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ABSTRACT 

Five locations in the central Bay of Bengal (BoB) along a longitudinal transect at 88ºE were 

sampled during the Fall Intermonsoon, 2002 for mesozooplankton biomass, abundance, groups and 

copepod species composition. Stations at 9ºN and 18ºN had signatures of cold-core eddies. Despite 

the notion that biological productivity in the BoB is poor, the mesozooplankton biomass (57-185 

mM C m-2) and abundance (33-171 [X 103] individuals m-2) in the upper 1000 m were high and are 

close to the annual averages reported from the central Arabian Sea. The cold-core eddy at 9ºN led 

to elevated chlorophyll a (maximum 0.4 mg m-3) and mesozooplankton biomass up to 36 mg C m-3 

in the mixed layer. The biomass at the other cold-core eddy station at 18ºN was not as high as that 

at 9ºN, due to lower chl a levels apparently due to light limitation caused by turbidity. Based on the 

spatial distribution of copepods (>70% of the total mesozooplankton abundance), the 9ºN station 

and the 18ºN and 20ºN stations differed completely from the in-between stations at 12ºN and 15ºN. 

While the number of copepod species was the highest at 9ºN, diversity and evenness were the 

lowest due to the predominance of Oncaea venusta (26%) and Paracalanus indicus (25%). The 

lowest species richness with highest evenness was observed at 18ºN probably due to the oxygen 

depletion at shallower depths (5 µM between 80 and 500 m). Species richness and diversity were 

the highest at the non-eddy location 12ºN, where biomass (60 mM C m-2) and abundance (70 x 103 

individuals m-2) were lower. Of the eight most abundant species, Oncaea venusta (21%), 

Paracalanus indicus (19%), P. aculeatus, Oithona similis, Corycaeus danae and Eucalanus 

monachus were abundant in the upper 200 m of the two cold-core eddy stations, whereas 

Pleuromamma indica and Lucicutia flavicornis were abundant throughout the upper 1000 m north 

of 15ºN. Though many groups (26) and as many as 170 copepod species were recorded during this 

study, copepod species richness diminished with the dwindling dissolved oxygen concentrations 

north of 15ºN. It is inferred that in the intensely stratified surface waters of the central BoB, cold-

core eddies are important for promoting considerable biological production. 
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1. Introduction 

The surface hydrography of Bay of Bengal is governed by reversing monsoons (Schott and 

McCreary, 2001), enormous riverine inputs i.e. ~1.62 x 1012 m3 yr-1 and an excess of precipitation 

over evaporation. During the Fall Intermonsoon, the strong stratification in the top 50 m that results 

from sea-surface salinity as low as 28 and sea surface temperatures ≥28ºC (Prasanna Kumar et al., 

2007) cannot be eroded by the weak wind speeds (5-7 m.s-1; Narvekar and Prasanna Kumar, 2006). 

Therefore, in the absence of any open ocean upwelling, nutrient supply from the subsurface to the 

mixed layer is greatly restricted. Further, voluminous sediment input (1.4 x 109 tonnes yr-1
; 

Subramanian, 1993) and mostly persistent cloud cover (Madhupratap et al., 2003) maintain a 

shallow euphotic zone that is poor in primary production. In this situation, the role of mesoscale 

physical features such as cold-core eddies in transporting inorganic nutrients to the euphotic layer 

and enhancing biological productivity appears crucial. This has been observed earlier in many 

regions of the world oceans (Wiebe, 1976; Beckman et al., 1987; Falkowski et al., 1991; Huntley et 

al., 1995).  

In the Bay of Bengal, cold-core eddies having dimensions of 100-500 m vertically and 200-300 

km horizontally have been detected (Babu et al., 1991; Sanilkumar et al., 1997). Prasanna Kumar et 

al. (2007) identified two such eddies in the central Bay during the Fall Intermonsoon period. They 

found that they are semi-permanent with a life span of <5 months. They are generated mainly by 

horizontal sea level anomaly gradient that arises as a result of a variety of physical processes 

(Nuncio, 2007). While the southern eddy (9ºN, 88ºE) was formed off Sri Lanka and advected 

eastward, the northern eddy (18ºN, 88ºE) was generated in the eastern Bay and advected westward 

towards the central Bay. Enhanced biological production triggered by cold-core eddies has been 

reported by Prasanna Kumar et al. (2004, 2007) and Muraleedharan et al., (2007). However, 

detailed analyses of mesozooplankton in the eddy-impacted regions of the Bay have not been done. 

The response of mesozooplankton community especially the predominant copepods to eddy- 

mediated autotrophic production has also not been addressed. Further, the spatial variability of 

zooplankton from the open waters of the Bay has received little attention (Panikkar and Rao, 1973; 

Achuthankutty et al., 1980; Nair et al., 1981; Madhupratap et al., 2003 and Rakhesh et al., 2006) 

compared to that in the Atlantic Ocean (Deevey and Brooks, 1977; Angel and Baker, 1982), Pacific 

Ocean (Longhurst, 1967; Roman et al., 1995) or even the western Indian Ocean (Padmavati et al., 

1998; Madhupratap and Haridas, 1990; Madhupratap et al., 1996; Smith, 2001 and reference 

therein).  
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The goals of this study are: to understand the influence of cold-core eddies (at 9ºN and 18ºN) 

on the spatial variability in biomass, abundance and composition of mesozooplankton in the upper 

1000 m; comparison with the adjacent non-eddy regions and to evaluate the impact of oxygen 

minimum zone. Information on Copepoda, the predominant taxon in mesozooplankton community 

is scarce from oceanic regions. In tropical oceans, their relatively small size and the laborious effort 

involved in classical taxonomy have mired the comprehension of zoogeography of their species. 

