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Abstract:

Despite advances in oceanographic investigations in the Indian Ocean, zooplankton ecology is still
poorly known from the open waters of the Bay of Bengal. In order to understand the vertical and
horizontal distribution of zooplankton in the Bay of Bengal during spring intermonsoon, stratified
sampling was conducted using the multiple plankton net. We found that higher zooplankton biomass
was often associated with mesoscale cold-core eddies. The biomass in the mixed layer was lesser in the
central Bay and the near- absence of organisms beneath this layer was attributed to the very low
dissolved oxygen levels including suboxia in the northern extent. The copepod diversity was severely
reduced here and only a few species specialized to thrive in minimum oxygen concentrations were found
in this zone. However, Pleuromamma indica is another copepod that seems to have adapted to the OMZ
as seen from its increased numbers and by its strong vertical migrating ability to cross the low oxygen
barrier. Highly diverse copepod assemblages comprising 129 identified species were found to be
vertically structured, mostly through partitioning of habitat and food resources.
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1. Introduction

The Bay of Bengal is a semi-enclosed northeastern basin of the Indian Ocean characterized by
seasonally reversing monsoon currents. Excessive precipitation over the ocean and runoff from rivers of
the Indian subcontinent keeps the surface layers of the Bay permanently stratified (PrasannaKumar et
al., 2004, 2007, 2010). As vertical exchange of water is constrained, the surface chlorophyll a
concentrations are usually less than 0.1 mg m* (Madhupratap et al., 2003). Mesoscale cold-core eddies
occur frequently at many locations in the central and western Bay, boosting productivity and higher
abundances of zooplankton in these rings (Fernandes, 2008; Fernandes and Ramaiah, 2009, 2013). Due
to the closed northern boundary and stratification, dissolved oxygen (DO) is acutely depleted at
intermediate depths (Sen Gupta and Naqvi, 1984). Since many zooplankton species are sensitive and
susceptible to low DO concentrations, their biomass is usually severely low at the core of the oxygen
minimum zone (OMZ; Wishner et al., 2008). Unlike in shallow areas where only the surface layer can
serve as a refuge, in deep waters many organisms ought to develop vertical migration strategies to cope
with the OMZ as it sets the limits to their vertical distribution (Ekau et al., 2010). In the equatorial
tropical north Pacific Ocean (Saltman and Wishner, 1997) and Arabian Sea (Madhupratap et al., 2001),
permanent hypoxia/suboxia extending from ~100-1000m is found to hamper the horizontal and vertical
distribution as well as migrations of zooplankton. Sub-lethal responses such as lesser egg production can

have important repercussions on zooplankton population dynamics and food web (Marcus et al., 2004).

Vertical structure of zooplankton in the Bay of Bengal is poorly studied. Available information is
mostly on the epipelagic species and their biomass, collected during the 1960s when the first
International Indian Ocean Expedition (I1OE) took place. IIOE data during March- April (SpIM) shows
a huge variability in zooplankton biovolume distribution ranging from 0.05 to 10 ml 100 m™ in the Bay
of Bengal (Panikkar and Rao, 1973). Recently, Karati et al. (2018) found high biomass of zooplankton
associated with high chl a in frontal regions in the Bay of Bengal. Zooplankton biomass in the mixed
layer during SpIM in the Arabian Sea was found to be on par with the biomass during the more
(primary) productive monsoons because of the microbial loop (Madhupratap et al., 1996). Mukherjee et
al. (2018) in a study off the Bay of Bengal coast has found that detrital organic matter is a major source

of zooplankton diet.

While the existence of OMZ in the Bay has been known for decades (Wyrtki, 1971; Sen Gupta

and Naqgvi, 1984), its impact on zooplankton is not clear. Our earlier studies (Fernandes, 2008;



Fernandes and Ramaiah, 2009, 2013) provided some details on zooplankton distribution and copepod
communities up to the mesopelagic zone in the central and western Bay of Bengal during the summer
monsoon and fall intermonsoon seasons. We observed that copepods often dominate mesozooplankton
communities in terms of abundance and biomass in this region as is the pattern from other parts of the
world ocean. Copepods are of prime importance as a link between marine primary producers and upper
trophic levels, including fish. Few studies describe Pleuromamma indica as one copepod adapted to the
OMZ of the Indian Ocean (Goswami et al., 1992; Saraswathy and lyer, 1986). There is mostly a lack of
information on copepods adapted to thrive in oxygen deficient waters of the Bay of Bengal. We
investigated the vertical distribution of zooplankton in general and copepod species in particular during
the spring intermonsoon season 2003. The role of relevant hydrographic factors including low dissolved
oxygen influencing the vertical distribution of copepod species was looked into. As such, documentation

of existing zooplankton diversity in the water column is useful variously.
2. Materials and methods
2.1.  Sampling and sample processing

This study was carried out as a part of the Bay of Bengal Process Studies (BOBPS), onboard ORV
Sagar Kanya cruise 191 in the central and western Bay of Bengal during April- May (spring
intermonsoon) 2003. A multiple plankton net (Multinet®, Hydro-bios, Kiel, Germany; mouth area of
0.25 m2 and mesh size of 200 pm) was used to collect samples during day and night from nine stations
(Figure 1). The net was deployed at 500 m and based on profiles of conductivity, temperature and depth
(CTD; Sea-Bird Electronics Inc., Bellevue, WA, USA) four depth strata were sampled: the mixed layer,
the thermocline, the base of the thermocline to 300 m, and 300m to 500 m (mesopelagic zone). The net
was retrieved at a speed of 0.8 m s, and the volume of water filtered was taken as the product of the

sampling depth and the mouth area of the net.

Zooplankton biovolume was measured by the displacement volume method (Harris et al., 2000)
and expressed in ml 100 m™ of water filtered. Biovolume of mixed zooplankton was converted to carbon
equivalents as per Madhupratap et al. (1981). For gelatinous forms, carbon conversion was done as per
Harris et al., (2000). Samples were immediately fixed and preserved in a 4% formaldehyde/seawater
solution buffered with hexamine. When the sample size was small, the whole sample was counted and
when it was large, it was split in a Folsom plankton splitter and used. The identification and enumeration

into different taxonomic groups was done under a stereozoom microscope (Olympus, Japan) and



expressed as individuals per cubic meter (ind. m®) of water filtered. Standard identification keys
(UNESCO, 1968; Kasturirangan, 1963; Tanaka, 1956) as well as websites such as “The marine Species
Identification Portal (http://copepodes.obs-banyuls.fr) ”, the “Integrated Taxonomic Information System
online database (http://www.itis.gov)” and the “World Register of Marine Species

(http://www.marinespecies.org) ” were used to aid in the identification of copepod species.

Seawater was collected by 12-L. GO-Flo bottles (General Oceanics, Miami, FL, USA) mounted
on a CTD rosette and analyzed for dissolved oxygen (DO) by Winkler titration (Grasshoff et al., 1983).
The physical and chemical data was obtained from the CSIR-NIO Data Center (NIODC). Chl a was
measured from the top 120 m by fluorometric method (Turner Designs, Sunnyvale, CA, USA, 10-AU-
005-CE; UNESCO 1994).

2.2. Data analysis

Differences between day and night were tested using Student’s t-test. Non-parametric Kruskal Walis
anova was used to compare differences between stations and between depths (Statistica 6.0). The
copepod families contributing to >5% and species >2% of the total copepod abundance were considered
as dominant ones. Mesozooplankton diversity was estimated using a range of univariate diversity
measures such as alpha diversity based on species richness per sample (S), Shannon diversity index (H”)

and Pielou’s evenness index (J°) (Pielou, 1977).
Beta diversity which is the intragroup B-dissimilarity/ within-area heterogeneity was
calculated using the multivariate dispersion index (MVDISP).

