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• Bay of Bengal water intrusion was
observed in the eastern Arabian Sea
during winter.

• East India and west India coastal
currents influenced the intrusion.

• The intruded water structured the
zooplankton community and their
abundance.

• Three distinct water masses were
observed categorized by discrete
salinity and density.

• Copepod species exhibited affinity
towards distinct water masses.
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a b s t r a c t

Understanding the forcing mechanisms that determine the coastal ecosystem dynamics has always
been a challenging topic of research. The Arabian Sea (AS) coastal ecosystem in the western half
of the northern Indian Ocean is influenced by the seasonally reversing atmospheric forcing and
structured by distinct water masses along its depth. Although AS differs greatly from its eastern
counter-half, Bay of Bengal (BoB) in the thermohaline characteristics, the inter-basin exchanges
of the water masses between these ocean basins add complexity to its hydrography. Hence, the
present study was attempted to understand the influence of the intrusion of the BoB water in
structuring the zooplankton community of the coastal AS. In the mixed layer depth, a conspicuous
spatial heterogeneity was noticed in the distribution and abundance of the zooplankton community
contributed by the cumulative influence of the higher phytoplankton biomass and the advection of
population through BoB water intrusion regulated by the coastal circulation in the southern part. The
study also assessed the interaction of the zooplankton community with the specific water masses
defined by distinct thermohaline characteristics along the vertical profile of the AS coastal waters.
Three distinct water masses were identified within the 200 m depth of AS each categorized by discrete
salinity and density features. The distinct groups of the dominant taxon, Copepoda identified through
redundancy analysis demonstrate the species-specific preferences of the community to different water
mass characteristics in the AS. This study addressing how hydrographic characteristics shape the
macroecology of zooplankton in the coastal AS, will add new insight in understanding the dynamic
ecosystems of the northern Indian Ocean.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Marine habitats categorized according to their distance from
the shore and depth profiles have a critical role in sustaining
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the life on the earth (Barnes and Hughes, 1999). Among the
diverse marine habitats, the coastal waters occupying 7% of the
oceanic area gains immense significance for their high produc-
tivity supporting rich fishing grounds (Pauly et al., 2002). The
dynamic coastal currents and their influence in the water mass
formation often enunciate variability in the coastal ecology and
productivity patterns thereby affecting the economical turnover
of the coastal livelihood (Caputi et al., 1996; Eisner et al., 2013).
Hence, a comprehensive understanding on the coastal circulation,
water mass characteristics and the cumulative influence of these
hydrographical attributes on the pelagic community is utmost
important while elucidating the productivity and biogeochemical
functioning of any coastal ecosystems (Daneri et al., 2000; Luis
and Kawamura, 2004).

In the pelagic realm, mesozooplankton forms an important
conduit transferring energy from the primary producers to eco-
nomically exploitable higher trophic levels (Suthers and Ris-
sik, 2009). Zooplankton, because of their sensitivity towards the
physicochemical attributes of their habitats often forms an ef-
fective tool in tracing the distinct water masses in the marine
ecosystem (Bonnet and Frid, 2004; Eisner et al., 2013). Moreover,
their feeble locomotive power making their transport and dis-
tribution dependent on the ocean currents turns them an ideal
indicator of the current movements in the ocean (Hwang and
Wong, 2005). Their ecological strategy of high preponderances
upon favorable environmental conditions is also a widely ob-
served feature in the global ocean (Thomas and Nielsen, 1994;
Karati et al., 2019). Hence it becomes vital to segregate the role
of coastal circulation and local population growth in regulating
the zooplankton ecology of the dynamic coastal environment.
Although the driving forces governing the zooplankton ecology
of the Atlantic and Pacific coastal waters are well studied, infor-
mation pertaining to this aspect is limited from the Indian Ocean
(Wiafe and Frid, 1996; Verheye et al., 1998; Ayón et al., 2008).