Expecting a highly diverse assemblage in this moderately oligotrophic Bay, identification of 

copepod species was carried out with a view to provide information on their regional and vertical 

distribution in the central Bay of Bengal.      

2. Materials and methods 

Sampling was carried out during cruise 182 of ORV “Sagar Kanya” in the central Bay of 

Bengal (BoB) from September 10 to October 10, 2002 (Fall Intermonsoon season). Five stations 

were occupied for 24 hr between 9ºN and 20ºN along 88ºE (9ºN, 12ºN, 15ºN, 18ºN and 20ºN; Fig. 

1) for biological measurements. Hydrographic data on the temperature, salinity and density (sigma-

t) from the top 1000 m was obtained using CTD (Conductivity-Temperature-Depth; Sea-Bird 

Electronics) at the above-mentioned stations and also from the stations in between. Water samples 

were collected at the five major stations for dissolved oxygen and analyzed by Winkler titrimetric 

method (Grasshoff et al., 1983). At the same stations, water samples for chlorophyll a collected 

from surface, 10, 20, 40, 60, 80, 100 and 120 m depths were analyzed fluorometrically (Turner 

Designs, USA, 10-AU-005-CE; UNESCO 1994). Stratified mesozooplankton samples were 

collected from five discrete depths in the upper 1000 m by vertical hauls using a Multiple Plankton 

Sampler (MultiNet®, Hydro-Bios, mouth area 0.25 m2, mesh size 200 µm) around noon and 

midnight (local time) at each station. Sampling depths were decided according to temperature 

profiles and were: the mixed layer (ML), top of thermocline (TT)-base of thermocline (BT), BT-

300 m, 300-500 m, and 500-1000 m. The net was hauled up at a speed of 0.8 m s-1 and volume of 

water filtered calculated by multiplying the sampling depth with mouth area of the net. Water 

filtered through the net, which ranged from 10 to 215 m-3 was the largest from the deepest stratum. 

Biovolume (ml) of mesozooplankton was estimated by the standard displacement volume method 

(UNESCO 1968; ICES 2000), immediately after collection. For this, zooplankton samples from 

each stratum were filtered on to a 200-µm mesh disk; excess water was absorbed using blotting 

paper and the plankton were transferred to a measuring cylinder with a known volume of water to 

determine the displacement volume. Thereafter, the samples were fixed with 4% formaldehyde-

seawater solution and brought to the lab for further analyses.  
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When the sample size was large, usually in the first and second strata, it was split using a 

Folsom splitter and, in general, 25% aliquots were used for enumeration (abundance) and 

identification. Often, from the deeper layers, where the sample volume was small, the entire sample 

was used for enumeration and speciation. Biomass and numerical abundance were expressed per 

unit volume (m-3) and/or unit area (m-2). A conversion factor of 1 ml displacement volume = 0.075 

gram dry weight and 34.2% of the dry weight = gram carbon (Madhupratap et al., 1981; 

Madhupratap and Haridas, 1990) was used for converting biovolume to carbon equivalents. Though 

all the samples were sorted to taxonomic groups and the groups recognized, only copepods were 

identified to generic/species level (Tanaka, 1956; Kasturirangan, 1963; Owre and Foyo, 1967; 

Bradford and Jillett, 1980; Bradford-Grieve, 1994). The identification of the rarely occurring 

species of calanoids was confirmed by dissection of the 5th leg.  

The Shannon diversity index (H' = -Σpi . log2
. pi where, pi is the proportion of the numbers of 

individuals of species i to the total number of individuals; Omori and Ikeda, 1984), species richness 

(d= (S-1)/logn N; where, S = total number of species and, N = total individuals present in the 

sample; Margalef, 1968) and Pielou’s evenness (J’= H’/log2 (S); Heip, 1974) were calculated for an 

understanding of spatial differences in mesozooplankton assemblages.    

Non-parametric Wilcoxon matched pair test was performed on datasets between day and night 

samples of biomass and abundance in order to determine if diel vertical migration of zooplankton 

affected the biomass and abundance estimates. One-way analysis of variance (ANOVA; Excel) was 

done on biomass and abundance among depths and stations for an understanding of spatial 

variability. Cluster analysis (Primer) using complete linkage mode and the Bray-Curtis similarity 

matrix was carried out to understand the closeness in different sampling depths and stations, based 

on the distribution patterns of all identified taxa and copepod species. For this, data on abundance 

of all taxonomic groups and copepod species were log transformed (log10 (x + 1)) before use. 

Further, correlation analysis (Excel) was done between mesozooplankton biomass, abundance, H’, 

d, J’, salinity, dissolved oxygen and chlorophyll a concentration. 

3. Results  

a. Hydrography 

The published results on temperature, salinity, and chlorophyll a (Prasanna Kumar et al., 2007) 

and, nitrate and dissolved oxygen (Sardessai et al., 2007) are briefly described here. The sea surface 

temperature was 28ºC between 9ºN and 15ºN and was 29ºC between 18ºN and 20ºN (Fig. 2a). As 

can be seen, the top 100 m was intensely stratified with a vertical thermal gradient between 0 m and 
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100 m of 6ºC at 9ºN and 10ºC at 20ºN. Thermocline oscillation within the upper 300 m showed 

clear signatures of cold-core eddies at 9ºN and 18ºN. The mixed layer (ML) which was ~40 m at 

9ºN, increased steadily northwards to ~60 m at 12ºN, north of which, it shoaled up to less than 20 

m.   

Sea surface salinity decreased from ~34.0 at 9ºN to ~28.0 at 20ºN. A strong salinity gradient 

was observed in the upper 50 m (Fig. 2b), which increased from 1.0 at 9ºN to 7.0 towards the north. 

Similarly, the vertical profile of density (sigma-t; Fig. 2c) not only showed uplifts of cooler deeper 

high density water associated with cold-core eddies at 9ºN and 18ºN but also intense stratification 

in the upper 100 m, especially in the north. 