Multivariate numerical ordination techniques were used to classify stations into groups with
different zooplankton community structures. Similarity among samples was determined by standardized,
square root transformed copepod species abundance to generate a Bray-Curtis similarity matrix using
the program package Primer 5 (Clarke and Warwick, 1994). The Group average method was used to
cluster samples into Groups depending on the similarity in assemblages that was also confirmed by
multi-dimensional scaling (MDS). Analysis of similarity (One way ANOSIM) was used to test the
significant differences between Groups of zooplankton assemblages. The SIMPER (similarity of
percentages) test was used to identify those species that contributed the most to similarities within

Groups and between Groups.



3. Results
3.1. Hydrographic parameters

Sea surface temperature (SST) was 29- 30.5°C (Fig 2) and the mixed layer 15- 40 m in the study area
during spring intermonsoon period. Weak thermocline oscillations were observed at CB2, CB3, CBS5,
WB2 and WB3 mostly within the upper 200 m and in some locations even deeper. Sea surface salinity
(SSS) varied from 32.8 to 33.9 psu. There was not much variation in salinity between sampling locations

and the vertical salinity gradient in the top 100 m was only 1-2 psu.

Dissolved oxygen concentration was low between depths 80 and 500 m (<50 puM). Subsurface
hypoxia intensified northwards in both transects. At stations CB3 and CB5, the DO was about 10 uM at

120 m and a narrow band of intensely suboxic (<5uM) water was found between depths 200 and 300 m.
3.2.  Chlorophyll a

Surface chlorophyll (chl) a in the central Bay was 0.1 mg m~(Figure 2). Subsurface chlorophyll maxima
(SCM) were prominent between 60 and 80m with a maximum concentration of 0.3 mg m=. The SCM
were shallower at stations CB1 and CB5. The 0-120 m column concentrations varied from 13.4 to 18.3

mg m2 with the values increasing northwards.

In the western Bay, the surface chl a concentrations varied from 0.06 to 0.21 mg m=. SCM
ranged from 0.16 to 1 mg m™3 at depths ranging from 40 to 80 m. The highest concentration of chl a was
found in the shallowest SCM at WB3. Column chl a concentrations varied between 11 and 43 mg m™
with the highest value at WB3.

3.3.  Mesozooplankton biovolume/biomass and abundance

The biovolume in the mixed layer varied from 28 to 70 ml 100 m™ in the central Bay during the day
(Figure 3). In the night, it was higher, ranging from 18-230 ml 100 m. Nearly 95 - 99% of the
biovolume in the sampled water column was in the mixed layer. In the western Bay, the variation of
biovolume in the mixed layer was much larger ranging from 7 to 400 ml 100 m during day and from 20
to 667 ml 100 m= in the night (Figure 4). About 80% of the biovolume was in the mixed layer and

unlike in the central Bay, quantifiable biovolume was observed even up to 500 m.

The biovolumes were greater at stations CB3, CB4, WB3 and WB4. Swarms of scyphomedusae
were common at many stations. Since there was no data at some stations and negligible biomass at many

subsurface depths, the abundance data was combined for the day and night samples. The abundance of



zooplankton varied from 0.1 to 248 (x 10 ®) ind. 100 m in the central and 0.2 to 534 (x 10 ®) ind. 100 m
% in the western Bay. Similar to the biovolume, the abundance was more in the mixed layer accounting
for 96% of the total in the upper 500 m in the central Bay and 86% in the western Bay (Table 1). The
abundance was higher at CB3, CB5 and WB4.

There was little diel difference in zooplankton biovolume and abundance even as both decreased
significantly with increasing depth (p<0.05). The 0-500 m column integrated zooplankton carbon
biomass in the central Bay (Figure 5), varying from 24 to 197 (av. 75) mM C m and abundance from
0.7 to 5 (av. 3.3) x 10 # individuals m? was lesser than that in the western Bay, where the biomass
ranged from 35 to 480 (av. 224) mM C m= and the abundance from 3.8 to 18.2 (av. 9.6) x10*

individuals m,
3.4.  Mesozooplankton groups and their vertical distribution

Twenty eight groups of zooplankton were found during this study (Table 2). The total number of groups
decreased significantly (p<0.05) at deeper depths but remained similar between stations (Figure 6).
Copepoda was the predominant group at all stations and depths, ranging from 70 to 85% (Figure 7).
Their proportion increased with depth but for their least abundance in the 200-300 m stratum in the
western Bay. In this stratum, ostracoda (9.5%) and foraminifera (11.5%) were found in higher
proportion. These two groups, chaetognatha (1.5 to 4.3%) and appendicularia (0.4-2.5%) were
commonly found at all depths in both transects. Abundance of invertebrate eggs (1.2-6.5%) in the upper
300 m was conspicuous while polychetes (0.76-1.82%) occurred in small numbers throughout the 500 m
column in the central Bay. In contrast, salps (0.8-1.4%) were found throughout the water column in the

western Bay.
3.5.  Vertical distribution of Copepoda
3.5.1. Orders

Copepods observed during this study were from four Orders viz. Calanoida, Cyclopoida, Mormonilloida
and Harpacticoida in decreasing order of abundance (Figure 8). Copepods of the Order Calanoida
averaging 36-64% of the total copepod abundance in the central Bay and 45-76% in the western Bay
were minimum in the 200-300m stratum. This coincided with the highest proportion of Mormonilloid
copepods (31 & 28% in CB & WB) in this stratum. Cyclopoida abundance averaged 30% in the water



column with relatively higher abundance in the thermocline in the western Bay. Harpacticoid percentage

was negligible.
3.5.2. Families

From the 34 families of copepods that were recorded during this study, individuals of only eight families
(Clausocalanidae, Eucalanidae, Lucicutiidae, Metridinidae, Paracalanidae, Oithonidae, Mormonillidae
and Oncaeidae) were dominant during this study. Copepods from 25-30 families were found in the first
two strata compared to just 20-24 in the last two strata (Table 3). In general, Clausocalanidae,
Paracalanidae and Corycaeidae were abundant in the top 200 m and Oncaeidae in all three strata.
Copepods from families of Oithonidae, Metridinidae (in central Bay) and Sapphirinidae (in western
Bay) peaked in the thermocline. Mormonillidae were dominant in the 200-300 m and Eucalanidae

(central Bay) and Lucicutiidae (in western Bay) proportions increased with depth.
3.5.3. Genera and species

Copepods from 50 genera were identified in the central Bay (Table 3), of which 42 each were present in
the mixed layer and the thermocline and just 28 in the 200-300 m stratum. The number of copepod
species found in these strata was 72, 61 and 39 respectively. In the western Bay, 59 genera were
identified (Table 3) with 48 genera each in the mixed layer and thermocline, 33 in the 200-300 m
stratum and 31 in the 300-500 m stratum. The number of species in each of these strata was 80, 84, 49

and 37 respectively.
3.6. Dominant copepod species

Out of the total 129 copepod species recorded during this study, 96 were found in the central Bay, of
which only 12 species considered as dominant contributed to 65% of the copepod abundance (Table 3).
The species Acrocalanus gracilis, Calocalanus pavo, Clausocalanus furcatus, Corycaeus speciosus and
Oncaea mediterranea were restricted to the upper two strata (Figure 9). The others such as
Clausocalanus arcuicornis, Oncaea venusta, Oithona similis, Lucicutia flavicornis, Pleuromamma

indica, Mormonilla minor and Corycaeus catus were abundant till 300m.

