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-------------------------------------------------------------------------------------------------------------------------------------------------------Abstract
This paper introduces the structure and trophic efficiency of plankton food webs in the Gulf of Mannar (GoM) and the Palk Bay
(PB) - two least studied marine environments located between India and Sri Lanka. The study is based on results obtained
from a field sampling exercise carried out in the GoM and the PB in March 2010 (Spring Intermonsoon - SIM), September
2010 (Southwest Monsoon - SWM) and January 2011 (Northeast Monsoon - NEM). Based on multivariate analysis of major
environmental parameters during different seasons, it was possible to clearly segregate the GoM and the PB into separate
clusters, except during the SWM. This segregation of the GoM and the PB was closely linked with the seasonally reversing
ocean currents in the region, as evident from the MIKE 21 flow model results. During the period of relatively low phytoplankton
biomass (<23 mg C m-3), the organic carbon contribution of the microbial loop was significantly high - both in the GoM and the
PB. During the SIM, the carbon biomass available in the plankton food web was significantly higher in the PB (av. 122.8 ±
47.60 mg C m-3) than in the GoM (av. 81.89 ± 35.50 mg C m-3). This was due to a strong microbial loop in the former region.
In the GoM, phytoplankton contributed a considerable portion (>50%) of the carbon biomass during the SWM and the NEM,
whereas, microbial loop contributed significantly (80%) during the SIM. The microbial loop was predominant in the PB
throughout the study period, being as high as 83% of the total plankton biomass during the SIM. As compared to the PB, the
mesozooplankton biomass was higher in the GoM during the SWM and the NEM and lower during the SIM. The relatively high
mesozooplankton stock in the PB during the SIM was closely linked with a strong microbial loop, which contributed the major
share (av. 101.6 ± 24.3 mg C m-3) of the total organic carbon available in the food web (av. 126.6 ± 24.3 mg C m-3). However,
when microbial loop contributed >65% of the total organic carbon available in the food web, the trophic efficiency was found to
be low (~3%), which can be attributed to the wide dispersal of organic carbon in the microbial loop. Importantly, during the
NEM, when the copepod Paracalanus parvus was predominant in the PB, the trophic efficiency of the microbial loop dominant
food web increased by more than a fold (7.2%).The study provides evidences for the first time from the field that exceptionally
high abundance of efficient microzooplankton-consuming zooplankton can significantly increase the trophic efficiency of the
microbial loop dominant plankton food web.
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1. Introduction
Autotrophs produce new particulate matter in marine environments, which gets transferred to the high trophic levels
through two major pathways (a) traditional and (b) microbial. The traditional food web begins from phytoplankton and transfers
organic carbon from the primary producers to the high trophic levels (Riley, 1947). On the other hand, the microbial food web
consists of organisms, which transfers organic carbon from smaller autotrophs and heterotrophic bacteria to higher trophic
levels. These smaller organisms involved in the microbial food web include both autotrophic and heterotrophic forms of
picoplankton (<2 μm) and nanoplankton (2 - 20 μm). Most of this picoplankton and nanoplankton carbon biomass is channeled
to the higher trophic levels through the microzooplankton (20 – 200 µm), and this lateral link of the plankton food web is
known as ‘microbial loop’ (Azam et al., 1983). Across the world, considerable scientific effort has been dedicated in the recent
years to understand the plankton food web. A common feature evident in these studies is the dominance of the traditional food
web in productive waters and that of the microbial food web in oligotrophic waters (Sherr and Sherr, 1988; Cushing, 1989).
To understand the sustenance of higher trophic levels in marine ecosystems, it is essential to improve our knowledge
of the relative trophic importance of various plankton components (Cho and Azam., 1990). In recent years, the microbial loop
has been recognized as an ecologically relevant trophic pathway, which potentially connects the carbon biomass of microbes
with higher trophic levels. Pomeroy et al., (2007) proved that microbes dominate the energy flux of biologically relevant
chemicals in the oceans, which is estimated to be five to ten times higher than the mass of all multi-cellular marine organisms.
Research during the recent decades also indicated that the trophic transfer efficiency of the microbial loop is significantly low
due to the wide dispersal of organic carbon in several intermediate trophic levels (Cushing, 1989; Berglund et al., 2007).
However, Pomeroy et al., (1999 a) presented their view that the actual amount of carbon flux from smaller plankton to higher
trophic levels depend on several factors, which include the assimilation efficiency, length of the food chains, chemical and
physical nature of the available organic carbon, connectivity and retentiveness. Under the JGOFS program, comprehensive
studies on various plankton components have been carried out in the central and western Arabian Sea, which show noticeable
seasonal and spatial differences in the distribution of various plankton components (Garisson et al., 2000).
The present study analyses the plankton food web structure and organic carbon distribution in various plankton
components in two least studied marine environments in the northern Indian Ocean, the Gulf of Mannar (GoM) and the Palk
Bay (PB). The GoM is connected to the Arabian Sea (AS) in the west and the Palk Bay (PB) to the Bay of Bengal (BoB) in the
east (Figure 1a). The Rameswaram (Pamban) island of India, Ramsethu (Adam’s Bridge) and Mannar Island of Sri Lanka are
the physical barriers that inhibit the exchange of waters between the GoM and the PB (Figure 1b). Considering this unique
geographic setting of the GoM and the PB, we assumed measurable level differences in the plankton food web structure and
availability of organic carbon in the microbial loop in these regions. In order to verify this assumption, we conducted field
sampling sessions in the GoM and the PB for three seasons, with the following objectives in mind: (a) to delineate the
plankton food web structure (b) to understand the relative distribution of organic carbon in the traditional plankton food web
(phytoplankton - zooplankton), microbial loop (heterotrophic bacteria - heterotrophic nanoplankton – microzooplankton 2

mesozooplankton) and integrated plankton food web (traditional + microbial) (c) to understand the distribution ecology of
various plankton components in the food web and (d) to realize the interrelationship between the microbial loop and
mesozooplankton especially the copepods.

2. Materials and methods
2.1. Study area
The GoM and the PB are geographically distinct and oceanographically least studied environments located between
India and Sri Lanka (Figure 1a). To the western side of the GoM lies the high saline Arabian Sea and on the eastern side of
the PB is the low saline Bay of Bengal. The physical barriers Rameswaram (Pamban) island of India, Ram Sethu (Adam’s
Bridge) and Mannar Island of Sri Lanka partially separate the GoM and the PB. The ocean currents around the Indian
subcontinent undergo seasonal reversal where the West India Coastal Current (WICC) and the Summer Monsoon Current
(SMC) bring salty Arabian Sea waters into the Bay of Bengal during the SWM (Vinayachandran et al., 1999; Figure 2a). On
the other hand, the East India Coastal Current (EICC) and Winter Monsoon Current (WMC) carry low saline Bay of Bengal
waters in to the Arabian Sea during the NEM (Shankar et al., 2002).
The GoM extends ~190 km along the Indian coastline with an area of ~19600 km2. It is a Marine Biosphere Reserve
endowed with rich and diverse living resources including several commercially important pelagic fishes. There are 21 coral
islands in the Indian sector of the GoM, which have been declared as a Marine National Park. Though the GoM has a tropical
climate, the contribution of the SWM to the annual rainfall in this region is only trivial. Most of the rainfall is received during the
early NEM, when northeasterly winds blow over the region. However, the GoM seems to be influenced by both the SWM and
the NEM ocean circulation and hence has a unique hydrography (Rao et al., 2008). Rivers Tamiraparani, Gundar, Vembar,
and Vaippar drain into the GoM, but they are non-perennial rivers and carry appreciable amount of waters only during the
NEM period.
The PB is a shallow flat basin (av. depth 9m), which extends ~260 km along the Indian coastline with an area of
~13500 km2. The PB is known for diverse biological resources present in the seagrass beds in regions where water column is
shallow, and the bottom substratum is sandy or silty (Sridhar et al., 2010; Manikandan et al., 2011). During the NEM, the PB
receives large amounts of suspended sediments from the BoB and acts as their reservoir (Chandramohan et al., 2001). Under
the influence of low wave action, the high level of suspended sediments in the PB causes the deposition and emergence of
sand banks (Chandramohan et al., 2001). The seasonal rainfall pattern in the PB is similar to the GoM with moderate to heavy
rain fall during the early NEM. Similar to the GoM, both the SWM and the NEM ocean currents influence the hydrography of
the PB. However, the biological responses of the GoM and the PB seem to be different, which has been attributed to their
difference in depth and distribution of suspended sediments (Rao et al., 2008).
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2.2. Sampling and methods
Sampling was carried out in the GoM and the PB in March 2010 (SIM), September 2010 (SWM) and January 2011
(NEM). Field sampling was carried out in 30 locations distributed in 10 transects with 15 locations each in the GoM and the PB
(Figure 1a). Water samples were collected using Niskin samplers from 2 depths (surface and bottom waters) for measuring
dissolved oxygen and biological parameters. Turbidity in the study area was measured as per the nephelometric principles,
using a turbidity meter. The climate in the GoM and the PB are presented from (a) air temperature data from AWS installed at
Mandapam and (b) the mean rainfall data for the last five years (IMD, Pune) for the districts of Tuticorin, Ramnathapuram and
Nagapattinam. The vertical salinity and temperature structure were recorded using a portable CTD profiler. The synoptic
picture of the currents and estimations of exchange of waters between the GoM and the PB were made using model
simulations. The circulation in the GoM and the PB has been simulated with MIKE 21 FM model. The model has been
validated with currents measurements using RCM9 current meters deployed at selected locations in the study area (Figure
1a). The model simulations and actual field measurements of currents showed significant positive correlations (Sudheesh et
al., 2013 for details). Due to uneven bathymetry of the study area, the bottom sampling depths in various locations are
different, especially when locations in the GoM and the PB are compared. This difference in bottom sampling depths can
introduce certain level of error in interpretations when bottom parameters are compared between the GoM and the PB. In
order to minimize this error factor, comparison of bottom parameters between the GoM and the PB locations has been
avoided throughout this paper. However, it is important to note that the surface and bottom sampling depths in both the GoM
and the PB are actually present within the surface mixed layer (within the upper 15m). Therefore, most of the hydrographical
parameters, except turbidity and dissolved oxygen, show only slight differences between the surface and bottom waters
(Table 1).