The profile of dissolved oxygen (DO; Fig. 3a) clearly delineated three zones in the vertical 

column of 1000 m. Decreasing northward, the DO varied from 195 to 206 µM in the surface. In 

general, the oxygen minimum zone (OMZ) was between 100 and 600 m. The vertical extent of the 

OMZ was the largest at 18ºN (≤5µM between 80 and 500 m). Below the OMZ, the DO increased 

gradually from 600 to 1000 m (range: 19-35 µM).  

The chlorophyll a (chl a) with subsurface maxima ranged from 0.01-0.44 mg m-3 in the top 120 

m and was negligible at 120 m (Fig. 3b). Within the mixed layer (ML), high chlorophyll a 

concentrations especially at 9ºN were associated with the highest nitrate concentration (2.5 µM) 

and decreased northwards.  

 b. Mesozooplankton biomass and abundance in the 0-1000 m column 

Mesozooplankton biomass was high in the mixed layer (70% of the total in the 0-1000 m water 

column), compared to all other sampled strata. The biomass ranged from negligible to 25.7 mg C 

m-3 during the day and from negligible to 35.9 mg C m-3 during the night (Fig. 4). Biomass did not 

vary significantly between day and night (p>0.05) but its reduction with depth was significant (F4, 

39: 7.7 >Fcritical: 2.6, p<0.05). Very high biomass in the mixed layer was observed at the location of 

cold-core eddy at 9ºN. At the other cold-core eddy at 18ºN, the biomass in ML was only slightly 

higher than the average biomass observed in ML at the other stations.   

The numerical abundance of mesozooplankton, which accounted for ~ 88% in ML also 

decreased significantly (F4, 39: 7.2 >Fcritical: 2.6, p<0.01) with increasing depth (Table 1). No 

significant day-night difference (F1, 37: 0.1 <Fcritical: 4.1, p>0.05) was evident. In the upper 1000 m, it 

ranged from negligible to 4491 individuals m-3. Again, the highest abundance in the ML was 

observed at 9ºN, followed by at 18ºN (965 individuals m-3). 
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c. Integrated mesozooplankton biomass and abundance in 0-1000 m 

The integrated carbon biomass of mesozooplankton (Fig. 5a) for the upper 1000 m at different 

stations ranged from 57 to 185 mM C m-2. The total abundance ranged from 32.8 to 171.2 (x 103) 

individuals m-2 (Fig. 5b). The abundance of predominating copepods accounted for ~75% of the 

total zooplankton abundance. Their abundance ranged from 27 to 124 (x 103) individuals m-2. As a 

reflection of higher biomass, the integrated carbon biomass, total mesozooplankton abundance, and 

copepod abundance were higher at the two cold-core eddy locations. Spatial variations between 

stations were significant (F4, 10: 11.2 >Fcritical: 3.5, p<0.01). 

d. Spatial distribution of mesozooplankton groups 

In all, 26 different groups of mesozooplankton in 8 phyla, 17 classes and 26 orders were 

identified. The relative abundance of the dominant groups (≥2% of total abundance) at different 

depths and stations is given in Fig. 6. The proportion accounted for by copepods, contributing 73-

88% (Fig. 6a) to the total abundance, increased proportionately with depth. Chaetognaths, next in 

order of abundance, relatively decreased with increasing depth. Ostracods were observed in higher 

proportion in the thermocline and the stratum just below it. Pteropods, foraminifers and 

appendicularians were relatively abundant in the ML. Euphausiids had a maximum proportion in 

the 300-500 m stratum. The ‘other groups’ in decreasing order of proportion comprised invertebrate 

eggs, siphonophores, polychaetes, medusae, fish eggs, decapods, doliolids, amphipods, 

radiolarians, salps, cladocerans, mysids, medusae, isopods, stomatopods, Amphioxus, ctenophores, 

cephalopods and marine insects. Except for Halobates and Cladocera that were found in the first 

stratum only, all the other groups were observed throughout the sampled water column.  

In the latitudinal gradient of stations, copepods were distributed more or less homogeneously 

except at 15ºN, contributing 70-78% (Fig. 6b). A swarm of pteropods was observed at 9ºN. From 

12ºN, chaetognath proportion decreased northwards and was lower at the two eddy stations. While 

appendicularians and ostracods were dramatically more abundant north of 12ºN, foraminifera were 

more abundant south of 15ºN. 

e. Spatial distribution of Copepoda 

A total of 170 copepod species from 66 genera, 32 families and 5 orders were identified during 

this study; their abundances as well as depth range of occurrence in the upper 1000 m is provided in 

Table 2.  
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Calanoid copepods were dominant at all depths (Fig. 7a). Their relative abundance increased 

with increasing depth up to 500 m; they contributed a maximum of 94% in the 500-300 m zone, 

where the proportion of Poecilostomatoida (the next most abundant Order) was at a minimum (Fig. 

7a). Poecilostomatoid percentages were higher below and above the 300-500 m zone. Cyclopoids 

were maximal only in the thermocline, contributing up to 10% of the total copepods in this layer 

(~40-200 m). Harpacticoids were sparsely distributed throughout the 1000 m. Overall, calanoids 

contributed to 68%, poecilostomatoids, 24%; cyclopoids, 4.6%; mormonilloids, 2.4% and 

harpacticoids 0.7% of total copepods. 

In the latitudinal gradient of stations along 88ºE (Fig. 7b), Calanoida increased slightly 

northwards and, Poecilostomatoida achieved its greatest proportional abundance at 9ºN. 

Cyclopoida were more dominating at 12ºN and 18ºN. 