The Arabian Sea (AS), the western half of the northern Indian
Ocean is separated from its eastern counterpart, Bay of Bengal
(BoB) by the Indian subcontinent. The productivity pattern of
these twin ocean basins is heavily influenced by the seasonally
reversing atmospheric forcing which in turn plays a pivotal role in
the formation of the distinct water masses and the flow patterns
of the coastal currents (Shetye et al., 1991; Gauns et al., 2005).
Several water masses contribute to the vertical structure of the AS
(Prasanna Kumar and Prasad, 1999; Prasad et al., 2001) and the
West India Coastal current (WICC), flowing through the surface
along the west coast of India has a critical role in shaping the
water mass characteristics of the upper layers of the AS (Shetye
et al., 1991). The East India Coastal Current (EICC), a coastal
current flowing through the surface waters of the BoB, though
geographically positioned in the same latitudinal co-ordinates,
differ in the thermohaline characteristics with WICC due to the
differences in the locale of origin (Shetye and Shenoi, 1988).
During the winter monsoon period, the EICC is considered to feed
the WICC subsequently leading to the intrusion of BoB water into
the AS (Prasanna Kumar et al., 2004). However, the consequence
of this intrusion on the zooplankton community of the coastal AS
is mostly unaddressed.

Hence, the study was designed to evaluate the influence of
the intrusion of the BoB water in structuring the zooplankton
community of the AS. Considering the existence of different water
masses in the AS, the association of the zooplankton community
with the discrete water masses were also evaluated to understand
the spatial heterogeneity in their distribution along both horizon-
tal and vertical scales. The study is the sequel to the studies that
dealt with the controlling factors regulating the macroecology of
the phytoplankton and zooplankton in the tropical Indian Ocean
(Padmakumar et al., 2017; Karati et al., 2018, 2019; Vineetha

et al., 2018). As a pioneering study depicting the influence of
the intrusion of the BoB water on the mesozooplankton commu-
nity dynamics of the AS, the results generated will be useful in
assessing the ecohydrographic drivers that govern the ecology
of mesozooplankton in this important coastal ecosystem in the
northern Indian Ocean.

2. Materials and methods

2.1. Sampling

Based on the existing knowledge on the temporal and spatial
distribution of salinity in the AS and the expected period of
intrusion of BoB water into the coastal AS, the sampling was
carried out from 22nd January to 1st February, 2017, the peak
winter monsoon period, when the intrusion is expected to be
at its maximum. The sampling was carried out onboard FORV
Sagar Sampada (Cruise #355 Leg II) as part of the Marine Living
Resources (MLR) program in the northern Indian Ocean. A total
of 9 stations were fixed at an interval of 1◦ latitude (7◦–15◦ N)
covering the coastal regions of the south-eastern AS (Fig. 1). For
maintaining the uniformity in sampling, the depth of sampling of
all the stations was maintained at ∼200 m.

A CTD (SBE 911Plus Seabird Electronics, USA) was used to
obtain the temperature and salinity profiles of the water column.
The CTD was also equipped with a dissolved oxygen (DO) sensor
to obtain the DO profiles of the water column. The instrument
was operated down to a depth of 200 m at all the sampling
stations. Furthermore, to understand the coastal currents along
the east and west coast of India and their influence on the
intrusion of BoB waters into the AS, the near-real-time surface
currents in the region was plotted from https://coastwatch.pfeg.
noaa.gov/erddap/.

The MODIS-Aqua satellite ocean color data were used to es-
timate the surface chlorophyll a distribution in the coastal re-
gion of the AS (http://giovanni.gsfc.nasa.gov/giovanni). The time-
averaged chlorophyll a value for the sampling period (22nd Jan
2017 to 1st Feb 2017) was used for the study. For each sampling
location, a square (side lengths 1◦ latitude and 1◦ longitude) was
formed considering the coordinates of the station location as the
center of the square. All the data points within the square were
computed, and the arithmetical average value was used as the
representative chlorophyll a for the sampling location.

Zooplankton sampling was carried out using a multiple plank-
ton net (Hydrobios, Germany) with a mouth area of 0.25 m2 and
a mesh size of 200 µm. The net was towed vertically at a speed
of 1 m s−1 and was operated at prefixed depths by shipboard
controls with electronic sensors. Samples were collected from
three discrete depths, including the mixed layer depth (MLD),
the thermocline (TC), the base of the thermocline (BT) to near
bottom (∼200 m). The MLD was determined as the depth up to
which a temperature decrease of 0.5 ◦C occurred from the sea
surface temperature. The thermocline base was defined as the
depth where the temperature reached 15 ◦C. The zooplankton
samples collected were immediately passed through a 200-µm
mesh, and the displacement volume was measured after remov-
ing the excess water with an absorbent paper (Harris et al.,
2000). The detailed taxonomic analysis and enumeration of the
zooplankton taxa were carried out using a stereo zoom micro-
scope (Leica MZ 16). The abundances of the zooplankton taxa
were calculated based on the volume of water filtered through
the net and was expressed as (ind m−3). Copepoda, being the
dominant zooplankton taxon of the coastal AS (Madhupratap and
Haridas, 1990; Madhupratap et al., 1996; Padmavati et al., 1998),
their detail species-level identification was carried out to get a
comprehensive perception of the influence of the BOB intrusion
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Fig. 1. Distribution of the station locations along the west coast of India in the eastern Arabian Sea.