2.2.1. Dissolved oxygen and chlorophyll a
The dissolved oxygen samples were fixed onboard and estimated following Winkler’s method (Grasshoff et al.,
1983). Water samples (1L) were filtered through Whatman GF/F filter papers and the chlorophyll a present in the
phytoplankton cells was extracted in 90% acetone and measured using a calibrated Turner designed flourometer (UNESCO,
1994). The chlorophyll a concentration was converted to equivalent organic carbon biomass using suitable conversion factors.
Since the study area was in the inshore waters along the southeast coast of India, a factor of 25 was used to convert
chlorophyll a into equivalent carbon biomass (Anita et al., 1963; Jonge, 1980; Shiyomoto et al., 1997). Our simultaneous study
to understand the organic carbon content of autotrophic pico- and nanoplankton in the GoM and the PB showed that a factor
of 25 is suitable to convert the chlorophyll a to equivalent carbon biomass and the values obtained so, had >90% accuracy
when compared with the results obtained from the biovolume estimation methods (Jyothibabu et al., 2013).
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2.2.2. Picoplankton and Nanoplankton
Epiflourescence microscope was used to quantify the abundance of picoplankton and nanoplankton in the study area.
Water samples (20 ml) were collected and carefully transferred into sterilized dark polyethylene bottles and preserved in 1%
final concentration of gluteraldehyde and stored in cool temperature. In the laboratory, part of the sample (10 ml) was
prefiltered through 3µm pore sized sterile filters and removed larger organisms and debris. The autotrophic and heterotrophic
picoplankton were quantified using 2 sets of prefiltered samples in duplicate, using fluorescence microscopy. One set was
processed for heterotrophic picoplankton by staining the samples with DAPI (Porter and Feig, 1980), and the other set was
directly processed without any staining procedure. These two sets of samples were then filtered separately into 0.2 µm black
nucleopore filters (25 mm diameter) and mounted in immersion oil for examining under an Olympus BX 53 epiflourescence
microscope equipped with an image analyzer (progRes Capture Pro 2.6). The DAPI stained slides were examined under UV
excitation while the unstained slides were observed under blue excitation. Blue fluorescent heterotrophic bacteria and red or
orange auto-fluorescent picoautotrophs were counted and documented. However, due to weak fluorescence of autotrophic
picoplankton during the SIM caused by inadequate preservation, the autotrophic picoplankton data for that particular season
has not been presented in this paper. The carbon biomass of the heterotrophic picoplankton was estimated using standard
conversion factor of 0.011pgC cell−1 (Garrison et al., 2000).
Water samples (20 ml) were passed through 20 µm sieve to remove larger organisms and debris and fixed in
gluteraldehyde. The fixed samples (30 ml) were used for measuring the autotrophic and heterotrophic nanoplankton. Water
samples (5 ml) in duplicates were stained with 1.65 µg ml-1 of proflavin hemisulfate and filtered through 25 mm diameter 0.8
µm black polycarbonate membrane filters (Haas, 1982). The membranes were mounted in Olympus immersion oil and
examined under an epiflourescence microscope (Olympus BX 53) under blue excitation. All cells with body dimension 2 to
20µm that fluoresced green were counted as heterotrophic nanoplankton. As proflavin does not interfere with the chlorophyll
auto-fluorescence, the phototrophs on the filters were distinguished from the heterotrophs based on their red /orange
fluorescence. The cell dimensions of around 250 individuals of heterotrophic nanoplankton were randomly measured from the
filters, using the image analyzer. Their biovolume was calculated by assuming suitable geometrical shapes (Garrison et al.,
2000). The carbon biomass of the heterotrophic nanoplankton was calculated based on the cell volume measurements and
subsequent conversion into equivalent carbon using the formula log10 C = 0.94 (log10 V) - 0.60 (Garrison et al., 2000).
However, as in the case of autotrophic picoplankton, the autoflourescence of nanoplankton was very feeble during the SIM
period and hence the data for the period has not been presented in this paper.

2.2.3. Microzooplankton
One liter water samples were collected in black polythene bottles and fixed in 3% acid Lugol’s iodine. The samples
were concentrated by gravity settling into 20 ml. One day before the microscopic analysis, the samples were allowed to settle
and concentrated in a settling chamber. Around 50 fields of view were randomly imaged under the inverted microscope
(Olympus 1X 71) equipped with an image analyzer. The entire MZP samples were imaged with in a fortnight period of the
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sampling so as to minimize any kind of shrinkage due to preservation. The organisms captured in the images were identified
and categorized into various groups such as ciliates, heterotrophic dinoflagellates, and the copepod nauplii. Ciliates and
heterotrophic dinoflagellates were identified up to the species level following standard literature (Kofoid and Campell, 1939;
Steidinger and Williams, 1970; Subrahmanyan, 1971; Taylor 1976 a, b; Tomas, 1997; Kalavati and Raman, 2008). The
biovolume of ciliates and heterotrophic dinoflagellates were estimated using an image analyzer, and their organic carbon
content was calculated by adopting standard conversion factors (UNESCO, 1994). The organic carbon content of the copepod
nauplii was also estimated using standard conversion factor available in literature (UNESCO, 1994).

2.2.4. Mesozooplankton
Mesozooplankton was sampled using a WP net with a mouth area of 0.3 m2 and a mesh size 200 µm. The net was
operated horizontally just below the water surface (~1m depth) with a flow meter (Hydro-bios) attached across the mouth. All
zooplankton collections were carried out during the day time to minimize the possible error in biomass estimations due to
vertical migration of zooplankton. The biomass was measured by the displacement volume method (Postel et al. 2000) and
the samples were then preserved in 4% formalin in seawater for further analysis. Sub-samples (50%) of the zooplankton were
made using a Folsom splitter and sorted into various taxonomic groups. The abundance of each group was calculated as per
the standard procedure (Postel et al., 2000). Copepods were identified down to the species level based on standard literature
(Tanaka 1956; Kasturirangan 1963; Sewell, 1999; Conway et al., 2003). However, the relevant zooplankton data to explain the
food web structure is only presented in this paper and detailed information on mesozooplankton community in the study area
available in Jagadeesan et al., (2013). The displacement volume of the zooplankton was converted to organic carbon using
suitable conversion factors (Madhupratap et al., 1996; Padmavati et al., 1998).

2.2.5. Statistical Analyses
Multivariate analyses of clustering and NMDS were used to segregate the environmental data into clusters based on
their similarity. The data or locations in one cluster indicate their similarity or homogeneity whereas their segregation into
different clusters shows their dissimilarity or heterogeneity. The environmental parameters were initially standardized, and
square root transformed to normalize the data (Clark and Warwick, 2001). Euclidean distance similarity index based group
average linking was used for the spatial grouping of locations. In addition to the cluster analysis, Similarity Profile (SIMPROF)
permutation test (Clarke and Gorley, 2006) was also performed to identify the significant assemblages of locations (P< 0.05).
The Shannon and Weaver diversity index (H’) is used to measure the species diversity, which takes into account the richness
and evenness of species (Shannon and Weaver, 1949). Redundancy analysis (RDA) was carried out to understand the
ecological relationships between different biological variables and environmental parameters. Detrended Correspondence
Analysis (DCA) was performed initially to select the suitable ordination techniques for the present data set. The resulting DCA
showed axis gradient lengths of < 2, which means that the linear multivariate method of redundancy analyses with species
correlations and scaling ordination scores is suitable for the current data (Ter- Braak and Smilauer, 1998; Leps and Smilauer,
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2003). Biological variables were log transformed and centered prior to the analysis, and the ordination significance was tested
with Monte Carlo permutation tests (499 unrestricted permutations) for significance (p < 0.05).
In order to understand the top down control (grazing) of zooplankton on various components of the plankton food web,
the dominant species of copepods in the study area were found out as per standard procedures (Yang et al., 1999; Lee et al.,
2009, Lin et al., 2011)
Yi = (Ni / N) × fi
Where, Yi is the dominance of species i, Ni is the number of individuals of species i in all locations, N is the number of
individuals of all species in all locations, and fi is the frequency of locations at which species i occurs. Species of copepods
with a Y value ≥ 0.02 were defined as dominant species (Yang et al., 1999, Lee et al., 2009, Lin et al., 2011). The abundance
data of the dominant copepods were included in the RDA analyses and Triplots to understand their spatial distribution and
relationship with various plankton components in the food web.

3. Results
3.1. Air temperature, Rainfall and Surface currents
The monthly mean air temperature and rainfall in the study area is presented in Figure 2b. The air temperature shows
a rising trend from January (25.5 °C) to May (30.5°C) and then a decrease towards December (25.9). Rainfall in the study
region mostly occurs during the October - December period under the spell of the NEM. The contribution of the SWM to the
annual rainfall in the region is very minor (Figure 2b). The spatial trend in rainfall showed an increasing trend from west to
east, which was about 802 mm, 1033 mm and 1605 mm respectively in the Tuticorin, Ramnathapuram and Nagapattinam
districts.
Seasonally reversing ocean currents were prevalent in the study area (Figure 3). The currents were weaker during the
NEM and the SIM as compared to the SWM. During the NEM, weak currents were oriented from the PB to the GoM. During all
the seasons, stronger currents were present in the channels across the physical barriers (Pamban and Ramsethu). The
currents were strongest during the SWM and weakest during the SIM. The currents were directed from the east to the west
during the NEM (from the PB to the GoM). The flux estimates from MIKE 21 flow model substantiated the current pattern and
showed the volume exchange between the GoM and the PB during different seasons (Figure 4a). It is very clear that the
volume of water being exchanged between the GoM and the PB during the SWM is significantly higher than that during the
NEM and the SIM.

3.2. Temperature, Salinity and Turbidity
The PB was warmer than the GoM except during the NEM (Table1). The highest SST was observed during the SIM
with higher values in the PB as compared to the GoM (Table 1). The surface salinity throughout the study was higher in the
GoM than that in the PB (Table 1).The difference in the spatial distribution of salinity in the GoM and the PB was the lowest
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during the SWM with slightly higher values in the former region. On the other hand, there was a noticeable difference in
salinity distribution between the GoM and the PB during the NEM and the SIM periods. This was evident in the vertical salinity
structure of both sides of Rameswaram Island presented in Figure 4b. It was evident in the figure that during the SIM and the
NEM, there was a noticeable difference in salinity (~2) in the northern part of the GoM and the southern part of the PB.
However, the salinity in station 12, located closest to Pamban Pass in the GoM was noticeably low during the NEM. In
general, the difference in salinity observed between the GoM and the PB was significantly higher during the SIM and the NEM
as compared with the SWM, which was in agreement with the seasonal flux estimates presented in Figure 4a. The turbidity
data collected during the NEM evidenced noticeably higher values in the PB (av. 7.85 ± 13.59 NTU) as compared to the GoM
(av. 1.76 ± 1.39 NTU). Taking surface salinity, temperature and dissolved oxygen as discriminating environmental
parameters, the GoM and the PB locations could be clearly segregated into separate clusters for the SIM and the NEM
periods (SIMOROF, p < 0.05). However, this was not possible (SIMOROF, p > 0.05) during the SWM (Figure 5).