Among the copepod families contributing ≥2%, the predominant ones were Paracalanidae 

(30%), Oncaeidae (22%), Eucalanidae (7%), Corycaeidae (7%), Oithonidae (6%), Clausocalanidae 

(3.5%) and Euchaetidae (2%). The representatives of these families were abundant mostly in the 

upper 200 m (Table 2). Augaptilidae (2.3%) and Scolecitrichidae (2%) were abundant between 

200-1000 m, whereas Metridinidae (4.2%) and Lucicutiidae (6%) were distributed throughout the 

1000 m column.  

There was no significant difference in the abundance of copepod species between day and night 

(F1, 457: 0.12 <Fcritical: 3.86, p>0.05). Among the eight dominant species contributing ≥2% to total 

copepods, Oncaea venusta (10565 individuals m-2; 21.4%) and Paracalanus indicus (9467 

individuals m-2; 19.2%) contributed substantially. Lucicutia flavicornis (4.8%), Eucalanus 

monachus (4.6%), Corycaeus danae (4%), Oithona similis (3.6%), Paracalanus aculeatus (3%) 

and Pleuromamma indica (2.9%) were the other dominant species. These showed spatial variability 

in their distribution at depths and stations (Fig. 8). Except for L. flavicornis and P. indica that were 

abundant throughout the upper 1000 m north of 15ºN, the other six species were abundant only in 

the upper 200 m especially at 9ºN and 18ºN. In spite of an insignificant difference between the day 

and night values of species abundance, a conspicuous pattern of vertical distribution was observed 

in case of Pleuromamma indica (Fig. 9). During the day, it was observed in greater abundance at 

subsurface depths, whereas during the night, it could be seen mostly in the surface stratum. 

f. Copepod diversity 

Shannon diversity index (H’) varied from 3.75-4.31, species richness (d) from 4.5-8.66 and 

evenness (J’) from 0.56-0.71 (Table 3). Diversity index and evenness were the lowest at 9ºN. 
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However, the lowest species richness and the highest evenness were recorded at 18ºN. The highest 

species diversity and species richness were observed at the non-eddy region, 12ºN. 

g. Cluster analysis 

Cluster analysis of abundance of all identified taxa at various depths (Fig. 10a) resulted in 

formation of three distinct clusters: I) ML, II) TT- 300 m and III) 300-500 and 500-1000 m. For the 

copepod species, at a 47% similarity level, the upper two strata (between surface and 200 m) 

formed cluster I, and strata between 200 and 1000 m formed cluster II (Fig. 10b). However, at a 

50% similarity level, the latter group separated into two sub-clusters (Fig. 10b). The species within 

300-500 m clustered together (i) and those in 200-300 and 500-1000 m clubbed together as 

subgroup (ii). Based on station-wise abundances of taxa and copepod species, a single pattern 

evolved (Fig. 10c) wherein three clusters were identified: I) 9ºN, II) 18ºN and 20ºN and III) 12ºN 

and 15ºN. 

h. Correlation analysis 

In the ML, salinity correlated significantly positively with chl a, mesozooplankton biomass and 

abundance (Table 4a). The positive correlation between chl a and mesozooplankton biomass and 

abundance was also significant.  

In the upper 1000 m, positive correlation was observed between copepod species diversity (H’) 

and evenness (J’) and, between richness (d) and dissolved oxygen (DO). Correlation of evenness 

with species richness and dissolved oxygen was negative (Table 4b). 

4. Discussion 

The results from this study indicate strong heterogeneity in the spatial distribution of 

mesozooplankton among the stations. This heterogeneity was due to the high biomass and 

abundance of mesozooplankton in the mixed layer at two cold-core eddy stations, 9ºN and 18ºN. 

High biomass and abundance of zooplankton are known to occur in cold-core eddies (Wiebe, 

1976). The cold-core eddy at the most southerly station (9ºN) certainly enhanced phytoplankton 

production (PP: 513 mg C m-2 d-1 and chl a: 23 mg m-2; Prasanna Kumar et al., 2007) in the Bay. 

Although surface nitrate levels were elevated in the upper layer in the northernmost cold-core eddy 

(station at 18ºN; Prasanna Kumar et al., 2007), the high load of fluvial and terrigenous suspended 

matter (Khodse et al., 2007) appeared to have limited the light penetration resulting in low PP (182 

mg C m-2 d-1) and chl a (14.2 mg m-2) here. Consequently, higher zooplankton biomass and 

abundance were observed at 9ºN (185 mM C m-2; 171 x 103 individuals m-2) and, to a lesser extent, 
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at 18ºN (154 mM C m-2; 90 x 103 individuals m-2). These conditions were unlike those in the non-

eddy regions, where biomass was in the range of 57-68 mM C m-2 and, abundance was in the range 

of 33-70 (x 103) individuals m-2. The SST of ≥28ºC, low saline-water capping in the upper 40 m 

and precipitation in excess over evaporation, are known to keep the Bay of Bengal stratified and of 

low biological productivity (Prasanna Kumar et al., 2002). During this study, the effect of the cold-

core eddies in elevating the biomass of zooplankton was apparent in the upper 300 m; below this 

depth, biomass did not change much between stations. Therefore, due to the influence of these 

cold-core eddies in the upper 300 m, the average biomass of 108 mM C m-2 in the upper 1000 m of 

the central BoB is comparable to the annual average of 115 mM C m-2 in the biologically more 

productive central Arabian Sea (Madhupratap et al., 1996).  

Mesozooplankton are known to be concentrated in the uppermost stratum of high chlorophyll 

and primary production (Longhurst and Harrison, 1989; White et al., 1995). In this study, the 

average mesozooplankton abundance was high above thermocline (96±2 % of the total in the 0-

1000 m column) and like in earlier studies (Vinogradov 1970, 1997; Banse, 1994 and Wishner et 

al., 1998) decreased drastically with depth probably due to low oxygen concentrations below 200 m 

at all stations sampled.  