From the western Bay, 111 copepod species were identified, of which nine species were the most
dominant, contributing 59% to the total copepod abundance. Acrocalanus gracilis was abundant in the
mixed layer (Figure 10). C. arcuicornis was most abundant in the top 200 m, rarely occurring in the

deeper strata and P. robusta in moderate abundance exhibited similar pattern. Centropages furcatus and



E. monachus were abundant mostly in the northern stations. L. flavicornis, O. venusta, O. similis and P.

indica were present at all stations and depths sampled.
3.7.  Copepod Diversity Measures
3.7.1. Alpha diversity (Shannon diversity H’, Species richness d, and evenness J)

Alpha diversity for copepod species varied greatly with depth and between stations. Diversity in the
central Bay ranged from 1 to 5, was generally higher in the mixed especially at CB1 (Figure 11). In the
western Bay H’ varied from 1.7 to 4.4 and a steady northward decline was noticed in the thermocline.
The H’ values were the lowest in the 200-300m strata in both transects with drastically low values in the

north in the central Bay.

Species richness ranged from 0.5 to 4.8 in the central and from 1.5-4.4 in the western Bay. The
maximum value of species richness was found in the mixed layer at CB1 and in the thermocline at WB1.
In both transects, the‘d” was greatly diminished in the 200-300m stratum, decreasing northwards,

especially between CB3 and CB5.
3.7.2. Beta diversity

The relative variability of copepod species assemblage within each of the strata sampled showed higher
values of MVDISP in the 200-300 m stratum indicating higher beta diversity (Figure 12). Beta diversity

was higher also in the central Bay.
3.8. Copepod Community structure

Multivariate analysis of all the 129 copepod species data combined from all the stations and depths in
the central and western Bay distinguished through the 30% cut-off level of the Bray-Curtis similarity
dendrogram yielded three clusters. Most of the thermocline (T) and OMZ (O) strata clustered into Group
I, those from the mixed layer (M) strata and a few thermocline (T) strata into Group Il and, OMZ strata
from three stations CB3, CB4 and CB5 as Group Il (Figure 13). The same was confirmed by two-
dimensional ordination of the samples by NMDS (stress: 0.1; Figure 14) suggesting that the depths
within each of the three groups shared similar copepod species communities. One-way ANOSIM test
further substantiated the observed significant differences between these groups of assemblages (Global
R: 0.826; p: 0.1%) in the study area.

Similarity percentage (SIMPER) analysis based on abundance estimates of all copepod species

revealed the percent contribution of species to intra- group similarity (‘characterizing species’) as well



as inter-group dissimilarity (‘discriminating species’). Table 4 summarizes information on
(characterizing) species that contribute foremost to the average similarity together with their percent
contribution to the total copepod abundance, within each group. There was little variation in the intra-
group similarities (36.47-82.27%).

Group | characterized 25 species with average similarity 49.6%, of which the top 8 most-
contributing species are listed in Table 4. These are O. venusta, C. arcuicornis, O. similis, P. indica, L.
flavicornis, C. speciosus, C. catus and E. monachus, contributing over 50% of the average similarity of
Group I. Similarly, 20 species from depths between 200 and 500 m characterized the Group Il, of which
the top 7 species contributed to over two thirds of the average similarity. The composition of
assemblages in the subsurface Group Il was not very different from the surface Group I. However the
abundances of species in Group Il were low and relative importance of O. venusta (17%), M. minor
(15%), P. indica (11%) and O. similis (10%) was higher. Group Il was characterized by just 3 species
of copepods with an average similarity of 82.27%. Except for a few specimens of these species that were
found in the three stations CB3, CB4 and CB5 at 200-300 m depth, no other copepod was found here.

The reason for this is probably the intensely low oxygen concentration in this zone.
Table 5 shows the key copepod species that differentiate between the assemblages

within mld —thermocline (Group I) and thermocline-500 m (Group 1) strata, thus identifying them as
‘discriminating species’ in this study. As seen in the Tables, the average dissimilarity between the
surface and subsurface groups is smaller than when compared with Group Ill. Though O. venusta is the
predominant species at most depths and stations, M. minor, E. monachus, C. arcuicornis, C. catus, O.
similis, Corycaeus speciosus, Acartia negligens, A. gracilis, O. venusta, Cosmocalanus darwinii and
Acrocalanus monachus are good discriminating species for being abundant in the mixed layer and

having low to nil abundance in the strata below.

Copepods like Conaea gracilis, Heterostylites major, Heterorhabdus sp., Gaussia princeps and
Haloptilus acutifrons are also good discriminators as they were found in deeper waters and never in the
surface strata. The exclusive presence of the copepods Gaetanus kruppii, Gaussia princeps and
Pleuromamma xiphias in the 200-300 m zone (Figure 15), where dissolved oxygen concentration was 5-
10 uM is indicative of them as discriminators of deep water hypoxia.



3.9. Correlation

Zooplankton biomass showed significant positive correlation with abundance, groups and chl a.
Similarly, chl a and the number of zooplankton groups found, correlated negatively with temperature
(Table 6).

4. Discussion

We have discussed below how the mesoscale cold-core eddies let the proliferation of mesozooplankton
in the mixed layer, OMZ that limits their abundance in the subsurface and how both may be structuring
the copepod communities in the upper 500 m.

4.1.  Vertical distribution of zooplankton biomass, abundance and groups

The spring intermonsoon which is the transition phase between the Northeast Monsoon and Southwest
Monsoon, characterised by maximum solar heating and high SST and SSS, is generally viewed as a low
productive season with low zooplankton stock along the southeast coast of India (Jyothibabu et al.,
2008). However, during this study, we observed very high standing stocks of zooplankton in the mixed
layer, especially where food resources in terms of chlorophyll concentration were abundant. The average
biovolume of zooplankton in the central Bay was 95 ml 100 m® compared to more than double
biovolume (230 ml 100 m™) in the western Bay. This value is more than one order of magnitude higher
than the average biovolume of 10 ml 100 m™ reported from the Palk Bay (Jagadeesan et al., 2013), in
the south western Bay of Bengal and also the range of 3- 52 ml 100 m™ found by Karati et al., (2018) in
the western Bay of Bengal.

Since stratification was the least during this season, particularly in the western Bay, cold-core
eddies identified from the thermocline oscillations of the isotherms at CB2, CB3, CB5, WB2 and WB3
(Prasanna Kumar et al., 2010) enabled pumping up of inorganic nutrients such as nitrate and silicate
from the deep layers into the euphotic zone, enhancing phytoplankton productivity. Therefore higher chl
a up to 1mg m was found in the SCMs at most cold- core eddy locations. Since the eddy effect was felt
close to the surface at CB5 and WB3, the column chl a and primary productivity were also the
maximum here (Ramaiah et al., 2010; Prasanna Kumar et al., 2010). Enhanced productivity in cold-core
eddies has been observed by Falkowski et al., (1991), Vaillancourt et al., (2003) etc.

As the generation time of zooplankton is longer than phytoplankton, i.e. 15-30 days (Piontkovski

et al., 1995), during the ~4 month life span of the eddy (Nuncio and Prasanna Kumar, 2012),
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zooplankton seem to have sustained on the phytoplankton bloom within the eddies. There was also
significant positive relationship between zooplankton biomass and chl a at stations having relatively
lower seawater temperature in the euphotic zone. Significant enhancement of zooplankton biomass was
observed within cold core eddies during fall intermonsoon and summer monsoon seasons in our earlier
studies (Fernandes, 2008; Fernandes and Ramaiah, 2009; Fernandes and Ramaiah, 2013). Higher
copepod abundance was observed in the nutrient replenished upwelling area on the south west coast of
India (Madhupratap 1990) and elsewhere (Wiebe, 1976; Beckmann et al., 1987; Huntley et al., 1995).