3.3. Dissolved oxygen and Chlorophyll a
The dissolved oxygen and chlorophyll a concentration in the GoM and the PB during different seasons are presented in
table1. The dissolved oxygen in the surface waters was generally higher than the bottom. During the SIM and the SWM, the
dissolved oxygen concentration was higher in the GoM as compared to the PB (Table1), whereas, it was vice versa during the
NEM. Spatial variation was evident in chlorophyll a distribution with a noticeably higher concentration in the GoM during the
monsoon periods as compared to the PB (Table 1). A clear seasonality in chlorophyll a concentration was evident in the GoM
with highest values during the NEM (surface av. 1.8 ± 1.7 mg C m-3, bottom av. 1.6 ± 1.4 mg m-3) followed by the SWM
(surface av. 1.6 ± 1.3 mg m-3 bottom av. 1.7 ± 1.5 mg m-3) and the SIM (surface av. 0.7 ± 0.45 mg m-3 bottom av. 1.1 ± 0.60
mg m-3). However, such noticeable seasonal variation in chlorophyll a was not found in the PB where the concentrations
during different seasons were comparable in magnitude (Table 1).

3.4. Picoplankton and Nanoplankton Abundance
The autotrophic picoplankton in the study area varied from 0.64 -1.71 x 107 No.L-1 in the surface waters and 0.42-1.97
x 107 No. L-1 in the bottom waters (Table 1). The density of autotrophic picoplankton was generally higher in the PB as
compared to the GoM. The heterotrophic picolankton density varied from 0.65 - 2.37 x 109 No. L-1 in the surface waters and
0.64 - 1.20 x 109 No. L-1 in the bottom waters (Table 1).The heterotrophic picoplankton was highest during the SIM both in the
GoM and the PB, and their abundance during the period was around one fold higher in the latter region. During the SWM and
the NEM, the abundance of heterotrophic picoplankton was marginally higher in the GoM as compared to the PB. The
autotrophic nanoplankton was also abundant in the study area, which varied from 0.63 -1.84 x 106 No.L-1 in the surface waters
and 0.59 - 1.22 x 106 No. L-1 in the bottom waters (Table 1). The seasonal abundance of autotrophic nanoplankton in the study
area followed the trend evident in the total phytoplankton biomass with higher values during the NEM as compared to the
SWM (Table 1).They were highly abundant during the SIM, but moderately so during the SWM and the NEM. They were
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generally higher in abundance in the PB as compared to the GoM. The difference in heterotrophic nanoplankton abundance in
the surface and bottom waters was marginal during all the sampling periods (Table 1).

3.5. Microzooplankton
3.5.1. Composition, Abundance and Diversity
Microzooplankton community was mainly composed of ciliates, heterotrophic dinoflagellates and copepod nauplii. It
consisted of 80 species of ciliates and 26 species of dinoflagellates. Altogether there were 63 species of ciliates and 19 species
of dinoflagellates in the surface waters whereas 73 species of ciliates and 17 species of dinoflagellates were found in the bottom
waters. The highest seasonal diversity of microzooplankton in the entire study area was during the SIM followed by the SWM
and the NEM. Out of 58 species of microzooplankton present in the surface waters, 37 were present in the GoM and 52 in the
PB. During the SWM, there were 49 species of microzooplankton in the GoM and 63 in the PB. The microzooplankton species
abundance in the GoM was generally low during the NEM with a total of 39 species in the surface waters and 46 species in the
bottom waters. In general, throughout the study period, the species diversity and abundance of ciliates was higher in the PB as
compared with the GoM. Similarly, the microzooplankton species abundance was higher in the bottom waters than in the surface
irrespective of seasons and geographical locations. The highest shanon diversity of ciliates and dinoflagellates was found during
the SIM both in the GoM and the PB. Throughout the study period, the diversity of dinoflagellates was higher in the GoM
(Figure 6a).
During all the three sampling periods, the abundance of microzooplankton was higher in the PB as compared to the
GoM. The highest abundance of microzooplankton in the GoM and the PB was during the SIM. The microzooplankton
abundance in the GoM was moderate during the SWM and low during the NEM whereas, their abundance in the PB was
higher during the NEM as compared to the SWM (Table 1). The percentage contribution of ciliates to the total
microzooplankton abundance in the GoM was higher in the PB (av. 58 - 77%) than that in the GoM (41 - 63%). On the other
hand, the percentage contribution of heterotrophic dinoflagellates was higher in the GoM (av. 22-37%) as compared to the PB
(av. 11-22%). The number of microzooplankton species with >2% contribution to the total abundance, in any of the 3 seasonal
sampling, includes 38 species of ciliates and 12 species of heterotrophic dinoflagellates (Table 2). The loricate ciliate of the
genus Tintinnopsis was the prominent taxon in the PB during all seasons, whereas, heterotrophic dinoflagellates belonging to
the genus Protoperidinium were predominant in the GoM.

3.6. Mesozooplankton
3.6.1. Composition and Abundance
Crustaceans in general and copepods in particular dominated the mesozooplankton community in the study area. The
percentage contribution of various mesozooplankton groups showed the predominance of copepods in the mesozooplankton
community irrespective of seasons (Figure 6b). Generally, copepods contributed from 61 to 77% of the total zooplankton
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abundance. However, when certain species of copepods were significantly high in abundance, e.g., Temora turbinata in the
GoM during the SWM and Paracalanus parvus in the PB during the NEM, the percentage contribution of copepods to the total
zooplankton abundance increased as high as 91%. The seasonal pattern in copepod density distribution followed the general
trend evident in total zooplankton density (Table 1). The copepod abundance was generally higher in the GoM during the NEM
(av. 842 No. m-3) and the SWM (av. 513 No. m-3) whereas it was higher in the PB during the SIM (av.631 No. m-3) and the
NEM (av.316 No. m-3). The gastropods and bivalves larvae were mostly a seasonal feature, and their percentage abundance
was significant in the PB during the SIM (19%) and the SWM (23%). However, their contribution in the GoM was significant
only during the SIM (18%). Other meroplankton forms such as decapod and fish larvae also showed noticeable seasonal
fluctuation in their percentage abundance in the GoM and the PB. The percentage abundance of lucifers and chaetognaths
was generally higher in the GoM as compared to the PB. Conversely, there was a noticeable increase in cladocerans in the
PB during the NEM while their abundance in the GoM was significantly low throughout the study period.

3.6.2. Feeding habits of Zooplankton
The density of all carnivorous zooplankton groups viz, siphonophores, chaetognaths, ctenophores, appendicularians
and lucifers were higher in the GoM as compared to the PB (Figure 6b; see Jagadeesan et al, 2013 for details). The same
spatial trend was evident in the feeding habit of major copepod species in the study area. Out of 81 species of copepod
identified from the study area, 48 species were numerically abundant having >1% contribution to the total abundance in
anyone of the seasons. The feeding habits of these numerically dominant species are presented in Table 3, which also
evidences the high species diversity of copepods in the study area during the SIM. The species diversity of copepods was
generally low during the SWM and the NEM with the least diversity during the latter period (Jagadeesan et al., 2013 for
details). As evident in table 3, the presence of carnivorous copepods was significantly higher in the GoM than that in the PB.
Among the numerically abundant copepods in the GoM, 34% of the species were carnivorous in their feeding habit.
Carnivorous copepods Oncaea venusta and Corycaeus danae were abundant in the GoM and contributed 10-20% of the total
abundance. They were low in abundance in the PB throughout the study (Table 3). Conversely, omnivorous copepods were
predominant in the PB, which contributed more than 80% of the numerically abundant copepod species in the region. These
copepods efficiently consume phytoplankton, heterotrophic nanoplankton and microzooplankton as described in the literature
cited in Table 3. During the NEM, the omnivorous copepod Paracalanus parvus was significantly high in the entire study area,
and its contribution was exceptional (~60% of the total copepod abundance) in the PB. This exceptional numerical abundance
of Paracalanus parvus resulted in low species diversity of copepods in the PB during the NEM period (Table 3, Jagadeesan et
al., 2013). Other omnivorous copepods such as Acrocalanus gracilis, Acartia erythraea and Temora turbinata were also
present in the PB during the NEM, but their abundance was noticeably low as compared to Paracalanus parvus. In the entire
study area, the omnivorous Cladocerans were generally low in abundance However, their abundance increased several folds
in the PB during the NEM when low saline Bay of Bengal waters prevailed in the region.
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3.7. Ecology of Plankton Components
The seasonal distribution and interrelationships of plankton food web components in the study area is presented as
triplots (Figure 7). In a triplot, vectors pointing in the same direction indicate a positive correlation while those pointing in the
opposite direction indicate a negative correlation. The vectors pointing in a perpendicular direction indicate no correlation
between the parameters represented as vectors. In the surface waters, the common environmental variables such as salinity,
dissolved oxygen and temperature have explained the overall variance in biological parameters at the level of 32.1% during
the SIM, 17.3% during the SWM and 41.5% during the NEM. A clear clustering of the GoM locations on the left hand side and
the PB locations on the right hand side was evident during the SIM and the NEM, whereas such clear segregation was absent
during the SWM (Figure 7). During the SIM and the SWM, the GoM was characterized by higher salinity, dissolved oxygen
and lower temperature as compared with the PB. During the NEM, the GoM was characterized higher salinity, temperature
and lower dissolved oxygen as compared to the PB. During the SIM and the SWM, salinity and dissolved oxygen were
positively correlated with each other, but negatively correlated with temperature. On the other hand, during the NEM, salinity
showed a negative correlation with temperature and dissolved oxygen.
During the SIM, the GoM was characterized by low dissolved oxygen, which is represented on the left hand side of the
triplot. Following this orientation pattern, the dominant species of copepods in the GoM and the PB were placed on the left and
right hand side of the triplot, respectively. The orientation of heterotrophic picoplankton, heterotrophic nanoplankton,
microzooplankton and mesozooplankton on the right hand side of the triplot (locations 16-30) during the SIM evidenced that
these components were more abundant in the PB. During the SWM, a clear segregation of the GoM and the PB was not
possible in the triplot. However, the distribution of biological parameters such as chlorophyll, autotrophic nanoplankton and
mesozooplankton showed a positive correlation with salinity and dissolved oxygen and oriented in the left hand side of the
triplot, which mostly represented the GoM locations. However, such orientation to any specific region was not evident in the
case of autotrophic picoplankton, heterotrophic picoplankton, heterotrophic nanoplankton and microzooplankton, which
indicated more homogenous distribution in the entire study area. During the NEM, the distribution pattern was almost similar to
the SIM having a noticeable segregation of biological parameters in the study area. The positive correlation of chlorophyll,
heterotrophic picoplankton, autotrophic nanoplankton and mesozooplankton with salinity and temperature placed these
parameters on the left hand side of the triplot, which represented the GoM. Conversely, autotrophic picoplankton,
heterotrophic nanoplankton and microzooplankton were negatively correlated with salinity and temperature and, therefore,
placed on the right hand side of the triplot, which essentially represented the PB. The separate RDA analyses for the GoM and
the PB for different seasons showed more or less comparable results as that of the pattern evident in the analyses carried out
for the entire study region. However, during the NEM, in the PB, the mesozooplankton stock was closely correlated with the
autotrophic picoplankton, heterotrophic picoplankton, heterotrophic nanoplankton and microzooplankton (Figure 7d) rather
than to the phytoplankton stock, which is a deviation from the general trend observed in the study region (Figure 7c).