Similar to earlier studies from many parts of the world oceans, including the Arabian Sea 

(Padmavati et al., 1998) and the Bay of Bengal (Rakhesh et al., 2006), Copepoda was the 

predominant taxon at all depths (73-88 %) and stations (70-78 %). These crustaceans are equipped 

with powerful mandibles edged with silica, and not only feed on diatoms but also on variety of 

microzooplankton (Smetacek et al., 2004). The relative contribution of copepods increased with 

depth as also reported from the Arabian Sea (Madhupratap and Haridas, 1990). However, 

Chaetognatha and Ostracoda, which were next in order of abundance after copepods, correlated 

well with each other as they both proportionately decreased with increasing depth (r=0.66, p<0.05). 

From these observations, it appears that chaetognaths may be important predators of ostracods in 

the upper 300 m as also suggested by Froneman et al. (1998) and Terazaki (1996). Swarming of 

pteropods observed in the ML at 9ºN is a common phenomenon in cold-core eddies (Beckman et 

al., 1987). The foraminifers were more abundant in the mesohaline southern Bay, where the salinity 

gradient in the top 50 m was less. From the vertical as well as latitudinal distribution patterns of the 

dominant taxa (carnivorous chaetognaths abundant at 12ºN and 15ºN, filter-feeding 

appendicularians and ostracods in higher numbers north of 15ºN), it is clear that physical features 

and food availability are governing the predominance and spatial distribution pattern of most 

mesozooplankton taxa in the Bay.  
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Among copepods, Calanoida was the dominant order, similar to that in the Pacific Ocean 

(Farran, 1936), Atlantic Ocean (Deevey and Brooks, 1977) and Arabian Sea (Madhupratap and 

Haridas, 1990). In general, the vertical distribution pattern of most orders of Copepoda agrees well 

with that in the Arabian Sea (Madhupratap et al., 2001). The lower abundance of Poecilostomatoida 

in the 300-500 stratum, compared to the more oxygenated layers above and below this layer is 

suggestive of their preference for higher oxygen concentrations than those occur in this layer. The 

increased poecilostomatoid proportion below 500 m agrees with the findings of Bottger-Schnack 

(1996) for the Arabian Sea.  

In contrast to Poecilostomatoida, the percent contribution of Calanoida increased as the 

dissolved oxygen concentration decreased with depth of 500 m, as also reported by Fabian et al., 

(2005). This was due to the increased dominance of the low-oxygen tolerant species exclusively 

from the families Augaptilidae (23%), Metridinidae (22%), Lucicutiidae (12%), Heterorhabdidae 

(9%), Scolecitrichidae (4%) and Aetideidae (3%; Saltzman and Wishner, 1997; Smith and 

Madhupratap, 2005) that together formed 73% of the total copepods in the 300-500 m stratum. 

These included some of the major species (≥2%) such as Pleuromamma indica, Lucicutia 

flavicornis, and minor ones (<2%) like Euaugaptilus spp., Lucicutia maxima, Metridia princeps, 

Gaussia princeps, Haloptilus acutifrons, Scottocalanus helenae, Euchirella amoena and 

Heterorhabdus spp., which were more abundant north of 15ºN, where 5 µM oxygen was traceable 

up to a depth of 80 m (Sardessai et al., 2007). Lucicutia flavicornis had a similar distribution 

pattern to that of P. indica as both occurred throughout the 1000 m column. The vertical migration 

of the only species Pleuromamma indica, which rarely occurs south of 10ºN in the Arabian Sea 

(Goswami et al., 1992), does not seem to be hampered by the OMZ in the Bay as also pointed out 

by Saraswathy and Iyer (1986).  

As reported earlier, assemblages of the herbivorous species of Paracalanidae (Stephen and 

Kunjamma, 1987; Padmavati et al., 1998), Clausocalanidae (Kouwenberg, 1994; Cornils et al., 

2007) and Eucalanidae (Saltzman and Wishner, 1997) were dominant in the top 200 m. Also, the 

abundance of carnivorous/omnivorous families such as Euchaetidae, Corycaeidae, Oncaeidae, 

Oithonidae, Lucicutiidae and Metridinidae in the top 200 m, reflects the nutritional versatility of 

Copepoda. The proliferation of major species such as O. venusta (21 %), P. indicus (19 %) and also 

of P. aculeatus, O. similis, C. danae and E. monachus, in the upper 200 m of cyclonic eddies is a 

prominent feature in the Bay. This pattern is likely to have resulted from the increased diatom 

production within the eddies, as deciphered from the higher chlorophyll a levels.  Also, as Cowles 

et al. (1987) suggest, carnivorous Oncaea and Oithona species may prey upon the protozoa and 

nauplii/copepodites of other species feeding on the phytoplankton in the eddies. Therefore, 
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mesoscale variability brought in by these cyclonic eddies not only influences the distribution of 

nutrients and chlorophyll but also the distribution of copepod species.  

With 26 different taxonomic groups and 170 copepod species identified during this study, the 

diversity in the Bay of Bengal was higher (H’ ranging from 3.71-4.31) than even reported from the 

Arabian Sea (Padmavati et al., 1998). Since there are no studies addressing the open-water copepod 

diversity from the Bay of Bengal, this first systematic study has revealed the rich copepod diversity 

from the central Bay. Most of the species have been reported earlier from the Indian Ocean region. 

However five species viz. Chiridiella sp., Euaugaptilus mixtus, Monacilla gracilis, Tharybis sp. 

and Undinella spinifer are cold-water species occurring in the West Pacific and/or Atlantic Oceans. 

These are the first reports from the Bay for the Indian Ocean region. It is quite possible that these 

species are present around the interface of meso-bathypelagic domain of most oceans. The fact that 

these species were found in the depths sampled in this study, it appears that the cold-core eddies do 

play a role in bringing and maintaining these species in various strata within the upper 1000 m.  

