental variables
	Picophytoplankton community structure
	Contribution of picophytoplankton to the total phytoplankton carbon biomass
	Relationship between picophytoplankton and environmental variables

	Discussion
	Variations in picophytoplankton community structure
	Picophytoplankton carbon biomass

	Acknowledgements
	References


	Ecol_Indicators_55_118.pdf
	Synechococcus as an indicator of trophic status in the Cochin backwaters, west coast of India
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Sampling
	2.3 Flow cytometric analysis of picophytoplankton
	2.4 Trophic status of the water column
	2.5 Data analyses

	3 Results
	3.1 Environmental parameters
	3.2 Interseasonal and spatial variation of picophytoplankton
	3.3 Intraseasonal variation of picophytoplankton
	3.4 TRIX scores for Cochin backwaters
	3.5 Relationship between environmental parameters and picophytoplankton groups

	4 Discussion
	4.1 Hydrography of Cochin backwaters
	4.2 Interseasonal variation of picophytoplankton in Cochin backwaters
	4.3 Intraseasonal variation of picophytoplankton in Cochin backwaters

	5 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


	ECSS 2.pdf
	Dynamics of size-fractionated phytoplankton biomass in a monsoonal estuary: Patterns and drivers for seasonal and spatial variability
	Introduction
	Materials and methods
	Study area
	Sampling
	Nutrient analysis
	Size-fractionated chlorophyll a and phaeopigments
	Flow cytometric analysis of picophytoplankton
	Data analyses

	Results
	Environmental parameters
	Phytoplankton biomass size structure
	Factors affecting the chlorophyll a biomass size structure

	Discussion
	Conclusions
	Acknowledgments
	References


	Estuar_Coast_Shelf_Sci_107_159.pdf
	Picophytoplankton community in a tropical estuary: Detection of Prochlorococcus-like populations
	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	Acknowledgments
	Appendix A. Supporting information
	References


	MERE.pdf
	Factors controlling the temporal and spatial variations in Synechococcus abundance in a monsoonal estuary
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Sampling
	2.3 Flow cytometric analysis of Synechococcus
	2.4 Carbon biomass estimation
	2.5 Data analysis

	3 Results
	3.1 Environmental parameters
	3.2 Temporal and spatial variation of Synechococcus
	3.3 Influence of environmental factors on Synechococcus

	4 Discussion
	4.1 Spatial variations of SYN distribution
	4.2 Temporal variation of SYN groups
	4.3 Contribution of Synechococcus to total phytoplankton carbon biomass

	3.4 Contribution of Synechococcus to total phytoplankton carbon biomass
	Acknowledgments
	References