11

In order to understand the interrelationships between the organic carbon present in different trophic levels in the
plankton food web, the distribution of mesozooplankton and their potential prey in the study area were analyzed. The
distribution of chlorophyll in the study area was positively correlated with salinity irrespective of seasons. In the GoM, during
the SWM and the NEM, the mesozooplankton was positively correlated with phytoplankton biomass while during the SIM
period; the mesozooplankton stock was closely correlated with microzooplankton and heterotrophic nanoplankton. During the
SWM, the mesozooplankton stock in the GoM was positively correlated with phytoplankton biomass, whereas, it was positively
correlated with microzooplankton and heterotrophic nanoplankton in the PB. During the SIM, copepods Calanopia minor,
Acartia spinicauda, Temora turbinata and T. discaudata were positively correlated with phytoplankton biomass, whereas,
copepods Paracalanus parvus, Clausocalanus arcuicornis, Acrocalanus gracilis and Acartia erythraea were positively
correlated with heterotrophic nanoplankton and microzooplankton (Figure 8). During the SWM, it was not possible to find out
any clear segregation of dominant species of copepods into the GoM and the PB. However, there was a positive correlation
between chlorophyll and copepods Centropages calanicus, Pareucalanus attenuatus and Temora turbinata. Conversely,
during the SWM, copepods Paracalanus parvus and Undinula vulgaris were positively correlated with heterotrophic
nanoplankton and microzooplankton. During the NEM, the dominant copepods such as Pareucalanus attenuatus, Oncaea
venusta and Temora turbinata were positively correlated with chlorophyll, whereas, Paracalanus parvus and Acartia danae
were positively correlated with heterotrophic nanoplankton and microzooplankton. A general feature evident in the triplot
irrespective of seasons was the strong positive correlation of Paracalanus parvus with heterotrophic nanoplankton and
microzooplankton (Figure 7).

3.8. Carbon Budget of Plankton Food web
3.8.1. Carbon biomass of various plankton components
Seasonally, heterotrophic picoplankton contributed 13-18% of the total plankton carbon in the GoM and 10- 22% in the
PB (Figure 9a). The carbon biomass of heterotrophic picoplankton in the GoM and the PB was highest during the SIM,
whereas, it was comparable in magnitude during the SWM and the NEM periods (Table 1). During the SIM, the biomass of
heterotrophic picoplankton was noticeably higher in the PB as compared to the GoM. The seasonal trend in the distribution of
heterotrophic nanoplankton and microzooplankton biomass was similar to the heterotrophic picoplankton. The highest
biomass of heterotrophic nanoplankton in the GoM (av. 24.37 mg C m-3) and the PB (av. 41.89 mg C m-3) was during the SIM
while their biomass during other seasons was relatively low (Figure 9a). The microzooplankton biomass in the GoM was
significantly higher during the SIM (av. 25.96 mg C m-3) as compared to the SWM (av. 10.46 mg C m-3) and the NEM (av. 9.68
mg C m-3). Though the biomass of heterotrophic nanoplankton and microzooplankton during different seasons was higher in
the PB as compared to the GoM, the carbon biomass of heterotrophic picoplankton was higher in the GoM during the SWM
and the NEM period.
The phytoplankton community in the GoM exhibited a clear seasonal pattern, with the highest biomass during the
NEM (av. 45.40 mg C m-3) followed by the SWM (av. 40.25 mg C m-3) and the SIM (av. 17.50 mg C m-3). The seasonal pattern
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in phytoplankton biomass (chlorophyll a) was different in the PB where almost comparable values were found during the SIM
(av. 21.73 mg C m-3), the SWM (av. 19 mg C m-3) and the NEM (av. 18.75 mg C m-3). The seasonal distribution of the
mesozooplankton biomass in the GoM showed a similar trend as that of the phytoplankton with the highest biomass during the
NEM (av. 6.63 mg C m-3) followed by the SWM (av. 4.85 mg C m-3) and the SIM (av. 2.3 mg C m-3). On the other hand, the
highest mesozooplankton biomass in the PB was during the NEM (av. 5.1 mg C m-3), followed by the SIM (av. 3.83 mg C m-3)
and the SWM (av.1.79 mg C m-3).

3.8.2. Plankton Food Web Structure
3.8.2.1. The Gulf of Mannar (GoM)
The total organic carbon present in the traditional and integrated food webs in the GoM is presented in figure 9b. The
phytoplankton contributed the major share of the total organic carbon (up to 88%) present in the traditional food web, and as a
result, the total carbon available in the food web showed the highest values during the NEM (av. 52 mg C m-3) followed by the
SWM (av. 45.10 mg C m-3) and the SIM (av. 25.56 mg C m-3). The carbon biomass present in the integrated food web was
much higher than that in the traditional food web, in which phytoplankton contributed most of the organic carbon (>50%)
during the SWM and the NEM. The seasonal variations in organic carbon present in the integrated food web showed an
opposite trend to that of the traditional food web. The carbon biomass in the integrated food web was the highest during the
SIM (av. 84.2 mg C m-3), whereas, it was of comparable magnitude during the SWM (av. 76 mg C m-3) and the NEM (av. 79.2
mg C m-3). A similar seasonal trend was evident in the microbial loop, which showed the highest carbon biomass during the
SIM (av. 64.39 mg C m-3) followed by the SWM (av. 30.94 mg C m-3) and the NEM (av. 27.13 mg C m-3).
An analysis of the trophic transfer efficiency through two kinds of plankton food web schemes (traditional and
integrated) is presented in figure 10a. The trophic transfer efficiency of the plankton food web was found to be significantly
higher when phytoplankton alone is considered as the nutritional source for zooplankton (traditional food web). The trophic
transfer efficiency through the traditional plankton food web was the highest during the NEM (14.6%) followed by comparable
efficiency during the SIM (13%) and the SWM (12%). On the other hand, the trophic transfer efficiency from the lower trophic
level to the zooplankton was much lower (2.8 – 9.1%) when both phytoplankton and microbial loop carbon are considered as
nutritional sources. With this consideration, the organic carbon transfer efficiency in the integrated food web was found to be
the highest during the NEM (av. 9.1%) followed by the SWM (6.8%). The majority of the organic carbon (80%) in the
integrated food web during the SIM was contributed by the microbial loop while it was the phytoplankton during the NEM
(62.6%) and the SWM (56.5%), (Figures 9a & b).

3.8.2.2. The Palk Bay (PB)
The phytoplankton biomass contributed the major share of the organic carbon present in the traditional plankton food
web (Figure 9b). The seasonal difference in the amount of organic carbon present in the traditional plankton food web was
low with slightly higher value during the SIM (av. 25.56 mg C m-3) compared to the NEM (av. 23.85 mg C m-3) and the SWM
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(av. 20.79 mg C m-3). On the other hand, the carbon pool in the integrated plankton food web was significantly higher during
the SIM (av. 126.62 mg C m-3) as compared to the NEM (av. 76.04 mg C m-3) and the SWM (av. 57.08 mg C m-3). A similar
trend was evident in the microbial loop carbon also, which showed noticeably higher biomass during the SIM (av. 101.06 mg C
m-3) than the SWM (av. 36.29 mg C m-3) and the NEM (av. 52.19 mg C m-3). It is evident that the microbial loop was very
strong during the SIM, which contributed around 83% of the total carbon biomass of the integrated plankton food web.
In the PB also, the trophic efficiency of the traditional food web was noticeably higher than that of the integrated food
web (Figure 10a). Though the phytoplankton share of the food web carbon remained nearly unchanged during different
seasons, a noticeable seasonal difference was evident in the zooplankton carbon biomass (Figure 10a). This mismatch
between the phytoplankton and zooplankton biomass caused significant variation in the trophic efficiency of the traditional
food web. The trophic transfer efficiency through the traditional food web was significantly higher during the NEM (27.2%) and
the SIM (17.6%) as compared to the SWM (9.39%). A similar seasonal trend in trophic transfer efficiency with a lesser
magnitude was evident while considering the microbial loop and phytoplankton as alternate nutritional sources of
mesozooplankton. The trophic efficiency in the integrated food web was the highest during the NEM (av. 7.19%), whereas, it
was of comparable magnitude during the SIM (av. 3.12%) and the SWM (av. 3.23%) (Figure10a). All components of the
microbial loop contributed significantly to the food web during the SIM whereas, the contribution of microzooplankton was
significantly higher during the NEM (Figure 10b). Irrespective of seasons, the carbon biomass contribution of MZP to the
plankton food web was significantly higher in the PB as compared to that in the GoM. During the SIM and the NEM, the
amount of carbon biomass present in the microbial loop was significantly higher in the PB than that in the GoM, while the
magnitude of carbon biomass was comparable in both regions during the SWM (Figure 10b).
(Preferred position of Figure 10)

4. Discussion
The GoM and the PB are characterized by hot and arid climate during most part of the year, which is evident in the
annual cycle of air and sea surface temperature in the region (Figure 2b). Air temperature was the lowest during the NEM,
when cold northeasterly wind blows over the region. Similarly, the sea surface temperature was the lowest during the NEM,
when cold and low saline Bay of Bengal waters intruded into the PB. Rainfall peaks in the study region during the early NEM
(November), which then drastically declines towards the late NEM (January). The seasonal and spatial distribution of salinity
in the GoM and the PB are governed primarily by the ocean currents around the Indian subcontinent, which in turn are driven
by monsoons.
The direction of the ocean current around the Indian subcontinent during the SWM is from the west to the east (Figure
3). This circulation brings Arabian Sea waters into the GoM during the SWM (Jagadeesan, et al., 2013). The AS waters, which
enter into the GoM during the SWM, flow into the PB through the Ramsethu and the Pamban Pass as evident in the surface
currents pattern and the flux measurements across the Ramsethu presented (Figures 3 & 4). The increased mixing of the
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GoM and the PB waters during the SWM result in more homogenous and relatively high saline waters in the entire study
region. This feature was clearly reflected in the vertical distribution of salinity on both sides of Ramsethu with the salinity in
northern GoM and southern PB being relatively homogenous during the SWM.
During the NEM, the direction of the ocean currents is from east to west. As a result, the low saline and cool Bay of
Bengal waters intrude into the PB and flow towards the GoM (Figure 3). The intrusions of the Bay of Bengal waters cause a
decline in the surface salinity and temperature in the PB as compared to the GoM. The high amount of suspended sediments
present in the Bay of Bengal waters significantly increases the turbidity in the PB. However, during the NEM, due to the
subsurface barrier effect of the Ramsethu, the flow of the PB waters into the GoM is weak, which causes a noticeable
difference in the vertical salinity on both sides of the Ramsethu (Figure 4b). This observation is in general agreement with Rao
et al. (2011) who showed that the cold, low saline Bay of Bengal waters that flow into the PB during the NEM are inhibited by
the Ramsethu. At the same time, the present study revises the view of Rao et al. (2011) and proves that a certain level of
mixing of waters do exist between the PB and the GoM during the NEM, but the extent of this is of much lower magnitude as
compared to that during the SWM (Figures 3 and 4a). This feature was very clear in the flux data across the Ramsethu, which
showed much weaker water transport during the NEM as compared to the SWM.
The SIM is the transition period between the NEM and the SWM. Therefore, the hydrography during the SIM is
characterized by calm and stable water column, which is a common feature of both the Arabian Sea and the Bay of Bengal
(Muraleedharan et al., 1996; Jyothibabu et al., 2008). The ocean currents in the study area during the SIM are the seasonal
weakest, which caused only feeble mixing of waters between the GoM and the PB. This leads to the heterogeneity in
hydrographical features in the GoM and the PB as evidenced by a >2 salinity difference on both sides of the Ramsethu
(Figure 4b). The environmental setting in the study area governed by the ocean currents indicates that the Bay of Bengal
waters mainly govern the hydrography of the PB during the NEM, whereas, the Arabian Sea waters influence the hydrography
of both the GoM and the PB during the SWM. Though mixing of the GoM and the PB waters across the Ramsethu are evident
during both the SWM and the NEM, its magnitude is much higher during the former period.