Jyothibabu et al. (2004) found zooplankton biomass ranging from 30 to 60 mMCm= in the
oceanic and, 50-133 mMCm™ in the coastal areas of Bay of Bengal (upper 200 m). The average
zooplankton carbon biomass in the upper 500 m (40 mMCm™) in the central Bay during present study
was ~4 times poorer compared to the central Arabian Sea (161 mMCm2; Madhupratap et al. 1996).
However the western Bay (260 mMCm™) was more than twice as rich in zooplankton as the eastern
Arabian Sea (105 mMCm; for the upper 200 m) during the same season. The overwhelming effect of
the cold-core eddies helped the western transect of the Bay of Bengal to support ~ 7 times more
zooplankton biomass than the central transect, which is also higher than the values recorded during the
summer monsoon and fall intermonsoon seasons (Fernandes, 2008; Fernandes and Ramaiah, 2009,
2013).

Generally the biomass and abundance were in good agreement except at WB3 and WB4, where
larger gelatinous organisms such as scyphomedusae, siphonophores and salps contributed significantly.
As Madin et al. (2001) and Brodeur et al. (2002) noted, they become important component of the
plankton, especially during the spring/summer months. Riandey et al. (2005) also observed high
abundance of salps or doliolids in cyclonic eddy in the western Mediterranean Sea during summer. They
can strongly impact the zooplankton standing stocks as they devour a wide spectrum of zooplankton
prey and (Omori et al., 1995; Ishii and Tanaka, 2001) their mass occurrence has been found to reduce

local stocks of copepods (Hulsizer, 1976).

The biomass below the mixed layer, especially in the central Bay was very low and so also were
the numbers of zooplankton groups which were the least during this study compared to the other seasons
even as copepod distribution remained unchanged (Fernandes et al., 2008, Fernandes and Ramaiah,
2013). The larger, faster moving zooplankton such as the euphausids having capabilities to traverse

greater distances (Longhurst, 1976) were present in small numbers. Therefore as Roman et al. (1995)
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suggested, due to the dominance of smaller size class of organisms, there was no evidence of diel
vertical migration during this study. In a recent study, Karati et al. (2017) observed restricted diel
vertical migration mostly due to sharp vertical gradients in physico-chemical parameters. Chaetognaths
feed primarily on copepods (Terazaki, 1996) and their distribution profile was similar to that of the
copepods. The 200-300 m stratum contained very low DO concentration and dominance by ostracods
and foraminifera was observed. This could be attributed to their passive and less selective feeding,
mainly on phytodetritus and other organic matter that rains down from the surface production (Maas et
al., 2014; Spindler et al., 1984); and their ability to tolerate hypoxia better (Moodley et al., 1997;
Gooday et al., 2009).

4.2.  Copepod community structure

Calanoids were relatively more abundant in the mixed layer especially in the western transect where
higher chl a and primary productivity were observed (Ramaiah et al., 2010). This could be related to
their preference for diatoms (Frost, 1972; Checkley, 1980) enriched by the high Si:N and Si:P ratios in
the cold core eddies (Paul et al., 2008). It is evident from the study of Stephen (1992) that copepods
from the families Paracalanidae, Eucalanidae and Calanidae occur along both the coasts of India. In this
study, Clausocalanus arcuicornis was the most important herbivore (Frost and Fleminger, 1968) in the
central Bay and Eucalanus monachus in the western Bay. As Stephen (1992) suggested the former feeds
on fine- and latter on coarse particles. According to Miyashita et al., (2009), Clausocalanus becomes
important in spring as it is highly adapted to oligotrophic conditions and can exploit other forms of food
besides phytoplankton (Roff et al., 1995). It is believed that copepods sense the amino acids present in
phytoplankton cells from long distances (Poulet and Oullet, 1982), that a strong relationship was evident
between abundance of phytoplankton and predominance of the two herbivorous species in the mixed

layer.

Cyclopoid copepods were abundant throughout the water column and similar to our study,
Stephen (1988) found that its most abundant representative Oncaea to be abundant in the oceanic
regions, away from the high productivity zones. This is possible since their feeding habits are diverse,
comprising detritus, larvacean houses and marine snow (Steinberg and Silver, 1994). Abundance of
Oithona spp. was quite less unlike in other studies (e.g. Paffenhdfer and Mazzocchi, 2003) where
smaller mesh sizes were used for sampling. They are ambush feeders and generally do not prefer

diatoms (Paffenhofer, 1993). Their representative Oithona similis feeds upon a variety of food sources
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like phytoplankton, heterotrophic protists, and copepod nauplius, but primarily on ciliates and
heterotrophic dinoflagellates (Nakamura and Turner, 1997). Since their respiration rate is minimally
affected by temperature (Lampitt and Gamble, 1982) and feeding habits are more coupled to the
microbial loop (Turner, 2004), they are able to peak in the thermocline as well as occupy all depth
ranges. The order of abundance of calanoids> cylopoids>mormonilloids>harpacticoids during this study
did not differ from our earlier observations for a different time period (Fernandes, 2008; Fernandes and
Ramaiah, 2009, 2013).

Despite getting organisms from the top 500 m only, 129 species of copepods were found,
typifying the high diversity of this basin. Not more than 12 copepod species were present in abundance
greater than 2%. This is typical of tropical systems as also found by Piontkovski et al. (2003) where only
a few species are successful in evolution (Briggs, 1974). During the summer monsoon 2001, Fernandes
and Ramaiah (2009) listed 163 species of copepods of which 132 represented the Order Calanoida.
Similar species and diversity was recorded from this region during the fall intermonsoon (Fernandes,
2008; Fernandes and Ramaiah, 2013). Li et al. (2017) identified 187 zooplankton species including the
most diverse copepods from the surface along 10°N in the Bay of Bengal.

Temperature, chl a and seasonality are some factors believed to affect copepod diversity (Roy et
al., 1998., Rutherford et al., 1999). As they suggest, copepods are ectotherms with short generation
times, so warmer temperatures influence metabolic rates and indirectly affect diversity. The Bay of
Bengal is a warm pool throughout the year with low chlorophyll a that does not change markedly with
seasons and according to Woodd-Walker et al. (2002), more species are evidenced to co-occur in such
areas with lower seasonal changes in physical properties and primary productivity. Also, as McGowan
(1990) and Longhurst (2007) point out, the high species diversity of copepods is found in this basin
because it is moderately oligotrophic and the productivity is limited by nutrients. The near surface
waters of the Bay are also highly stable which according to Rutherford et al. (1999) provides higher

vertical niche availability and therefore supports greater number of species.
4.3.  Effect of OMZ on vertical distribution of zooplankton biomass and copepod species

The Bay of Bengal has an equally intense oxygen mimimum zone as the more productive Arabian Sea,
with hypoxic waters extending from 100 m to 500 m during this season. In the cold-core eddy region,
there was even an intrusion of 10uM dissolved oxygen contour to 80 m. Though a general decrease in

zooplankton abundance with increasing depth correlating with primary productivity in the upper water
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column is a universal feature in tropical oceans (Banse, 1964; Fogg et al., 1985; Vinogradov, 1997), the
reduction we observed was quite drastic in the central Bay where there were hardly any organisms
netted from below 300 m. The intense oxygen minima and suboxia between 200 and 500 m seems
apparently to partition zooplankton groups and is a deterrent for them in this zone.

In the western Bay, the DO concentrations did not fall below 6uM and its effect was seen in
terms of considerable biomass observed up till 500m. Vinogradov and Voronina (1961) found that the
zooplankton in the intermediate layers of the northern Arabian Sea become abnormally low when DO
falls below 0.15ml L (6.7uM). This effect is also observed in the tropical Pacific and Benguela system
(Saltzman and Wishner, 1997; Auel and Verheye, 2007; Wishner et al., 2008).