process in structuring the copepod community of the coastal Ara-
bian Sea. The copepod species-level identification was carried out
using a Nikon SMZ645 stereozoom microscope and a Nikon E 400
compound microscope (×40 and ×100 magnification) following
the standard identification manuals (Kasturirangan, 1963; Sewell,
1999; Conway et al., 2003).

2.2. Statistical analysis

2.2.1. t-test and analysis of variance
To identify the variability in the zooplankton biomass and

abundance along different depth strata, one-way ANOVA was
performed with two-tailed P-values and 95% confidence inter-
vals. Prior to the analysis, the D’Agostino and Pearson Omnibus
normality test was performed to determine whether parametric
or non-parametric ANOVA (Friedman test) has to be applied. A
t-test was carried out (two-tailed P values and 95% confidence
intervals) for the biotic and abiotic variables to assess the signif-
icance of variation existing between the northern and southern
part of the coastal AS. In case of the t-test also, the parametric and
nonparametric analysis (Mann–Whitney test) was selected based
on the results of the normality test. Both, the ANOVA and t-test
were performed using Graphpad Prism.

2.2.2. Cluster analysis
To assess the similarity in the station locations of the MLD,

the agglomerative hierarchical cluster analysis was done based on
the abundance of the Copepod species using PRIMER v.7 (Clarke
and Gorley, 2015). The analysis was based on the Bray–Curtis
similarity matrices of the fourth root transformed abundance of
copepod of each sampling location.

2.2.3. β-Diversity
The β-diversity of the Copepoda community was carried out to

assess the spatial variation in the community structure (Anderson
et al., 2011) and for this, the index of the multivariate dispersion
(MVDISP, Warwick and Clarke, 1993) was used. Additionally, the

analysis of similarity (one-way ANOSIM) was used to describe
the dissimilarities in the Copepoda community among the depth
strata.

2.2.4. Biotic–abiotic interrelations
The Bio-Env analysis was carried out using PRIMER 6 to iden-

tify the variables that best explain the abundance and distribution
of the Copepoda community of the study region. This multivari-
ate analysis is useful in linking the assemblage patterns to the
forcing variables (Clarke et al., 2008) and the Spearman rank
correlation (ρ) was used for this analysis. As copepod species
are predominantly herbivorous or omnivorous (Paffenhöfer and
Knowles, 1980), along with temperature, salinity and DO, the
chlorophyll awas also included as the forcing variable. The redun-
dancy analysis (RDA) was carried out using the copepod species
abundance along the depth layers as the response variables and
the abiotic variables (temperature, salinity, density and DO) as the
explanatory variables.

3. Results

3.1. Coastal currents

The pattern of the geostrophy derived surface currents along
the west coast of India was in accordance with the general char-
acteristics of West India Coastal Current (WICC) during the north-
east monsoon. During this period, the surface current flowed
towards north along the coast (Fig. 2 and Supplementary Fig.
1). In the course of its northward journey, the coastal current
exhibited a semicircular deflection towards the offshore along
9◦ N. A similar small offshore deflection of this northward flow
was further noticed along 12◦ N (Fig. 2). Along the east coast of
India, the coastal current flowed towards the south indicating its
joining with the northward flow in the west coast (Fig. 2 and
Supplementary Fig. 1). From the northern part, the East India
coastal current (EICC) in BoB flowed towards south and at the
tip of the Srilanka got divided into two arms. One arm flowed
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Fig. 2. Distribution of surface currents along the east and west coast of India (Considering the time-lag between physical process and its influence on biotic
community, the current structure on 22nd Jan 2017, the initial day of sampling was selected. The detailed current structure for the entire sampling period is
available in Supplementary Fig. 1).

through the Palk Strait, the shallow region between India and
Srilanka, and joined the northward flowing WICC in the Arabian
Sea (Fig. 2). The second arm flowed further south around Srilanka
and turned towards north to join with the WICC in the Arabian
Sea (Fig. 2).