Although the highest number of copepod species occurred at 9ºN, the diversity and evenness 

were the lowest here, due to the predominance of two species, Oncaea venusta and Paracalanus 

indicus that together contributed 50% of copepod abundance. As suggested by Seridji 

and Hafferssas, (2000), this is due to the unstable environment caused by the cold-core eddy as also 

evidenced from the exceptionally high biomass and abundance at this station, in contrast to the non- 

eddy station at 12ºN. The lowest species richness (d) and high evenness (J’) observed at 18ºN are 

attributed to low oxygen concentration of 5µM occurring between 80 and 500 m (Sardessai et al., 

2007). The large vertical gradient of dissolved oxygen at this station promotes an even distribution 

of only a few species that are tolerant to this environment. 

 Though cold-core eddies elevated the biomass of zooplankton at 9ºN and 18ºN, based on the 

distribution of all taxonomic groups and copepod species, the stations clustered into 3 categories. 

The cold- core eddy station at 9ºN with high biomass, abundance and the highest number of 

copepod species differed completely from the northern stations at 18ºN and 20ºN (moderate 

biomass, abundance and less species) and, the in-between stations at 12ºN and 15ºN (low biomass, 

abundance and moderate species richness). In the northern stations, in spite of nutrient replete 

conditions in the mixed layer, caused by eddies and riverine input, the chlorophyll remained low 

due to light limitation. This in turn affected the plankton at the secondary level in terms of lower 

mesozooplankton biomass at these locations. In the subsurface, the thicker OMZ led to a low 

biomass of a few low-oxygen tolerant species, thereby causing an overall reduction in species 

richness. Therefore, it can be summarized that a primary productivity gradient in the surface strata, 
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and dissolved oxygen gradient in the subsurface strata drives the observed mesozooplankton 

biomass/abundance, and copepod species richness in the central Bay of Bengal. Also, from the 

observed dominance of the herbivore copepod families in the upper 200 m and the deep-water 

dwellers between 200 and 1000 m, which included the species specialized in occupying the 300-

500 m intense OMZ zone, there seems to be a niche separation as observed from the cluster 

analysis (Fig. 9b). 

 In conclusion, the copepod assemblages in the Bay are very similar to those reported from the 

Arabian Sea probably because as Rao and Madhupratap (1986) suggest, the North Indian Ocean is 

a single biogeographic unit. The role of cold-core eddies in pumping up nutrients into the highly 

stratified euphotic layer seems to be pivotal as the freshwater capping seems to have a depressing 

effect on primary- and subsequently the secondary production in the Bay. From the significantly 

positive correlation between chl a and mesozooplankton biomass/abundance, it appears that the 

eddy- mediated elevated phytoplankton production apparently sustains the higher mesozooplankton 

biomass (averaging >100 mM C m-2) that is nearly comparable to that in the productive central 

Arabian Sea. Though the Bay harbors a high diversity of copepod species, the species richness 

seem to be diminishing with the dwindling oxygen concentrations, north of 15ºN. 
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List of figures: 

Figure1. Sampling locations in the Bay of Bengal. Sampling for mesozooplankton, chlorophyll a 
and dissolved oxygen was carried out at five stations (circled dots), however hydrographic data was 
collected also at stations in between (black dots).  

Figure 2. Temperature (a), salinity (b) and density (sigma- t; c) variation in the top 1000 m of the 
central Bay of Bengal.  

Figure 3. Vertical profiles of dissolved oxygen in the upper 1000 m (a) and, variation of 
chlorophyll a in the top 120 m (b) at different sampling locations along 88°E. The average nitrate 
concentration (NO3) in the mixed layer (variable with station) is shown as a dotted line in the chl a 
section.  

Figure 4. Diel vertical distribution of mesozooplankton biomass at different sampling stations in the 
central Bay of Bengal. The net failed at 18ºN, 88ºE during the day. At some depths, as can be made 
out; the biomass was negligible.   

Figure 5. Distribution of 0-1000 m integrated mesozooplankton biomass (mM C m-2; a) and, total 
mesozooplankton and copepod abundance (103 individuals m-2; b), along 88ºE in the Bay of 
Bengal. 

Figure 6. Spatial distribution of major (≥2 % of the total abundance) mesozooplankton groups/taxa 
along depths (a) and stations (b) in the central Bay of Bengal. Stations 9ºN and 18ºN are locations 
of cold-core eddies (CCE).   

Figure 7. Composition of Copepoda in different sampling strata (a) and at stations (b) in the central 
Bay of Bengal. Stations 9ºN and 18ºN are locations of cold-core eddies (CCE).     

Figure 8. Distribution of major (≥2 %) copepod species abundance (log (x +1) individuals 100 m-3; 
mean of day and night) in the upper 1000 m at five sampling locations in the central Bay of Bengal.  
0-ML: surface to mixed layer and TT-BT: top of thermocline to base of thermocline. Note that 
stations 9ºN and 18ºN are locations of cold-core eddies. 

Figure 9. Vertical distribution of Pleuromamma indica (log (x +1) individuals 100 m-3) along the 
five sampling locations in the central Bay of Bengal during day (a) and night (b). 0-ML: surface to 
mixed layer and TT-BT: top of thermocline to base of thermocline. 

Figure 10. Classification trees (dendrograms) based on Bray-Curtis similarity in abundance 
showing: a) depth similarity of all taxa, b) depth similarity of all copepod species and c) site 
similarity of all taxa and copepod species. 
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List of Tables: 

Table 1. Mesozooplankton abundance in different strata at stations during the day and night (in 
parenthesis) in the central Bay of Bengal (88ºE). 

Table 2. List of copepod species (individuals m-2; average values of all strata and stations) 
identified from the central Bay of Bengal.  