The copepod diversity was the lowest in the 200-300 m strata of the central Bay, coinciding with
the lowest oxygen concentrations of 4-15 pM. In the narrow band of suboxic water (<5 uM) that was
observed in this stratum between stations CB3 and CB5, Gaetanus kruppii, a species of the family
Aetideidae and two species of Metridinidae ( Gaussia princeps and Pleuromamma xiphias) were the
only copepods that were found. These are the large, rare deep water species that were reported
sporadically in the Arabian Sea (Padmavati et al., 1998). The largest percentage of Mormonilla minor, a
fragile, cosmopolitan meso-bathypelagic particle-feeding copepod having filter baskets formed by its
appendages (Boxshall, 1985), occurred in high numbers in this stratum. Conaea gracilis, a deep—water
copepod, rarely found in the 11OE collections (Stephen, 1988) was also most abundant here. The relative
abundance of Eucalanus spp. and Rhincalanus spp. was also high as observed in other studies (Auel et
al., 2007; Loick et al., 2005). Few species of Aetidedae, Augaptilidae, Heterorhabdidae, Lucicutiidae
were also some of the occupants of this zone as also observed in the Arabian Sea (Padmavati et al.,
1998).

Their tolerance to oxygen minimum conditions offers them an advantage from predators and
competitors (Parker-Stetter and Horne, 2009). These copepods survive hypoxia either by taking up
oxygen efficiently from surrounding waters, reduction of metabolic rates or by deriving energy from
anaerobic metabolism (Childress and Seibel, 1998). It could also be due to anaerobic pathway
supplementing aerobic metabolism by higher activity of enzyme lactate dehydrogenase as reported in
copepods such as E. inermis and R. rostrifrons within other OMZs (Gonza’lez and Quin~ones, 2002;
Cass, 2011). Some more ways of survival are decreased protein utilization and increased lipid

catabolism, lower oxygen consumption rates and reduced feeding/ activity when in low-oxygen waters
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observed in Eucalanus inermis, Subeucalanus subtenuis and Rhincalanus rostrifrons the copepods
adapted to living in the world’s most intense OMZ- the eastern tropical North Pacific (Cass and Daly,
2014; Cass et al., 2014).

The OMZ zone in the central Bay had the largest number of species of Metridinid copepod
inhabitants (Table 3) similar to the OMZs of the eastern Pacific, Benguela current system and also the
Arabian Sea (Escribano et al., 2009; Smith, 1998) Several species of Pleuromamma are thought to be
vertical migrators and tolerant to low oxygen. Of the 7 species that were found during the IIOE, P.
indica was the most abundant comprising ~84% of the Pleuromamma population (Saraswathy, 1986).
Their largest concentration of >500 ind.100 m™ was observed in the northern Arabian Sea and the
Central Bay of Bengal. Smith et al. (2005) argued that their numbers increased in the Arabian Sea in 30
years since then, indicating an increase in the OMZ or its intensity. Much higher numbers of P. indica of
~1821 100m= in the central Bay and ~9852 100m™ in the western Bay of Bengal in the present study
may apparently be linked to further deoxygenation of the OMZ.

As revealed by clustering, vertical zonation of copepod species was evident based on the
hydrographic characteristics in the Bay. The copepod assemblages were found to be of three types,
depending on their occurrence in strata within the 500 m water column during SpIM. Most of the
assemblages from the mixed layer and a few from the thermocline formed one cluster that thrived in a
warm, low- salinity, well- oxygenated and resource rich environment. Assemblages from thermocline to
500 m were similar at most stations, with the environmental characteristics being cold, more saline, and
poor in oxygen and nutrition. An exception was the assemblages in the OMZ of the northern stations in

the central Bay that were distinctly in a separate cluster in being able to thrive in suboxic condition.

As indicated from the higher beta diversity in this 200-300 m stratum, the copepod species
composition is relatively unstable here compared to the more homogenously distributed species in
waters above and below it. Between 200 and 300 m where the DO concentration is lowest compared to
anywhere in the water column, the copepod species in this stratum are unique, probably have low
turnover and are least similar to those in the mixed layer and also in the deeper strata sampled. Similarly,
higher beta diversity in the central Bay means lower predictability of the copepod species compared to

the coastal waters.
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4.4. Summary: Cold-core eddies exert positive control on the zooplankton and copepod assemblages
and allow them to reach their highest biomass and abundance during the spring intermonsoon. The OMZ
exerts negative control on zooplankton thereby drastically diminishing the biomass below 200 m
especially in the northern extent of the central Bay. The warm, stable moderately oligotrophic waters are
rich in copepod species that diminish very much in the 200- 300 m stratum. However the OMZ core has
a high diversity of Metridinid copepods. Pleuromamma indica is one such copepod that was adapted to
the OMZ by migrating through low oxygen conditions and maintaining greater abundance above the
core of OMZ. Increased abundances of this copepod compared to the past studies apparently indicate an

expansion of the OMZ in size and or intensity.

From this study, we observed three types of copepod assemblages in the Bay of Bengal during
the SpIM season: 1) Surface species such as O. venusta, C. arcuicornis, O. similis, C. speciosus, C.
catus, E. monachus, Undinula vulgaris, Centropages furcatus, Clausocalanus furcatus and Calocalanus
pavo living in waters of higher temperature, oxygen and resources 2) Species adapted to live in oxygen
minimum zones such as Gaetanus krupii, Pleuromamma xiphias, P. indica, Gaussia princeps,
Eucalanus elongatus, E. crassus and Rhincalanus cornutus and 3) the mesopelagic/deep cold water
species such as Conaea gracilis and Mormonilla minor. The highly diverse copepod assemblages in this
tropical basin appear to be vertically structured, mostly through partitioning of habitat and food
resources. Intensification and expansion of OMZ is likely to affect the communities by habitat
compression of the epipelagic species, further reduction in biomass in the subsurface and increase in
diversity of the species adapted to live in the OMZ.
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Figure legends

Figure 1 Map of the sampling site in the Bay of Bengal. Stations CB1 to CB5 are located along the
central (88" E) and WB1 to WB4 along the western margin of the Bay.

Figure 2.Vertical distribution of temperature, salinity, dissolved oxygen and chlorophyll a
concentrations in the central and western Bay of Bengal during spring intermonsoon season.

Figure 3 Vertical profiles of day (D) and night (N) zooplankton biovolume from Multinet tows in the
central Bay of Bengal during spring intermonsoon. Ng: negligible biovolume; NO DATA is where the
net failed to open/close. *Swarms of medusae were observed at CB3 (their biovolume 90 ml 100 m)
and CB4 (200 ml 100 m) in the surface at night.

Figure 4 Vertical profiles of day (D) and night (N) zooplankton biovolume from Multinet tows in the
western Bay of Bengal during spring intermonsoon. Ng: negligible biovolume; NO DATA is where the
net failed to open/close. *At WB3, medusae (100 ml 100 m™), and at WB4, salps (200 ml 100 m™3) were
observed in the surface during the day.

Figure 5 Station-wise variation in the 0-500 m column integrated mesozooplankton abundance/density
and biomass in the central (a) and western (b) Bay of Bengal during spring intermonsoon.

Figure 6 Depth- wise variation in the number of zooplankton groups at each station in the central (a)
and western (b) Bay of Bengal during spring intermonsoon. “MLD” is mixed layer depth, TT: Top of
thermocline, BT: Bottom of thermocline

Figure 7 Distribution of dominant (> 1%) zooplankton taxonomic groups in different depth strata in the
central (a) and western (b) Bay of Bengal during spring intermonsoon. The percentages at every depth
are averages from 5 stations in the central- and 4 stations in the western Bay.