4.1. Seasonal Response of Plankton
While addressing the seasonal trend in phytoplankton biomass in the GoM and the PB, it is important to analyze the
seasonal pattern in the adjacent Arabian Sea and the Bay of Bengal. In the eastern Arabian Sea, low nitrate availability in the
surface waters causes depletion of phytoplankton stock during the SIM and the NEM whereas, upwelling enhances the
phytoplankton stock during the SWM (Jyothibabu et al., 2010). In the present study, the highest phytoplankton biomass in the
GoM was found during the NEM, which is different from the typical seasonal trend in the southeastern Arabian Sea. However,
the lowest seasonal phytoplankton biomass in the eastern Arabian Sea occurs during the SIM, and this feature was consistent
in the GoM, too. The seasonal trend in phytoplankton stock in the PB was similar to the pattern of the western Bay of Bengal
(Madhu et al., 2006). Similarly, the abundance of the heterotrophic picoplankton in the GoM and the PB was found to be the
seasonal highest during the SIM, which is in agreement with the general seasonal trend evident in the northern Indian Ocean.
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The highest seasonal abundance of heterotrophic picoplankton in the northern Indian Ocean during the SIM has been
attributed to the surface stratification and the presence of high amount of dissolved organic carbon (Garrison et al., 2000;
Madhupratap et al., 1996; Gauns et al., 1996., Jyothibabu et al., 2008). During the SIM, the abundance of heterotrophic
picoplankton in the PB was almost twice that in the GoM. This can be linked with the weak mixing of waters between the GoM
and the PB during the period, and the more enclosed nature of the former. The heterotrophic picoplankton abundance
observed in the GoM and the PB during the present study (109 L-1) was well within the range of values reported from the
Arabian Sea and the Bay of Bengal (Gauns et al., 2005; Ramaiah et al., 2009). Earlier studies of Pomeroy (1999b) in the
central and western Arabian Sea indicated that the bacterial production is relatively low during the monsoon periods when
phytoplankton production is high, which allows the storage of organic carbon in the lower food web for consumption during
subsequent periods (intermonsoon) of lower productivity. This seasonal pattern in heterotrophic picoplankton biomass and
production was found to be true in the eastern Arabian Sea, as well (Ramaiah et al., 1996; Gauns et al, 1996).
In marine environments, heterotrophic nanoplankton efficiently consumes autotrophic and heterotrophic picoplankton
(Rassoulzadegan and Sheldon., 1986; Sherr et al., 1988, 1994). The heterotrophic nanoplankton consists of flagellates and
ciliates smaller than 20 µm, which act as the primary grazers of heterotrophic bacteria and Synechococcus (Jyothibabu et al.,
2008). Conversely, heterotrophic nanoplankton form a potential source of nutrition for organisms of the higher trophic levels
such as ciliates, dinoflagellates, and smaller copepods, thereby acting as a trophic link between picoplankton and larger
plankton predators. The heterotrophic nanoplankton abundance in the GoM was generally low, which suggests that their
population size in the GoM was mostly regulated by top down control (grazing) rather than the bottom up control by
heterotrophic picoplankton abundance. Similar conclusions have been drawn by Sanders et al., (1992), who found that
heterotrophic nanoplankton populations in eutrophic environments are regulated mainly by top down control. Carnivorous
zooplankton especially Cyclopoid copepods are efficient feeders of heterotrophic nanoplankton in coastal waters (Stoecker
and Capuzzo, 1990). The noticeably higher abundance of carnivorous copepods in the GoM throughout the present study
suggests the grazing pressure exerted by higher trophic levels on heterotrophic nanoplankton.
Ciliates play a significant role in the plankton food web and functions as consumers of pico and nanoplankton and prey
for the mesozooplankton and thus act as a connecting link between lower and higher trophic levels (Sanders et al., 1992;
Sherr et al., 1991). Tintinnid ciliates were abundant in both the GoM and the PB, but their abundance was generally higher in
the PB latter to the GoM. The coastal species of tintinnids of the genus Tintinnopsis were found abundantly in the PB. The
abundance and quality of food are important for tintinnids to sustain their abundance in marine waters (Bernad and
Rassoulzadegan., 1993; Jyothibabu et al., 2008). During the SIM, the abundance of microzooplankton was the highest in both
the GoM and the PB, which was evidently due to an active microbial loop in the region as reported earlier from the Arabian
Sea (Madhupratap et al., 1996; Garisson et al., 2000). The dinoflagellates with various nutritional modes are adapted to
consume different size classes of organisms ranging from small cyanobacteria to large diatoms (Lessard and Swift., 1985;
Gains and Elbrachter, 1987; Hansen, 1991; Lessard, 1991). The abundance of dinoflagellates was generally higher in the
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GoM as compared to the PB. However, their density and diversity observed in the GoM and the PB area was much lower than
in the oceanic waters of the Arabian Sea and the Bay of Bengal (Jyothibabu et al., 2006; Jyothibabu et al., 2007). This could
be because the current study area is located along the coast while heterotrophic dinoflagellates generally prefer stratified
offshore waters where they have an advantage over other groups due to diverse feeding adaptations (Cushing, 1989;
Jyothibabu et al., 2008).
Earlier studies in the Bay of Bengal evidenced that the smaller phytoplankton adapted to live in nitrate-depleted
conditions dominate during the SIM (Jyothibabu et al., 2008; Naik et al., 2011). Microzooplankton also increases in abundance
in the Bay of Bengal during the SIM drawing most of their nutrition from a strong microbial food web (Jyothibabu et al., 2008).
During the SIM, microzooplankton and mesozooplankton stock was significantly higher in the PB as compared to the GoM,
which can be attributed to a strong microbial food web in the former region. There are increasing evidences to believe that
many small copepods feed primarily on microzooplankton for their nutritional requirements (Stoecker and Capuzzo, 1990,
Turner et al., 2004). Generally, omnivorous/ carnivorous copepods dominated in the GoM, whereas, herbivorous/ omnivorous
copepods dominated in the PB. This difference could be explained by the high salinity and the connection of the GoM to the
open waters of the Arabian Sea and the prevalence of coastal and relatively low saline waters in the PB. The omnivorous
copepod Paracalanus parvus was found in significantly higher abundance in the PB during the NEM (59% of the total copepod
abundance), which could be linked to their preference for low salinity and abundant microzooplankton (Suzuki et al., 1999).
Several recent studies evidenced that Paracalanus parvus are efficient feeders of microzooplankton, and a major part of their
nutrition is derived through the microbial food web (Turner and Anderson, 1983; Suzuki et al., 1999).