Table 3. Shannon diversity (H'), number of species (S), species richness (d), evenness (J’) and the 
predominant species of copepods at different stations in the Bay of Bengal (88ºE).  

Table 4a. Correlation coefficients (r) between salinity, chlorophyll a (chl a) and, mesozooplankton 
biomass and abundance in the mixed layer. 

 Table 4b. Correlation coefficients (r) between H’, d and J’ and dissolved oxygen (DO) in the upper 
1000 m. 
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Table 1: Abundance of mesozooplankton (individuals m-3) 

Depth (m)/Latitude      9ºN    12ºN    15ºN    18ºN      20ºN 

0-ML     4491(2628) 667.0(655.4) 781.0(177.6) ND (965.2)     0.05 (1324) 

TT-BT     154.0 (19.0) 218.1(157.8) 160.3  (9.7) ND (264.0) 118.6    (72.8) 

BT-300         26.6 (47.3)    15.9 (14.8)   12.5  (1.3) ND   (23.8)     2.2    (54.2) 

300-500          6.2   (8.0)      1.4   (3.1)     1.7(13.1) ND   (21.9)   13.0    (23.6) 

500-1000        19.2 (20.5)      0    (10.1)     6.0 (10.0) ND   (19.4)     0.05  (21.6) 

ND: No Data 
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Table 2: List of copepod species  (individuals m-2) in upper 1000 m

Sr No. Species@ ind.m-2 % Sr No. Species@ ind.m-2 %
 Calanoida  Calanoida
 Acartiidae   89 Pleuromamma abdominalis^ 34 0.07 
1 Acartia danae# 49 0.10 90 P. quadrangulata# 80 0.16 
2 A. negligens# 73 0.15 91 P. gracilis^ 24 0.05
3 Acartia southwelli# 8 0.02 92 P. indica# 1445 2.93 
4 A. spinicauda# 13 0.03 93 P. robusta# 229 0.46 
5 Acartiella sewelli# 77 0.16 94 P. xiphias~ 11 0.02 
 Aetididae   95 Pleuromamma sp.# 19 0.04 
6 Aetideus armatus^ 1 0.00 Paracalanidae  
7 A. acutus# 2 0.00 96 Acrocalanus gibber# 152 0.31 
8 A. giesbrechtii^ 4 0.01 97 A. gracilis# 521 1.06 
9 Chiridiella sp.# 20 0.04 98 A. longicornis# 938 1.90 

10 Euchirella amoena# 62 0.13 99 A. monachus# 15 0.03 
11 E. bella# 5 0.01 100 Paracalanus aculeatus# 1469 2.98 
12 E. curticauda^ 7 0.01 101 P. crassirostris# 1006 1.94 
13 E. galeata^ 9 0.02 102 P. indicus# 9467 19.22 
14 E. rostrata~ 13 0.03 103 P. parvus# 93 0.19 
15 Euchirella sp~ 5 0.01 104 Calocalanus pavo# 645 1.31 
16 Gaetanus arminger~ 10 0.02 105 C. pavoninus# 17 0.03 
17 G. kruppii~ 3 0.01 106 C. plumulosus# 86 0.17 
18 G. miles# 14 0.03 Pontellidae  
19 U. plumosa^ 4 0.01 107 Calanopia elliptica# 281 0.57

 Arietellidae   108 C. aurivilli# 31 0.06 
20 Arietellus giesbrechtii^ 4 0.01 109 Pontellina plumata^ 41 0.08 
21 Arietellus sp.^ 2 0.00 110 Pontellopsis scotti^ 7 0.01 

 Augaptilidae  Rhincalanidae  
22 Augaptilus sp.# 79 0.16 111 Rhincalanus nasutus^ 12 0.02 
23 Centraugaptilus rattrayi^ 10 0.02 112 R. cornutus^ 8 0.02 
24 Euaugaptilus angustus^ 2 0.00 113 R. rostrifrons# 39 0.08 
25 Euaugaptilus bullifer~ 912 1.85 Scolecitrichidae  
26 E. hecticus^ 10 0.02 114 Lophothrix frontalis~ 3 0.01 
27 E. magnus~ 3 0.01 115 Scolecithrix bradyi# 4 0.01 
28 E. mixtus~ 6 0.01 116 S. danae^ 628 1.27 
29 E. oblongus~ 25 0.05 117 S. minor~ 46 0.09 
30 E. rigidus~ 6 0.01 118 S. nicobarica^ 10 0.02 
31 Haloptilus acutifrons# 24 0.05 119 S. orientalis# 8 0.02 
32 H. longicornis# 20 0.04 120 Scolecithrix sp.# 2 0.00 
33 H. mucronatus# 5 0.01 121 Scolecithricella dentata~ 9 0.02 
34 Pseudhaloptilus pacificus# 17 0.04 122 S. vittata^ 7 0.01 
35 P. abbreviatus~ 6 0.01 123 Scolecithrichopsis ctenopus^ 44 0.09 

 Calanidae   124 Scaphocalanus echinatus^ 66 0.13 
36 Canthocalanus pauper# 63 0.13 125 S. longifurca# 9 0.02 
37 Cosmocalanus darwinii# 24 0.05 126 Scaphocalanus sp.^ 1 0.00 
38 Mesocalanus tenuicornis# 21 0.04 127 Scottocalanus helenae~ 81 0.16 
39 Nannocalanus minor# 34 0.07  Spinocalanidae   
40 Undinula vulgaris# 259 0.53 128 Monacilla gracilis# 60 0.12