Figure 8 Vertical distribution of the various types (Orders) of copepods in the central (a) and western
Bay (b) of Bengal during the spring intermonsoon. The percentages at every depth are averages from 5
stations in the central and 4 stations in the western Bay. Data is unavailable at 300-500 m in the central
Bay due to negligible abundance.

Figure 9 Vertical distribution of abundance (log number 100 m=) of the major copepod species in the
central Bay of Bengal during spring intermonsoon. “MLD” is mixed layer depth, TT: Top of
thermocline, BT: Bottom of thermocline
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Figure 10 Vertical distribution of abundance (log number 100 m™) of the major copepod species in the
western Bay of Bengal during spring intermonsoon. “MLD” is mixed layer depth, TT: Top of
thermocline, BT: Bottom of thermocline.

Figure 11 Variation in Shannon diversity (H’), species richness (d) and evenness (J”) of copepods in
different depth strata in the upper 500 m of the central (a) and western (b) Bay of Bengal.

Figure 12 Variation in Multivariate Dispersion (MVDISP) indices between different depth strata (9
stations data combined) and between the central and western transects in the Bay of Bengal.

Figure 13 Multivariate cluster analysis of all the 129 copepod species data combined from all the
stations and depths in the central and western Bay using the 30% cut-off level of the Bray-Curtis
similarity. Cluster/Group | are assemblages mostly from the mixed layer (M) and thermocline (T) from
central and western transects. Group 1l comprises assemblages found between the thermocline and 500m
and Group Il included only few species found exclusively from 200-300 m depth at stations CB3-CB5.

Figure 14 Two-dimensional ordination of the copepod species data combined from all depth strata and
stations by non-metric multidimensional scaling (NMDS) method. Group | are surface dwelling species,
I1 from subsurface i.e. top to thermocline to 500 m and 111 from the OMZ core of the northern stations in
the central Bay.

Figure 15 Microphotographs of copepods viz. Pleuromamma indica (A), P. xiphias (B), Gaetanus
kruppii (C) and Gaussia princeps (D) from the 200-300 m stratum (oxygen minimum zone) between
CB3-CB5. The scale bar is in millimeters.
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Table 1.Abundance (x 10%ind. 100m™) of zooplankton in various strata in the top 500 m of the central
and western Bay (WB) of Bengal. Note that the abundance is very low below the mixed layer in the

central Bay (CB).

Depth Strata CBl1 CB2 CB3 CB4 CB5 WBl1 WB2 WB3 WB4
Mixed layer 4 48 248 86 125 31 37 50 534

Thermocline 0.8 6.6 08 08 0.6 156 23.0 399 8.2
200-300m 3.8 3.6 06 22 04 31 42 14 5.1
300-500m 0 0.3 0.1 04 004 02 08 16 1.7
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Table 2.List of zooplankton groups and their percentage abundance in the central and western Bay of

Bengal. “-““ denotes absent.

Groups Central Western

1 | Acantharia 0.03 -
2 | Amphipoda 0.18 0.13
3 | Appendicularia 0.88 1.44
4 | Bivalvia 0.02 0.14
5 | Amphioxus - <0.01
6 | Carinaria 0.01 -
7 | Cephlaopoda 0.01 0.01
8 | Chaetognatha 2.75 2.73
9 | Cladocera 0.11 0.07
10 | Copepoda 81.98 80.37
11 | Decapoda 0.17 0.39
12 | Doliolida 0.02 0.64
13 | Euphausiacea 0.38 1.12
14 | fish eggs - 0.09
15 | Fish larva 0.14 0.06
16 | Foraminiferida 191 3.46
17 | Gastropoda 0.20 0.03
18 | Halobates 0.00 0.00
19 | Invertebrate egg 3.76 0.61
20 | Isopoda 0.02 0.00
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21 | Medusae 0.13 0.53
22 | Mysidacea 0.04 0.01
23 | Ostracoda 4.63 5.22
24 | Polychaeta 1.27 0.94
25 | Pteropoda 0.10 0.34
26 | Radiolaria 0.78 0.03
27 | Salpida 0.07 1.02
28 | Siphonophora 0.18 0.52
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Table 3.Vertical distribution of copepod species abundance (% average of stations) in the central and
western Bay of Bengal during spring intermonsoon. “MLD” is mixed layer depth, TT: Top of the

thermocline, “BT”: Bottom of the thermocline, “A” denotes species absent

200- 200- 300-
Sr. No | Species 0-MLD | TT-BT | 300m 0-MLD TT-BT 300m 500m
CALANOIDA Central Bay Western Bay
Acartiidae
1 | Acartia negligens Dana, 1849 0.51 0.23 1.04 1.80 0.30 0.11 3.22
Aectideidae
2 | Aetideus armatus Boeck, 1872 A 0.21 0.28 A A A A
3 | A. giesbrechtii Cleve, 1904 A A A A 0.06 A A
4 | Euchirella amoena Giesbrecht, 1888 A A A 0.08 A A A
5 | E. bitumida With, 1915 A A 0.66 0.56 0.07 0.04 A
6 | E. indica Vervoort, 1949 0.26 A A A 0.06 A A
7 | E. latirostris Farran, 1929 A A A A 0.00 A A
8 | Euchirella sp. 0.27 0.45 A 2.26 0.08 A A
9 | Gaetanus kruppii Giesbrecht, 1903 A A 0.69 A A A A
10 | G. miles Giesbrecht, 1888 A A A A A 0.11 A
Arietellidae
11 | Arietellus giesbrechtii Sars, 1905 A A A A 0.002 A A
Augaptilidae
12 | Euaugaptilus angustus Sars, 1905 0.01 A A A A 0.23 A
13 | E. facilis Farran, 1908 A 0.21 0.35 A A A A
14 | E. hecticus Giesbrecht, 1889 A A A A 0.002 A A
15 | E. laticeps Sars, 1905 A A A A 0.002 A A
16 | Haloptilus acutifrons Giesbrecht, 1892 A 0.20 1.18 A A A A
17 | H. longicornis Claus, 1863 0.01 1.36 1.18 0.02 0.52 0.97 0.72
18 | pseudhaloptilus pacificus M. W. Johnson, 1936 A A A 0.001 A A A




Calanidae

19 | Canthocalanus pauper Giesbrecht, 1888 0.63 0.45 A 0.77 0.93 A 0.60
20 | Cosmocalanus darwinii Lubbock, 1860 A A A 0.08 0.16 A A
21 | Undinula vulgaris Dana, 1849 1.60 1.15 A 0.78 2.59 A A
Candaciidae
22 | Candacia bradyi Scott, 1902 0.31 A A 0.13 0.77 0.02 0.72
23 | C. catula Giesbrecht, 1889 A A A A 0.06 A A
24 | C. discaudata A. Scott, 1909 A A A 0.58 0.06 A 0.60
25 | C. pachydactyla Dana, 1849 0.04 A A 0.00 0.22 A A
26 | Paracandacia truncata Dana, 1849 0.00 1.14 A 0.04 0.22 0.11 A
27 | Candacia sp. 0.71 0.23 0.66 0.63 1.57 A A
Centropagidae
28 | Centropages calaninus Dana, 1849 0.05 A A 0.82 A A A
29 | C. furcatus Dana, 1849 1.08 0.45 A 3.55 1.23 0.68 0.97
30 | C. gracilis Dana, 1849 0.12 A A A A A A
Clausocalanidae
31 | Clausocalanus arcuicornis Dana, 1849 21.60 3.83 2.89 6.91 6.97 1.94 4.50
32 | C. furcatus Brady, 1883 1.86 0.41 A 0.28 121 0.31 3.28
33 | C. pergens Farran, 1926 A A A 0.56 A A A
Eucalanidae
34 | Eucalanus crassus Giesbrecht, 1888 A 0.21 3.59 2.29 0.00 A A
35 | E. elongatus Dana, 1849 0.27 2.32 3.27 A 0.28 0.42 2.55
36 | E. monachus Giesbrecht, 1888 1.31 A A 17.36 15.61 17.26 14.50
37 | E. mucronatus Giesbrecht, 1888 0.04 1.14 0.52 0.04 0.90 0.37 0.60
38 | Pareucalanus attenuatus Dana, 1849 1.30 1.14 A 1.19 1.05 0.31 0.72
39 | Eucalanus sp. 0.58 A A 0.04 0.12 A 0.60
Euchaetidae
40 | Euchaeta concinna Dana, 1849 A A A A A A 0.72
41 | E. indica Wolfenden, 1905 0.04 A A 0.56 0.06 0.97 A
42 | E. marina Prestandrea, 1833 2.07 1.14 A 1.91 0.06 0.13 2.89
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43 | Euchaeta sp. A 0.23 A 0.02 0.74 A A
Fosshageniidae