4.2. Trophic level Interactions in the Plankton Food Web
Grazing is an important ecological aspect while considering the energy and material transfer through the trophic levels
in a food web. It is believed that the grazing process in a plankton food web becomes effective when two important conditions
are satisfied (a) matching of high grazer and prey abundance in time and space, and (b) efficiency of the grazer to feed on
the available prey. Based on this concept, it is significant to analyze the interrelationships of various plankton components
evidenced in the triplots, which essentially represent the various possible trophic interactions between different components.
The close associations of the mesozooplankton with the phytoplankton stock and autotrophic nanoplankton in the GoM during
the monsoon periods essentially represent the close linking between these components (Figure 7). On the other hand, during
the SIM period, the mesozooplankton stock in the GoM was strongly linked to the microbial loop thereby showing a seasonal
shift in their nutritional preference from phytoplankton during the monsoons to the microbial loop during the SIM. However, it
was found that the interrelationship between the mesozooplankton and the phytoplankton biomass was generally weak in the
PB. Throughout the study, the zooplankton stock in the PB was more correlated with the microbial food web components.
Interestingly, it was also observed in the triplot that during the NEM in the PB, there is a significant correlation between the
autotrophic picoplankton and microzooplankton abundance, which essentially indicates the possible interlinking between the
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autotrophic and heterotrophic plankton food web pathways. Unfortunately, the present sampling scheme is insufficient to
address this important ecological aspect in detail.
The organic carbon present in each trophic level can be considered as a good measure of the energy exchange
though the food web (Gosselain et al., 2000). All through the study, the organic carbon availability in the integrated plankton
food web was much higher than that in the traditional food web, which underscores the significant contribution of the microbial
loop carbon in the plankton food web. Seasonally, the organic carbon pool observed in the GoM during the SWM and NEM
was significantly contributed by the phytoplankton stock, whereas, the organic carbon in the PB was primarily contributed by
microbial loop irrespective of seasons. During the SIM, though the phytoplankton carbon in the entire study area was the
seasonal lowest, the total carbon available in the integrated food web was the seasonal highest, which can be directly linked
to a strong microbial loop. The highest mesozooplankton biomass in the entire study area was observed in the GoM during the
NEM, when more than 50% of the total carbon available in the food web was contributed by the phytoplankton stock. Hence,
this high secondary production was more related to a strong traditional food web. Conversely, the highest seasonal
mesozooplankton biomass observed in the PB was not the outcome of phytoplankton stock in this region. Instead, the high
amount of microbial loop carbon present in the PB during the NEM caused the enhanced mesozooplankton biomass. Now the
puzzle that needs to be addressed is why no significant enhancement was observed in zooplankton biomass in the GoM
during the SIM period, when microbial loop carbon was more than a fold higher there than that in the PB during the NEM. This
puzzle can be solved by analyzing the composition of zooplankton community, especially copepods, present in the GoM and
the PB during the respective periods.
The abundance of cladocerans was the seasonal highest in the PB during the NEM, which was associated with the
intrusion of low saline waters. Cladocerans generally prefer low saline coastal waters, and recent research evidences their
active consumption of microzooplankton. Similarly, Paracalanus parvus, which contributed around 60% of the total copepod
abundance in the PB during the NEM (Figure 8), voraciously feeds on microzooplankton (Broglio et al., 2004). Alternatively,
during the SIM, due to calm and stable environmental conditions, the diversity of copepods significantly increased, and as a
result, the predominance of any single omnivorous copepod species was not evident in the study area. Three omnivorous
copepods that potentially feed on microzooplankton such as Paracalanus parvus, Acrocalanus gracilis and Clausocalanus
arcuicornis were abundant in the PB during the NEM, but they have lesser abundance in the GoM during the same period.
This difference in copepod composition in the GoM and the PB was the main reason for more efficient utilization of the
microzooplankton biomass, and a general increase in the total zooplankton carbon stock in the latter region.
Although the highest organic carbon in the plankton food web for the entire study period was during the SIM, the
trophic transfer efficiency was the weakest during the period, which can be attributed to the several intermediate trophic levels
and wide dispersal of organic carbon in the microbial food web (Cushing, 1989; Landry et al., 1998; Berglund et al., 2007).
However, relatively high biomass of mesozooplankton was evident in the PB during the SIM even though the phytoplankton
stock did not increase significantly during the period. This increased mesozooplankton carbon in the PB during the SIM was
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contributed mainly by the microbial food web as observed in the AS during the JGOFS studies (Madhupratap et al., 1996).
The organic carbon transfer efficiency of the integrated food web was the highest during the NEM both in the GoM and the PB
(Figure 10a). The high transfer efficiency in the GoM during the NEM was due to the high amount of phytoplankton stock,
which generally causes more efficient energy transfer than through the microbial loop. Importantly, higher trophic efficiency
was shown by the PB during the NEM even though most of the organic carbon in the integrated food web was contributed by
the microbial loop. Evidently, this high trophic efficiency of the integrated food web carbon in the PB was caused by the
predominance of omnivorous copepod Paracalanus parvus, which actively feeds on microzooplankton. Their predominance in
the PB during the NEM monsoon is closely associated with the intrusion of the low saline Bay of Bengal waters, which also
caused the increased abundance of cladocerans. Experimental studies prove that several omnivorous copepods consume
ciliates at higher rates than they graze phytoplankton except during situations of upwelling-induced diatom blooms (Lynne et
al., 1994).
The plankton food web structure in the GoM and the PB showed a distinctly higher carbon contribution from the
phytoplankton than from the zooplankton. This is a typical feature of marine environments where top down control is less
efficient in controlling the phytoplankton stock (Elser and Goldmanm, 1991). Traditionally, the pelagic ecosystems are
assigned a trophic transfer efficiency of 10% from one trophic level to the next (Cushing, 1989; Pauly and Christensen, 1995).
However, it is relevant to consider that this trophic transfer efficiency scheme was proposed several decades ago when the
role of the microbial loop in supplementing nutritional requirements of the mesozooplankton was less known. The transfer
efficiency through the traditional plankton food web (from phytoplankton to zooplankton) in this study was reportedly 9-27%,
which is much higher than the classical trophic transfer efficiency of 10%Therefore, the increased trophic transfer efficiency of
the traditional plankton food web observed in the present study can be linked to the contribution of the microbial loop carbon
to the nutrition of the mesozooplankton. This fraction was unaccounted for in the traditional estimations (Figures 10a & b).
Conversely, when both phytoplankton and microbial loop carbon are considered as alternate nutritional sources for
zooplankton (integrated food web), the transfer efficiency from the primary carbon source to the mesozooplankton was found
to be significantly low (~3 %), which was due to the wide dispersal of majority of the organic carbon in multi-trophic levels of
the microbial loop. The low trophic transfer efficiency of microbial loop-based food web in marine systems has been recently
discussed by Berglund et al. (2007), who demonstrated from mesocosm experiments that the trophic efficiency of the
microbial loop based-food web is as low as 2%. While the trophic efficiency of the phytoplankton based food web is as high as
24%. Our study is in agreement with the observation of Berglund et al. (2007) and evidenced that the transfer efficiency of
plankton food web is <4% when the microbial loop predominantly contribute organic carbon in the food web. On the other
hand, when phytoplankton contribute >50% of the total carbon in the food web, the trophic efficiency varied from 6 - 10%. An
exception to this general trend was the PB during the NEM, where the transfer efficiency was significantly high (7.2%) when
the microbial loop dominated the plankton food web. This high trophic efficiency as mentioned earlier was due to the
predominance of Paracalanus parvus and increased abundance of cladocerans, which actively utilize the carbon available in
the microbial loop.
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In conclusion, the present study provides clear evidences from the field that trophic transfer efficiency of the plankton
food web in a particular environment is mainly controlled by the kind of zooplankton predators available in the environment.
The study further shows that merely an increase in abundance of some of the microbial loop components in the particular
environment (as in the case of the GoM during the SIM), may not necessarily increase the carbon biomass in the higher
trophic levels. The results from the GoM and the PB suggest that any future studies on the plankton food web structure and
trophic efficiency should also pay concerted attention to the feeding habits of the abundant zooplankton predators present in
the environment. This seems to have implications while considering the earlier observation of Madhupratap et al., (1996), who
observed high mesozooplankton stock in the central and eastern Arabian Sea during the SIM when most of the carbon in the
plankton food web was contributed by the microbial loop (Arabian Sea Paradox). Unfortunately, it is unclear from the work of
Madhupratap et al., (1996) whether the high mesozooplankton stock in the Arabian Sea during the SIM was caused by the
predominance of any efficient microzooplankton predators. The dominance of smaller copepods during the period of lower
phytoplankton stock has been identified worldwide, which is believed to be an adaptation for efficient consumption of the
microbial loop carbon (Turner, 2004). However, globally, very little is known about the feeding preference of copepods for
alternate nutritional resources like phytoplankton and the microbial loop (Broglio et al., 2004). This is also true for the northern
Indian Ocean. It is hence our future interest to study the feeding preferences of dominant zooplankton groups, adopting
laboratory and field experiments.

4.3. Spatial Difference in the Plankton Food Web
In marine environments, plankton components show noticeable changes in distribution because they are free floating
and can respond rapidly to any significant changes in the physicochemical parameters (Hays et al., 2005). The present study
evidenced that the seasonal hydrography of the GoM and the PB is primarily governed by the seasonally reversing ocean
currents in the region. The physical barriers that separate the GoM and the PB cause spatial differences in hydrography
during the SIM and the NEM. However, strong currents and mixing during the SWM cause the physical parameters in the
entire study area to become more homogenous. The most remarkable environmental feature observed in the present study is
the relatively low saline nature of the PB, which was due to its proximity to the Bay of Bengal. The lowest seasonal salinity in
the study area was during the NEM when cold, low saline waters intruded into the study area. These seasonal changes in the
hydrography were found to influence the plankton food web structure in the GoM and the PB.
It was observed during the present study that the phytoplankton stock in the GoM was high during the monsoon
periods, whereas, it was relatively low and seasonally unchanging in the PB. Due to increased freshwater influx from the land
and coastal upwelling, the nutrient availability all along the southern coastline is high during the monsoon periods
(Madhupratap, 1993; Nair et al., 1992). Therefore, high nutrient availability in the near coastal regions of India during the
monsoon periods can be considered as a major factor for the enhanced phytoplankton stock in the GoM during the monsoon
periods. More importantly, the direction of the ocean currents during the SWM shows the possibility of advected nutrientenriched eastern Arabian Sea waters into the GoM. Similarly, the Bay of Bengal waters that intrude into the PB during the
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NEM (and mix weakly with the GoM), can also cause an increase in the nutrient concentration in the surface waters of the
inshore GoM. The lack of seasonal variations in phytoplankton standing stock is a general feature of the western Bay of
Bengal due to nutrient limitation during the SIM period and light limitation during the SWM and the NEM (Madhu et al., 2006;
Jyothibabu et al., 2008). During the present study, a seasonal non-variability in phytoplankton biomass was evident in the PB,
which can be attributed to the proximity of the region to the Bay of Bengal. However, why the intruded BoB waters could not
bring out any significant enhancement in the phytoplankton stock during the NEM remains to be answered. One possible
reason is the high amount of turbidity in the PB during the NEM, which might exert a certain level of light inhibition in the
region, causing lower phytoplankton stock as compared to the GoM.
Most of the phytoplankton stock (>70%) in the GoM and the PB was contributed by nanoplankton (Jyothibabu et al.,
2013). This feature was evident in the triplot - the total phytoplankton stock, and the abundance of nanoplankton in the study
area was closely correlated during all periods. The dominance of nanoplankton is a general feature of the estuarine and
coastal waters of India where they contribute the majority of the phytoplankton carbon biomass (Madhu et al., 2007;
Jyothibabu et al., 2013). The overall structure and seasonal dynamics of plankton in the study area showed a phytoplankton
dominant food web in the GoM during the monsoon periods and a microbial loop dominant food web during the SIM. In
contrast, a microbial loop dominant food web was prominent in the PB irrespective of seasons. This difference in the plankton
food web structure was the result of the hydrographical settings in the respective regions, which was caused by the seasonally
reversing ocean currents and inhibition of water currents by the physical barriers (Rameswaram Island, Ramsethu and
Mannar Island). During the SWM, when currents and mixing of waters between the GoM and the PB was stronger, the spatial
difference in the amount of organic carbon retained in different components of the microbial loop was the lowest. Conversely,
when the ocean current was weak, and the mixing of waters between the GoM and the PB was weaker (during the SIM and
the NEM), the spatial difference in the amount of organic carbon present in various components of the microbial loop was
prominent in the study region.
The PB was characterized by typical inshore zooplankton community with the dominance of tintinnids and omnivorous
copepods, which was due to the enclosed coastal nature of the region. On the other hand, due to direct connection to the
open waters of the Arabian Sea, the abundance of dinoflagellates and carnivorous copepods were more in the GoM. The
organic carbon availability in the plankton food web was noticeably higher in the GoM as compared with the PB except during
the SIM when microbial loop was dominant in the entire study region. The seasonal variation in organic carbon present in the
traditional plankton food web was minor in the PB as compared to the GoM, which was due to the lack of seasonality of
phytoplankton stock in the former region. During the SIM, the amount of organic carbon present in the heterotrophic
nanoplankton and microzooplankton was higher than that of the traditional food web in the entire study area, which essentially
showed an active microbial loop. Although the seasonal difference in the amount of carbon in the integrated plankton food
web was marginal in the GoM, the amount of organic carbon present in the higher trophic level (zooplankton) evidenced a
seasonal pattern similar to the phytoplankton stock. This close coupling between the trophic levels was the result of high

21

transfer efficiency of organic carbon from the phytoplankton to zooplankton, which indicated the dominant role of
phytoplankton in the GoM during the SWM and the NEM periods. The predominance of the microbial loop in the entire study
area during the SIM was in agreement with the general pattern of the northern Indian Ocean (Madhupratap et al., 1996;
Gauns et al., 1996; Garisson et al., 2000; Jyothibabu et al., 2008). However, it is important to note that the transfer efficiency
of organic carbon to the higher trophic level during the SIM was much lower as compared to the SWM and the NEM periods.
This study evidences that the higher transfer efficiency through the microbial loop dominant food web mainly depends on the
presence of efficient microzooplankton predators in the higher trophic levels as observed in the PB during the NEM period.