3.2. Physico-chemical environment

The vertical profile of salinity exhibited a prominent variation
both along the depth and latitudes. The low saline water (salinity
< 34) characterized by low potential density (<22.5 g cm−3)
mostly occurred up to 11◦ N and up to a thickness of ∼50 m
(Fig. 3a, b). The sea surface salinity (SSS, 4 m depth) exhibited
a latitudinal gradient with a gradual increase towards the north
(Fig. 3a). The SSS in the south (<34, 7◦ to 11◦ N, up to which
the low-salinity water intrusion was prominent) was lower than
that of the north (>34.5) with a significant statistical variation
(Mann–Whitney test, P < 0.05). Interestingly, a sub-surface high
saline water mass (salinity > 35.5) was noticed with relatively
more thickness in the north. The potential density and salinity of
this water satisfied the characteristic potential density (22.8–24.5
g cm−3) and temperature range (24◦–28◦C) of the Arabian Sea
High Saline Water (Prasanna Kumar and Prasad, 1999), that origi-
nates in the northern Arabian Sea (Figs. 3a–c, 4). The deeper water
(125–200 m) was relatively less saline (34.5–35.5) compared to
the sub-surface water and with a potential density of >24.5 g
cm−3 formed the Arabian Sea intermediate water (Figs. 3a–b, 4).

The sea surface temperature (SST, 4 m) varied between 27.2◦

and 28.9 ◦C. The SST in the south (average ± SD, 28 ±0.6 ◦ C)

was relatively low compared to the north (28.8 ±0.1 ◦C), and
the variation was statistically significant (Mann–Whitney test, P
< 0.05). Along a vertical scale, the temperature dropped with
depth especially below 90 m (Fig. 3c). A temperature inversion
was noticed in the vertical profile between depths of 75 m and
100 m at few station locations, most evidently in stations 1, 2 and
3 in the southern part (Fig. Supplementary Fig. 2). The surface DO
exhibited less latitudinal variation with a statistically insignificant
(Mann–Whitney test, P > 0.05) difference between the north and
the south regions (Fig. 3d). Along the vertical profile, the DO
dropped sharply below 50 m and a hypoxic environment (<1 ml
l−1) was noticed below 125 m depth (Fig. 3d).

The mixed layer depth (MLD) varied between 11 m and 68
m (ave. 34 ± 19 m). Although the average MLD in the south
(ave. 39 ± 24 m) was higher than the north (ave. 27 ± 8 m),
the variation was statistically insignificant (Mann–Whitney test,
P > 0.05). In the case of the bottom of the thermocline (BT), the
depth varied between 119 and 149 m. Similar to MLD, the depth
of the BT was higher (Mann–Whitney test, P < 0.05) in the south
(ave. 142 ± 7 m) compared to the northern part (ave. 123 ± 6
m).

3.3. Phytoplankton biomass

In general, the surface chlorophyll a (phytoplankton biomass)
was observed to be low (<0.5 mg m−3) in the study region
(Fig. 5). Along the meridional scale, the surface chlorophyll a was
relatively high in the southern regions (ave. 0.21 ± 0.02 mg m−3)
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Fig. 3. Vertical distribution of (a) salinity, (b) potential density [g cm−3], (c) temperature [◦C] and (d) Dissolved Oxygen [ml l−1] along the eastern Arabian Sea.

than the north (ave. 0.17 ± 0.01 mg m−3) and the variation was
found to be statistically significant (Mann–Whitney test, P < 0.05)
(Fig. 5).

3.4. Zooplankton biomass and abundance

Zooplankton biomass and abundance exhibited conspicuous
variation both along the latitudes and depth layers (Fig. 6). Among
the three sampling depths, zooplankton biomass and abundance
was relatively high in the MLD (ave. 0.15 ± 0.09 ml m−3, and
520 ± 345 ind m−3, respectively) than the TC (ave. 0.08 ± 0.05
ml m−3, and 215 ± 130 ind m−3, respectively) and the BTB (ave.
0.13 ± 0.19 ml m−3, and 71 ± 65 ind m−3, respectively) and
the variations were statistically significant (Friedman test, P <
0.05). In MLD, excluding station 2, the zooplankton biomass and
abundance was markedly high in the south (ave. 0.21 ± 0.11 ml
m−3, and 809 ± 288 ind m−3, respectively) compared to the north
(ave. 0.11 ± 0.02 ml m−3, and 309 ± 175 ind m−3, respectively)
with a statistically significant variation (Mann–Whitney test, P <
0.05). In the deeper strata, though the biomass and abundances
were relatively higher in the southern part, the variations were
statistically insignificant (Mann–Whitney test, P > 0.05) (Fig. 6).