44 | Temoropia mayumbaensis T. Scott, 1894 0.52 0.62 0.28 0.73 0.96 0.33 1.69
Heterorhabdidae

45 | Heterorhabdus papilliger Claus, 1863 A 0.41 A 0.56 0.89 0.27 0.60

46 | H. spinifrons Claus, 1863 A 1.36 0.28 A 0.28 0.56 A

47 | Heterorhabdus sp. A 0.65 A A 0.02 0.33 A

48 | Heterostylites longicornis Giesbrecht, 1889 | A 0.67 A A 0.00 A 0.72

49 | H. major Dahl, 1894 0.01 0.90 A A A A 1.44
Lucicutiidae

50 | Lucicutia flavicornis Claus, 1863 7.39 2.29 0.66 2.53 3.48 4.50 5.14

51 | L. maxima Steuer, 1904 A 0.17 1.32 A 0.02 A A

52 | L. ovalis Giesbrecht, 1889 0.32 A A A 0.06 A A
Mecynoceridae

53 | Mecynocera clausii Thompson, 1888 0.12 0.17 A 0.08 0.13 0.31 A
Megacalanidae

54 | Megacalanus princeps Brady, 1883 A A A 0.56 A A A
Metridinidae

55 | Gaussia princeps T. Scott, 1894 0.02 0.03 0.69 A A 0.06 0.25

56 | Metridia brevicauda Giesbrecht, 1889 0.01 0.21 2.93 0.56 A A A

57 | M. cuticauda Giesbrecht, 1889 A A 0.52 A A A A

58 | M. princeps Giesbrecht, 1889 A A 1.32 A A A A

59 | Pleuromamma gracilis Claus, 1863 0.81 0.73 0.94 1.17 0.20 0.84 1.71

60 | P. indica Wolfenden, 1905 4.96 8.95 251 6.88 6.00 4.59 7.10

61 | P. quadrangulata F. Dahl, 1893 A A 0.52 0.02 A A A

62 | P. robusta Dahl, 1893 A 0.38 0.94 5.31 0.40 0.54 231

63 | P. xiphias Giesbrecht, 1889 0.01 A 0.62 A A A A

64 | Pleuromamma sp. A 0.70 A A A A 1.20
Nullosetigeridae

65 | Nullosetigera sp. A A A 0.56 A A A
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Paracalanidae

66 | Acrocalanus gibber Giesbrecht, 1888 0.80 1.14 A 0.12 A 0.23 A
67 | A. gracilis Giesbrecht, 1888 1.52 4.75 A 2.38 231 0.11 A
68 | A. longicornis Giesbrecht, 1888 1.75 A A 1.74 0.90 A A
79 | A. monachus Giesbrecht, 1888 A A A 0.30 0.06 A A
70 | Calocalanus pavo Dana, 1849 3.04 0.20 A 0.23 1.00 0.54 0.98
71 | C. plumulosus Claus, 1863 0.27 A 0.52 0.00 0.06 0.69 A
72 | Paracalanus indicus Wolfenden, 1905 1.91 3.90 0.52 1.40 1.66 1.34 2.59
73 | P. parvus Claus, 1863 A A A A 0.31 A A
Phaennidae
74 | Cephalophanes frigidus Wolfenden,1911 A A A 0.04 0.16 A A
Pontellidae
75 | Calanopia elliptica Dana, 1849 A A A 0.56 A A A
76 | C. minor Scott, 1902 A A A 0.00 0.16 A A
77 | Labidocera acuta Dana, 1849 0.26 A A 1.12 0.12 A A
78 | L. pavo Giesbrecht, 1889 0.01 A A 0.06 A A A
89 | Pontellina plumata Dana, 1849 0.52 1.15 A 0.23 0.16 A 0.72
Rhincalanidae
80 | Rhincalanus cornutus Dana, 1849 A 0.21 2.65 0.56 0.13 1.65 0.25
81 | R. nasutus Giesbrecht, 1888 A 0.21 0.80 A A A A
82 | R. rostrifrons Dana, 1849 0.00 A A A 0.06 A A
Scolecitrichidae
83 | Amallothrix gracilis Sars, 1905 0.52 0.17 A 0.13 0.74 A A
84 | Lophothrix frontalis Giesbrecht, 1895 0.00 0.62 0.94 A A 0.04 0.39
85 | Scaphocalanus elongatus A. Scott, 1909 0.01 A A A A A A
86 | S. magnus Scott, 1894 A 0.03 A 0.56 A 0.04 A
87 | Scaphocalanus sp. A 0.20 A 0.56 A A A
88 | Scolecithricella bradyi Giesbrecht, 1888 0.80 A A A A A A
89 | S. dentata Giesbrecht, 1892 A A A 0.56 A A A
90 | Scolecithricella sp. 0.85 A A 0.08 0.08 A A
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91 | scolecithrichopsis ctenopus Giesbrecht, 1888 0.26 A A 0.17 0.06 A A
92 | Scolecithrix bradyi Giesbrecht, 1888 0.12 A A A A A A
93 | S. danae Lubbock, 1856 0.13 A A 0.69 0.06 A 0.72
94 | Scolecithrix sp. A A A 0.04 0.12 A A
95 | Scottocalanus helenae Lubbock, 1856 A A A 0.02 A A A
Spinocalanidae
96 | Monacilla gracilis Wolfenden, 1911 A A 1.04 A A A A
97 | M. tenera Sars, 1907 A A A A A 0.62 A
Temoridae
98 | Temora discaudata Giesbrecht, 1889 0.01 A A 0.65 0.28 1.24 A
99 | T. stylifera Dana, 1849 A A A 0.75 0.06 0.31 1.45
100 | T. turbinata Dana, 1849 A A A 0.16 0.06 A 0.39
CYCLOPOIDA
Corycaeidae
101 | Corycaeus catus Dahl, 1894 4,76 0.90 0.52 1.58 1.46 1.53 3.96
102 | C. danae Giesbrecht, 1891 0.55 1.14 A 1.21 0.44 0.60 1.20
103 | C. speciosus Dana, 1849 2.82 0.23 A 1.61 2.59 0.67 0.72
104 | C. typicus Krgyer, 1849 0.94 0.44 A A A A A
105 | Corycaeus sp. 0.29 0.20 A 0.59 A A 0.60
Lubbockidae
106 | Lubbockia aculeata Giesbrecht, 1891 A 0.17 A 0.13 0.16 0.11 A
Oncaeidae
107 | Conaea gracilis Dana, 1853 A 1.39 12.23 A 0.02 A 0.50
108 | Oncaea mediterranea Claus, 1863 2.05 0.70 A 0.12 2.22 1.36 1.11
109 | O. venusta, Philippi, 1843 13.09 8.33 12.85 7.49 11.95 9.26 13.80
110 | Oncaea sp. A A A A A A 0.60
111 | Pachos punctatum Claus, 1863 A A A A 0.003 A A
112 | Triconia conifera Giesbrecht, 1891 0.00 0.62 0.56 0.56 0.83 A 0.39
Oithonidae
113 | O. plumifera Baird, 1843 243 2.30 A 1.76 1.85 1.30 0.84
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114 | O. setigera Dana, 1849 A 1.15 A A A A A
115 | O. similis Claus, 1866 481 15.75 4.74 4.63 13.20 11.39 3.31
Sapphirinidae
116 | Copilia mirabilis Dana, 1849 A A A 0.12 0.90 A 0.72
117 | C. quadrata Dana, 1849 0.35 A A 1.29 0.36 0.02 A
118 | Sapphirina auronitens Claus, 1863 0.29 A A A A A A
119 | S. nigromaculata Claus, 1863 0.04 A A 0.13 0.74 A A
120 | S. ovatolanceolata Dana, 1849 0.01 A A A 0.06 0.33 A
121 | Sapphirina sp. 0.26 A 0.52 1.22 0.40 A A
122 | Unidentified 1.36 8.94 0.66 1.14 3.46 214 1.19
HARPACTICOIDA
Aegisthidae
123 | Aegisthus. mucronatus Giesbrecht,1891 A A 0.66 A A A A
Clytemnestridae
124 | Clytemnestra scutellata Dana, 1848 A A A A 0.002 A A
Ectinosomatidae
125 | Microsetella rosea Dana, 1848 0.04 0.45 A 0.04 A A A
Miraciidae
126 | Macrosetella gracilis Dana, 1848 0.84 0.23 A 0.08 0.16 A 1.23
127 | Miracia efferata Dana, 1849 0.01 A A 0.13 0.90 A A
MORMONILLOIDA
Mormonillidae
128 | Mormonilla minor Giesbrecht, 1891 1.99 9.67 30.99 0.68 1.26 27.87 2.96
129 | M. phasma Giesbrecht, 1891 A A A A A 0.33 A
Total ind. 100 m™ 32200 1705 1917 127830 16143 2378 762
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Table 4. Major “Characterizing” copepod species, their average abundances and their contribution to the