5. Conclusion
This study presents the structure and trophic efficiency of the plankton food web in the GoM and the PB, two least
studied marine environments in the northern Indian Ocean. The GoM was found to be more productive than the PB waters in
terms of phytoplankton and zooplankton stock. During the SWM and the NEM periods, phytoplankton contributed the major
share of the total plankton carbon biomass in the GoM while it was the microbial loop during the SIM. Irrespective of the
seasons, the carbon contribution of the microbial loop in the PB was significantly higher than in the GoM. When the microbial
loop contributed most of the carbon in the food web during the SIM, the trophic efficiency was much lower than that during the
NEM and the SWM. The study evidenced instances where the amount of organic carbon contributed by the microbial loop was
significantly high in the food web, but with low carbon stock in the mesozooplankton level, due to weak trophic transfer
efficiency (~3%). An exception to this general feature was the PB during the NEM, where efficient consumers of the microbial
loop (e.g. cladocerans and the copepod Paracalanus parvus) were predominant and as a result, the transfer efficiency of the
microbial loop-dominated food web increased by more than a fold (7.2%). The present study thus provides first evidences
from the field that merely an increase in the microbial loop in natural waters alone is not sufficient to increase the
mesozooplankton stock until efficient microbial loop consumers are abundant in the environment.
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Figure captions
Figure 1a – Station locations. Locations 1-15 and 16-30 represent the Gulf of Mannar and Palk Bay respectively. Locations of
current meter deployment and Automatic Weather Station installation are also shown
Figure 1b - Diagrammatic representation of the sea bed from Mandapam (India) to Mannar Island (Sri Lanka) based on ADP
measurements in the Pamban Pass (Square I) and naval hydrography chart No. 358 in the Ramsethu Region (Square II). Also
see similar representation in Sivalingam (2005).
Figure 2a- Seasonal reversal of ocean currents around the Indian subcontinent during the Southwest Monsoon and Northeast
Monsoon. WICC- West India coastal Current, LL- Lakshadweep Low, LH- Lakshadweep High, SMC – Summer Monsoon
Current, WMC- Winter Monsoon Current, EICC – East India Coastal Current.
Figure 2b - Seasonal trend in temperature and rainfall in the study area. The monthly mean air temperature data is from the
AWS installed at Mandapam during the study period and the rainfall data represent 5 year mean (2005-2010) for three major
revenue districts Tuiticorin, Ramnathapuram and Nagapattinam bordering the study area. The Rainfall data is from IMD data
sets available in the public domain
Figure 3 – MIKE 21 simulated current pattern in the GoM and the PB during the Northeast Monsoon, the Spring Intermonsoon
and the Southwest Monsoon. The simulated pattern of currents were validated using RCM 9 current meters deployed at
selected locations as shown in figure 1a. The currents that flow between the PB and the GoM during the Northeast Mosoon
and

the

Spring

Intermonsoon

are

weak

when

compared

with

the

currents

that

flo

w during the Southwest Monsoon.
Figure 4a - Flux estimates (in m3/second) between the GoM and the PB during the Spring Intermonsoon (SIM) the Southwest
Monsoon and the Northeast Monsoon. The direction of the arrows indicates the direction of the ocean currents and the size
indicates the proportionate volume transported. It is evident that the quantity of the water transported from the GoM to the PB
during the Southwest Monsoon is several orders higher than other seasons.
Figure 4b – Vertical distribution of salinity in (a) two transects on both sides of the Ramsethu. The locations in blue and red
color represent the GoM and the PB respectively. The marked difference in salinity levels between the GoM and the PB was
clear during the Spring Intermonsoon (SIM) and the Northeast Monsoon (NEM) whereas, such gradients in salinity was not
evident during the Southwest Monsoon (SWM) due to effective mixing of waters caused by strong currents
Figure 5- Euclidean distance similarity index based group average linking of cluster/ SIMPROF dendrogram (a-c) of spatially
assembled locations in the GoM (1-15) and the PB (16-30). The plot visualizes the environmental relatedness of the study
locations during different seasons (a) the Spring Intermonsoon (SIM), (b) the Southwest Monsoon (SWM) and (c) the
Northeast Monsoon (NEM). In cluster plot, solid black lines shows the statistically significant segregations of the locations
(SIMPROF, P< 0.05) and the red dotted lines indicates lack of significant differences. Clear segregation of the GoM and the
PB locations are evident in these figures (a-c) during the SIM and the NEM (SIMPROF, P< 0.05). Salinity over laid non-metric
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multidimensional scaling (NMDS) ordination plot of sampling locations showed differences in salinity in the spatially
assembled groups during (d) the SIM, (e) the SWM and (f) the NEM. Symbols in each figure show the ranges of salinity in the
spatially segregated sampling locations during that particular period.
Figure 6a -Seasonal and spatial variations in species diversity of ciliates and heterotrophic dinoflagellates in the GoM and the
PB. The species diversity was the highest during the SIM. The diversity of ciliates was much higher than dinoflagellates
irrespective of seasons. The high species diversity of dinoflagellates and ciliates in the GoM and the PB respectively is also
evident in the figures
Figure 6b –The percentage contribution of various taxa to the total mesozooplankton abundance. The major percentage
contribution was from copepods, which was as high as 90% percent in the GoM during the southwest monsoon (SWM). The
high percentage contribution of post larval bivalves and gastropods were found both in the GoM and the PB during the SIM
and in the PB during the SWM. The abundance of cladocerans increased more than a fold in the PB during the NEM.
Figure 6b (i-iii)- Flowcam images of (i) bivalves. (ii) gastropods and (iii) cladocerans
Figure 7- RDA Triplot showing the distribution of seasonal environmental variables and dominant copepod species. Locations
are displayed by circles (blue and red filled circles represent the GoM and the PB locations respectively), species and
environmental variables are shown by arrows. The direction of the arrow indicates the direction of the increase of that
particular factor on spatially assembled sampling locations. During the Spring Intermonsoon (SIM) and the Northeast Monsoon
(NEM), there was a clear segregation of the GoM and the PB locations, which also encompass the dominant copepods in
respective regions. Such clear segregation was impossible for the Southwest Monsoon (SWM) as evident in the second panel,
which was due to the increased homogeneity of copepod species in the GoM and the PB during the period. In the last panel
(PB-NEM), the RDA analyses separately for the PB during the NEM is presented which shows the close interrelationship in
occurrence of heterotrophic nanoplankton (HNP), microzooplankton (MZP) and copepod Paracalanus parvus (PPA) are
shown. Abbreviations (SAL- Salinity, DO-Dissolved Oxygen, TEM-Temperature, MZP- Microzooplankton, MSPMesozooplankton, Chl a- Chlorophyll a, APP-Autotrophic picoplankton, ANP-Autotrophic nanoplankton, HPP–Heterotrophic
picoplankton, HNP-Heterotrophic nanoplankton, ACD- Acartia danae, ACE – Acartia erythraea, ACS - Acartia spinicauda,
ACG- Acrocalanus gracilis, CAM- Calanopia minor, CEO Centropages orisinii , CFU- Centropages furcatus,

CLA -

Clausocalanus arcuicornis, COD- Corycaeus danae, EUA - Euterpina acutifrons, ONC- Onychocorycaeus catus, PAA Pareucalanus attenuatus, PAP- Paracalanus parvus, PSA- Pseudodiaptomus aurivilli, PSS- Pseudodiaptomus serricaudatus,
TED- Temora discaudata, TET- Temora turbinata, UNV- Undinula vulgaris)
Figure 8a- The percentage contributions of dominant copepods in the GoM and the PB during different seasons. The highest
and lowest diversity of dominant copepods was found during the Spring Intermonsoon (SIM) and Northeast Monsoon (NEM)
respectively. The predominance of Paracalanus parvus was evident during the NEM with a significantly higher percentage
contribution in the PB as compared to the GoM. Abbreviations: Acrocalanus gracilis (ACG), Paracalanus parvus (PAP),
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Temora turbinata (TET), Temora discaudata (TED), Calanopia minor (CAM), Acartia spinicauda (ACS), Acartia erythrae
(ACE), Acartia danae (ACD), Euterpina acutifrons (EUA), Oncaea venusta (ONV), Corycaeus danae (COD), Clausocalanus
arcuicornis (CLA), Centropages orisinii (CEO), Centropages furcatus (CEF), Undinula vulgaris (UNV), Pareucalanus
attenuatus (PAA), Pseudodiaptomus serricaudatus (PSS), Pseudodiaptomus aurivilli (PSA), Others (OTH). Figure 8b Flowcam images of the copepod Paracalanus parvus, which was predominant in the study area especially the PB during the
NEM.
Figure 9a - Seasonal variation in carbon biomass of various plankton food web components. The high carbon contributions of
microbial loop components (HPP, HNP & MZP) are evident during the SIM. The phytoplankton carbon was significant in the
GoM during the SWM and the NEM periods but, microbial food web components were more prominent in the PB, irrespective
of seasons.
Figure 9b - Seasonal variation of carbon biomass in different food web and plankton components. It is clear that the total
carbon retained in the integrated plankton food web in the GoM and the PB is several folds higher than the traditional food
web. Irrespective of seasons, the microbial loop carbon was much higher in the PB than that in the GoM. During the Spring
Intermonsoon (SIM), the microbial food web was predominant in both the GoM and the PB. Conversely, phytoplankton carbon
biomass was dominant in the GoM during the Southwest Monsoon (SWM) and the Northeast Monsoon (NEM).
Figure 10a- Trophic transfer efficiency through the food web under case (1) both phytoplankton and microbial loop carbon as
the nutritional source for mesozooplankton (indicated in red color) and case (2) phytoplankton carbon alone as the source for
mesozooplankton (indicated in green color). The trophic transfer efficiency in case (2) is much higher than case (1)
irrespective of seasons. The trophic transfer efficiency in the GoM in case 1 was significantly high during the SWM (6.8%) and
the NEM (9.14%), which was associated with the dominance of the phytoplankton carbon in the food web. The trophic
efficiency of the food web was generally low (< 4%) when microbial loop carbon dominated the total carbon available in the
food web. However, in the PB during the NEM when microbial loop carbon dominated the plankton food web, the trophic
transfer efficiency increased by one fold (7.2%), which was associated with the predominance of the copepod Paracalanus
parvus.
Figure 10b: Path diagram of organic carbon retained in various components of the plankton food web in the GoM and the PB
during different seasons. High carbon content of phytoplankton in the GoM during (c) the SWM and (e) the NEM is evident.
High amount of organic carbon in the microbial food web components during the SIM in (a) the GoM and (b) the PB indicate a
predominant microbial loop. It is evident that irrespective of seasons, the plankton carbon content in the PB was mostly
contributed by the microbial loop. During the NEM, there was a noticeable increase in the contribution of microzooplankton in
the PB (f), which was associated with a stronger microbial food web in the region as compared to the GoM.
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SI M

NEM

SWM

Depth

GoM

PB

GoM

PB

Go M

Temperature (°C)