 Candaciidae   129 M. tenera# 7 0.01 
41 Candacia bradyi# 23 0.05 130 M. typica# 29 0.06 
42 C. catula# 28 0.06 131 Spinocalanus angusticeps^ 11 0.02 
43 C. discaudata# 15 0.03 Temoridae  
44 C. pachydactyla# 21 0.04 132 Temora turbinata# 93 0.19
45 C. simplex# 1 0.00 133 T. discaudata# 57 0.12 
46 Candacia sp. # 23 0.05 134 T. stylifera# 30 0.06 
47 Paracandacia truncata# 150 0.30 Tharybidae  
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Sr No. Species@ ind.m-2 % Sr No.  Species@ ind.m-2 % 
 Centropagidae  135 Tharybis sp.^ 2 0.00

48 Centropages calaninus# 13 0.03 136 Undinella spinifer^ 4 0.01 
49 Centropages alcocki# 65 0.13 137 Undinella sp.^ 2 0.00 
50 C. furcatus# 61 0.12  Cyclopoida   
51 C. gracilis# 27 0.06 Oithonidae  
52 C. orsinii# 253 0.51 138 Oithona spinirostris# 314 0.64
53 Centropages sp.# 282 0.57 139 O. brevicornis# 101 0.21 

 Clausocalanidae   140 O. similis# 1774 3.60 
54 Clausocalanus arcuicornis #  926 1.88 141 O. plumifera# 215 0.44 
55 C. furcatus# 532 1.08 142 O. setigera# 8 0.02 
56 C. pergens# 182 0.37 143 Oithona sp.# 341 0.69 
57 Clausocalanus sp.^ 50 0.10  Harpacticoida   
58 Drepanopsis frigidus# 20 0.04 Aegisthidae  

 Eucalanidae  144 Aegisthus mucronatus^ 2 0.00
59 E. crassus# 658 1.34 Clytemnestridae  
60 E. subcrassus# 92 0.19 145 Clytemnestra scutellata# 90 0.18
61 E. elongatus# 93 0.19  Euterpinidae   
62 E. monachus# 2252 4.57 146 Euterpina acutifrons# 79 0.16
63 E. mucronatus^ 106 0.22  Miraciidae   
64 E pseudoattenuatus~ 10 0.01 147 Macrosetella gracilis# 314 0.64
65 Eucalanus sp.^ 17 0.03 148 Oculosetella gracilis# 16 0.03 
66 Pareucalanus attenuatus# 75 0.10 149 Miracia efferata# 9 0.02 

 Euchaetidae    Mormonilloida   
67 Euchaeta concinna^ 25 0.05 Mormonillidae  
68 E. indica# 472 0.96 150 Mormonilla minor# 551 1.12
69 E. marina# 214 0.43 151 M. phasma# 54 0.11 
70 E. media 1 0.00  Poecilostomatoida   
71 E plana# 13 0.03  Corycaeidae   
72 Euchaeta sp.# 35 0.07 152 Corycaeus asiaticus# 26 0.05
73 Pareuchaeta malayensis~ 30 0.06 153 C. catus# 839 1.70 

 Heterorhabdidae   154 C. danae# 1951 3.96 
74 Heterorhabdus abyssalis~ 28 0.06 155 C. longistylis# 148 0.30 
75 H. papilliger~ 251 0.51 156 C. speciosus# 208 0.42 
76 H. spinifrons^ 22 0.04 157 C. typicus# 11 0.02 

 Lucicutiidae   158 Corycaeus sp. # 47 0.10 
77 Lucicutia flavicornis# 2346 4.76 159 Farranula carinata# 55 0.11 
78 L. maxima~ 316 0.64  Lubbockiidae   
79 L. lucida# 116 0.23 160 Lubbockia squillimana^ 5 0.01
80 L. magna# 2 0.00 161 Lubbockia sp.^ 9 0.02 
81 L. ovalis^ 12 0.02  Oncaeidae   

 Mecynoceridae  162 Conaea gracilis^ 11 0.02
82 Mecynocera clausii# 191 0.39 163 O.venusta# 10565 21.44 

 Megacalanidae   164 Oncaea sp. # 257 0.52 
83 Megacalanus princeps^ 10 0.02 165 Triconia conifera# 185 0.37 

 Metridinidae    Sapphirinidae   
84 Gaussia princeps~ 67 0.14 166 Copilia longistylis# 13 0.03 
85 Metridia princeps 20 0.04 167 C. quadrata# 42 0.09 
86 M. brevicauda~ 17 0.03 168 Sapphirina auronitens# 27 0.05 
87 M. cuticauda# 4 0.01 169 S. intestinata# 29 0.06 
88 Metridia sp.^ 97 0.20 170 S. metallina# 10 0.02 

Total abundance in the 1000 m column: 49267 individuals m-2 (average of all stations) 
 @Species dominant in (Based on cluster analysis of copepod species abundance at 5 different 
depths): #upper 200m, ^200-1000 m (but minimal abundance in the 300-500m zone) and ~ 300-500 
m.  
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 Table 3: Copepod species diversity indices at stations along 88ºE 

Station  H’ S d  J’ Predominant species (%) 

  9ºN  3.75 105 8.33 0.56 Oncaea venusta (26), P. indicus (25) 

12ºN  4.31 97 8.66 0.65 P. indicus (23) 

15ºN  3.96 80 7.33 0.63 O. venusta (22) 

18ºN  4.08 55 4.50 0.71 O. venusta (17.4) 

20ºN  4.07 83 6.81 0.64 O. venusta (24) 

 

H’: Shannon diversity index; S: Species total number of species; d: species richness; J’: evenness 
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Table 4a 

Parameters  Salinity Chl a  Biomass Abundance
Salinity 1   
Chl a *0.9340 1  
Biomass  *0.7629 *0.8564 1 
Abundance *0.7674 *0.8191 *0.9907 1
Marked values are significant at p<0.05 
 
 
Table 4b 
Parameters  H' d J’ DO  
H' 1   
d -0.0783 1  
J’ *0.7683 *-0.6847 1 
DO  -0.1920 *0.8077 *-0.5707 1
*Marked values are significant at p<0.05 
 
 
 
 