average similarity of the assemblages in Group I, Il and 1II.

Group | (Surface Species), Average similarity: 49.61%

Species Av.Abund  Av.Sim Sim/SD
Oncaea venusta 7786 6.02 5.02
Clausocalanus arcuicornis 10689 4.77 3.10
Oithona similis 4628 4.27 3.52
Pleuromamma indica 5471 3.40 2.54
Lucicutia flavicornis 4144 3.29 3.10
Corycaeus speciosus 1843 2.70 2.99
Corycaeus catus 2709 2.53 1.53
Eucalanus monachus 9006 1.75 0.92

Group Il (Subsurface Species), Average similarity: 36.47%

Species Av.Abund  Av.Sim Sim/SD
Oncaea venusta 213 6.29 3.55
Mormonilla minor 324 5.43 1.31
Pleuromamma indica 104 3.86 1.87
Oithona similis 174 3.74 1.33
Lucicutia flavicornis 78 2.75 1.23
Eucalanus elongatus 41 1.92 1.03
Clausocalanus arcuicornis 62 1.92 0.80

Contrib%

12.13

9.62

8.60

6.86

6.62

5.43

5.11

3.53

Contrib%

17.25

14.89

10.60

10.25

7.53

5.27

5.27
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Group 111 (Oxygen minimum zone species), Average similarity: 82.27%

Species Av.Abund  Av.Sim Sim/SD Contrib%
Gaetanus kruppii 230 35.58 18.30 43.25
Gaussia princeps 230 35.58 18.30 43.25
Pleuromamma xiphias 144 1111 0.58 13.51
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Table 5. Major “Discriminating” copepod species, their average abundances and contribution to the

average dissimilarity between the Group I, 11 and I11 assemblages (Global R: 0.86, P: 0.1%).

Groups Il & I; Average dissimilarity = 63.24

Group 11 Group |

Species Av.Abund  Av.Abund  Av.Diss Diss/SD  Contrib%
Mormonilla minor 323.61 1040.62 2.96 1.13 4.69
Eucalanaus monachus 322.46 9006.22 2.60 1.20 4.11
Clausocalanus arcuicornis ~ 62.30 10688.60 2.03 1.23 3.21
Corycaeus catus 34.33 2709.11 1.57 1.52 2.48
Oithona similis 174.08 4627.59 1.55 1.26 2.46
Corycaeus speciosus 9.39 1842.60 1.48 1.88 2.34
Acartia negligens 15.19 912.56 1.42 0.99 2.24
Acrocalanus gracilis 23.35 1511.78 1.38 1.26 2.17
Oncaea venusta 213.29 7785.37 1.06 1.23 1.68
Cosmocalanus darwinii 0.00 208.24 0.36 0.66 0.56
Acrocalanus monachus 0.00 144.58 0.32 048 051
Conaea gracilis 47.90 0.00 0.84 0.55 1.32
Heterostylites major 10.53 0.00 0.48 051 0.75
Heterorhabdus sp. 5.93 0.00 0.40 0.46 0.64
Gaussia princeps 8.78 0.00 0.39 0.55 0.61
Haloptilus acutifrons 5.38 0.00 0.25 0.45 0.40

Groups & 111; Average dissimilarity = 98.23



Group Il Group 11

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib%
Gaetanus kruppii 1.86 230.44 11.04 5.29 11.23
Gaussia princeps 8.78 230.44 10.53 4.48 10.72
Pleuromamma xiphias 4.83 144.44 6.69 1.39 6.81
Mormonilla minor 323.61 0.00 6.41 1.30 6.53
Oncaea venusta 213.29 0.00 5.42 3.67 5.52
Oithona similis 174.08 0.00 4.18 1.50 4.25
Pleuromamma indica  104.00 0.00 3.97 1.70 4.04
Lucicutia flavicornis 77.66 0.00 3.05 1.65 3.11
Eucalanus monachus  22.46 0.00 2.60 0.58 2.65

Groups | & I11; Average dissimilarity = 100.00

Group | Group I

Species Av.Abund  Av.Abund  Av.Diss Diss/SD Contrib%
Gaetanus kruppii 0.00 230.44 9.39 6.03 9.39
Gaussia princeps 0.00 230.44 9.39 6.03 9.39
Pleuromamma xiphias 0.00 144.44 571 1.37 571
Oncaea venusta 7785  0.00 5.22 4.13 5.22
Clausocalanus arcuicornis 10689  0.00 4.66 2.36 4.66
Oithona similis 4628 0.00 4.16 2.48 4.16
Pleuromamma indica 5471 0.00 3.34 2.49 3.34
Lucicutia flavicornis 4144 0.00 3.18 2.52 3.18

Eucalanus monachus 9006 0.00 2.84 1.09 2.84



Table 6 Correlation matrix of zooplankton biomass, abundance and groups v/s temperature, salinity and

chlorophyll a from the upper 200m.

Biomass | Abundance Groups | Temperature | Salinity | Chl a
Biomass 1
Abundance 0.857 1
Groups 0.572 0.528 1
Temperature -0.378 -0.212 -0.541 1
Salinity 0.472 0.238 0.048 -0.426 1
Chlorophyll a 0.507 0.124 0.416 -0.677 0.661 1

Bold values are significant at p<0.05
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