S
B

30.31 ± 1.20
29.29 ± 0.59

31.47 ± 0.81
30.39 ± 0.43

29.64 ± 1.11
28.89 ± 1.48

30.29 ± 0.64
30.24 ± 0.28

26.55 ± 0.49
26.94 ± 0.23

25.45 ± 0.61
25.73 ± 0.32

Salinity

S
B

33.90 ± 0.54
34.10 ± 0.36

30.44 ± 1.13
31.14 ± 1.28

35.39 ± 0.60
34.63 ± 3.30

34.90 ± 0.60
34.38 ± 1.06

32.00 ± 0.58
32.89 ± 1.40

28.90 ± 1.42
29.75 ± 1.33

DO (mg L-1)

S
B

7.81 ± 0.93
7.54 ± 0.69

6.34 ± 0.68
6.66 ± 0.73

7.92 ± 0.75
5.99 ± 1.08

6.76 ± 0 .91
6.40 ± 0.72

7.92 ± 0.75
6.74 ± 1.18

8.12 ± 1.32
7.64 ± 1.12

Chl.a (mg m-3)

S
B

0.70 ± 0.45
1.10 ± 0.60

0.87 ± 0.47
0.56 ± 0.31

1.60 ± 1.30
1.70 ± 1.50

0.76
1.10

± 0.40
± 0.60

1.80 ± 1.70
1.60 ± 1.40

0.75 ± 0.40
0.74 ± 0.37

Turbidity (NTU )

S
B

-

-

-

1.76 ± 1.39
2.73 ± 1.87

7.85 ± 13.59
11.32 ± 18.83

APP abundance

S
B

-

-

0.64 ± 0.38
0.42 ± 0.25

1.71 ± 0.44
1.97 ± 1.07

0.65 ± 0 .45
0.48 ± 0.47

0.99 ± 0.40
1.19 ± 0.47

HPP a bundance

S
B

2.37 ± 0.73
0. 64 ± 0.12

0.87 ± 0 .47
0.83 ± 0.37

0.65 ± 0.13
0.65 ± 0.18

0.85 ± 0.22
0.65 ± 0.20

0.65 ± 0.23
0.67 ± 0. 27

ANP a bundance

S
B

-

1.55 ± 0.72
1.06 ± 0.42

0.63 ± 0.27
0.87 ± 0.35

1.84 ± 0.90
1.22 ± 0.83

0.77 ± 0.37
0.59 ± 0.26

HNP abundance

S
B

3.96 ± 0.84
3.81 ± 0.81

6.79 ± 1.38
6.96 ± 1.46

1.76 ± 0.64
1.5 ± 0.32

2.60 ± 0.91
2.34 ± 0.76

1.32 ± 0.47
1.27 ± 0.42

2.80 ± 0.94
2.53 ± 0.88

MZP abundance

S
B

1757 ± 506
2193 ± 584

2968 ± 880
3296 ± 1100

1020 ± 900
1213 ± 1198

1362 ± 1093
1540 ± 1256

940 ± 607
1160 ± 679

2389 ± 1618
2645 ± 1429

MSP abundance

S

567 ± 527

824 ± 850

580 ± 718

266 ± 344

998 ± 635

312 ± 285

Copepod abu ndance

S

278 ± 293

631 ± 678

530 ± 729

198 ± 230

842 ± 630

316 ± 240

Phyto. biomass

S
B

17.50 ± 11.25
25.00 ± 27.5

21.73 ± 11.63
14.00 ± 7.75

40.25 ± 32.5
42.5 ± 37.5

19.00 ± 11.09
27.50 ± 15.00

45.40 ± 44.86
40.00 ± 35.00

18.75 ± 11.09
18.50 ± 9.25

HPP b iomass

S
B

14.06 ± 4.93
13.22 ± 5.48

26.11 ± 8.11
21.99 ± 7.27

9.62 ± 5.21
9.10 ± 4.05

7.14 ± 1.39
7.18 ± 1.98

9.31 ± 2.44
7.13 ± 2.24

7.12 ± 2.58
7.37 ± 2.95

HNP biomass

S
B

24.37 ± 5.18
23.51 ± 4.99

41.89 ± 8.51
42.94 ± 9.00

10.86 ± 8.77
9.26 ± 3.33

16.04 ± 12.77
14.44 ± 4.69

8.14 ± 2.88
7.84 ± 2.59

17.28 ± 2.61
15.61 ± 5.44

MZP biomass

S
B

25.96 ± 14.14
29.08 ± 12.67

33.06 ± 19.23
35.37 ± 13.97

10.46 ± 11.6 3
13.04 ± 11.0 8

13.11 ± 11.63
15.87 ± 14.69

9.68 ± 9.17
12.67 ± 11.3 6

27.79 ± 21.0 7
29.02 ± 24.55

MSP biomass

S

2.30 ± 2.09

3.83 ± 3.53

4.85 ± 5.85

1.79 ± 1.52

6.63 ± 3.83

5.10 ± 4.06

Parameters

1.28 ± 0.45
1.20 ± 0.50
-

-

PB

Table 1 - Seasonal variations of environmental and biological parameters. Abbreviations: APP- Autotrophic picoplankton (x 107 No. L-1);
HPP- heterotrophic picoplankton (x109 No. L-1); ANP- Autotrophic nanoplankton (x106 No. L-1), HNAN - Heterotrophic nanoplankton (x 106
No. L-1), MZP - Microzooplankton (No. L-1), MSP – Mesozooplankton (No. m-3) and copepod (No. m-3) are presented. All biomass values
are in mg C m-3. (S) Surface waters and (B) bottom waters. Minus sign indicate absence.
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Sl. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
1
2
3
4
5
6
7
8
9
10
11
12

Species
Ciliates
Amphorella tetragona
Codonella morchella
Codonellopsis ostenfeldi
Coxiella ampla
Eutintinnus tenuis
Favella brevis
Laboea strobila
Leprotintinnus nordquisti
L. simplex
Lohmaniella oviformis
L. spiralis
Metacylis jorgenseni
Stenosemella ventricosa
Strobilidium minimum
Strombidium acutum
S. capitatum
S. conicum
S. emergens
S. epidemum
S. sphericum
S. wulffi
Tintinnidium incertum
T. primitivum
Tintinnopsis beroidea
T. butschli
T. conicum
T. cylindrica
T. directa
T. glans
T. gracilis
T. karajcensis
T. lohmanni
T. minuta
T. mortensenei
T. nucula
T. radix
T. tocantinensis
T. uruguayensis
Het. Dinoflagellates
Gyrodinium sp.
Noctiluca scintillans
Protoperidinium breve
P. conicum
P. depressum
P. leonis
P. nipponicum
P. oceanicum
P. ovatum
P. pellucidum
P. quarnerens
P. steinii

SIM
GoM
PB

Surface waters
SWM
NEM
GoM
PB
GoM
PB
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GoM PB
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GoM PB
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T
able 2 - Microzooplankton species with >2% contribution in any one of the seasons sampled. Symbols +, ++, +++,
++++represent 0- 2%, 2- 5 %, 5 - 10 % and >10 % contribution (highlighted) respectively. Minus sign implies absence.
Abbreviations: Spring Intermonsoon (SIM), Southwest Monsoon (SWM) and Northeast Monsoon (NEM).
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Sl.No

Species

Occurrence

Feeding habit

(GoM)
Acartia erythraea
SIM, SWM, NEM
Omn3
A. danae
SIM, SWM+, NEM
Omn4
A. spinicauda
SIM
Omn3
+
Acrocalanus gracilis
SIM
Her3, Omn8
Calanopia minor
SIM, SWM, NEM
Car3
Centropages furcatus
SIM, SWM
Omn 3,4
C. calaninus
SWM, NEM
Omn3
C. dorsispinatus
SIM, NEM
Omn3
Corycaeus danae
SIM, SWM +, NEM ++
Car3,4
C. speciosus
SIM
Car3,4
Eucalanus elongatus
SIM & NEM
Her3,4
Euterpina acutifrons
SIM, SWM, NEM
Her 3,Omn5
Farranula gibbula
SIM, SWM, NEM
Car3
Labidocera acuta
SIM, SWM, NEM
Car3,4
L. pava
SIM
Car3,
L. pectinata
SIM & SWM
Car3,
Microsetella sp
SIM, SWM, NEM
Her3
Oithona nana
SIM, NEM
Omn3,5
O. similis
SIM, NEM
Omn3,5
Oncaea conifera
SIM, SWM
Car3,Omn7
O. media
SIM, SWM
Omn7
++
O. venusta
SIM, SWM, NEM
Car 3,Omn1,2,7
Onychocorycaeus catus
SIM, SWM
Car3
Paracalanus parvus
SIM, SWM +, NEM #
Her 4, Omn5
Pareucalanus attenuatus
SIM, SWM, NEM +
Her3,4
Pseudodiaptomus serricaudatus
SWM
Omn3
Subeucalanus crassus
SIM
Her3
Temora discaudata
SIM, SWM
Omn3
T. stylifera
SIM, SWM
Omn5
T. turbinata
SIM, SWM #, NEM ++
Omn3,5, Her4
Tortanus barbatus
SIM, SWM, NEM
Car3
Undinula vulgaris
SIM, SWM, NEM
Omn6
(PB)
1
Acartia erythraea
SIM +, SWM + , NEM
Omn3
2
A. danae
SIM ++, SWM ++, NEM +
Omn4
3
A. spinicauda
SIM
Omn3
4
Her3, Omn8
Acrocalanus gracilis
SIM ++, SWM, NEM
5
Calanopia minor
SIM, SWM
Car3
6
Centropages furcatus
SIM
Omn 3,4
7
C. orsinii
SIM +, NEM
Omn4
8
Clausocalanus arcuicornis
SIM ++, SWM, NEM
Her3,4 , Omn5
+
+
9
Corycaeus danae
SIM, SWM , NEM
Car3,4,
10
Euterpina acutifrons
SIM & NEM
Her3 , Omn5
11
Oithona similis
SWM
Omn3,5
12
Paracalanus parvus
SIM ++, SWM ++, NEM ##
Her 3,Omn5
13
Pseudodiaptomus aurivilli
SWM
Omn3
14
P. serricaudatus
SWM
Omn3
++
++
15
Temora turbinata
SIM, SWM , NEM
Omn3,5,Her4
16
Undinula vulgaris
SWM, NEM
Omn6
Table 3 – Copepods abundance and their feeding behavior. Abbreviations: Spring Inter-monsoon (SIM), Southwest Monsoon (SWM) and
Northeast Monsoon (NEM). Symbols: + indicates >5 - 10 contribution, ++ indicates >10-20 % contribution; # indicates 20-40 % contribution;
## indicates 40-60 % contribution. 1Fernandes and Ramaiah, 2009., 2Kattner et al, 2003., 3Rakesh et al, 2008., 4Richardson et al., 2006,
5Broglio et al, 2004., 6Goswami and Padmavati, 1996., 7Ohtuska et al, 1996., 8Mc Kinnon and Ayukai.,1996.
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