3.5. Zooplankton composition

A total of 27 zooplankton taxa were observed during the
study (Table 1). The number of taxa observed was relatively
high in the upper two depth layers (23 both in MLD and TC)
compared to the bottom layer (15 in BTB). Cladocera and Lamel-
libranch larvae were observed only in MLD whereas Luciferiidae
and Ctenophora were observed only in the TC stratum. Although,
Copepoda dominated in all the depth layers, their abundance
(496.4 ± 330.4, 201 ± 125.8, 61.4 ± 61 ind m−3, in MLD, TC,
and BTB, respectively) and contribution to the total zooplank-
ton population along each stratum (95.5, 93.5, and 86.5%, in
MLD, TC, and BTB, respectively) decreased gradually with depths.
Chaetognatha, Siphonophorae, Hydrozoa, Decapoda larvae, and
Polychaete larvae were the other abundant taxa present in all
the three depth strata (Table 1). In MLD, the depth at which
the intrusion of the BoB water was most evident, the number
of taxa observed was 18 and 20 in the southern and northern
part, respectively (Table 1). Salpa, Pteropoda and Amphioxus,
were observed only in the MLD of south whereas Cladocera,
Gastropoda larvae, Lamellibranch larvae, and Stomatopoda were
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Fig. 4. T-S diagrams exhibiting water properties along the station locations. Inset: Vertical profile of salinity along the station locations in the eastern Arabian Sea.

Fig. 5. Distribution of Chlorophyll a (mg m−3) along the eastern Arabian Sea.

observed only in the northern part. Although, Copepoda formed
the dominant zooplankton taxon in both regions, their abundance
was higher in the south (657.7 ± 352 ind m−3) compared to the
north (295 ± 168 ind m−3). Except for Ostracoda, Mysidacea, Do-
liolida and Decapoda larvae, all the other taxa which were present
in both north and south (total 11) exhibited high abundance in
the south compared to its counterpart (Table 1).

Table 1
The abundance of zooplankton taxa in the mixed layer depth (MLD), thermocline
(TC) and the base of the thermocline to near bottom (BTB) of the eastern Arabian
Sea (abundance ± std. deviation, unit - ind m−3).
Taxa MLD TC BTB

Copepoda 496 ± 330 201 ± 126 61 ± 61
Chaetognatha 9.6 ± 10 6.6 ± 5.2 2.6 ± 1.8
Copelata 3.5 ± 8 1.2 ± 1.7 0
Ostracoda 0.3 ± 0.4 0.5 ± 0.4 1.9 ± 2.1
Amphipoda 0.37 ± 0.38 0.39 ± 0.59 0.06 ± 0.12
Euphausiida 0.15 ± 0.37 0.19 ± 0.3 1 ± 2
Decapoda larvae 3 ± 4 1.7 ± 1.9 2.4 ± 3.8
Mysida 0.1 ± 0.2 0.8 ± 1 0.04 ± 0.09
Lucifer 0 0.02 ± 0.03 0
Cladocera 0.025 ± 0.07 0 0
Salpa 0.21 ± 0.48 0.004 ± 0.01 0
Polychaeta 0.72 ± 1.25 0.53 ± 0.44 0.3 ± 0.5
Doliolida 0.29 ± 0.44 0.15 ± 0.23 0
Fish eggs 0.79 ± 1.2 0.04 ± 0.08 0
Fish Larvae 0.23 ± 0.37 0.24 ± 0.27 0.03 ± 0.06
Ctenophora 0 0.03 ± 0.06 0
Siphonophora 1.97 ± 2.7 0.71 ± 0.61 0.48 ± 0.7
Hydrozoa 0.57 ± 0.9 0.63 ± 0.55 0.31 ± 0.53
Foraminifera 0 0 0
Gastropoda larvae 0.185 ± 0.56 0.012 ± 0.03 0.351 ± 1
Bivalve larvae 0.247 ± 0.74 0 0
Pteropoda 0.223 ± 0.47 0.08 ± 0.16 0.006 ± 0.02
Cephalopoda 0.05 ± 0.09 0.03 ± 0.06 0
Echinoderm larvae 0 0.096 ± 0.15 0.12 ± 0.18
Amphioxus 0.046 ± 0.14 0.052 ± 0.1 0.007 ± 0.02
Stomatopoda 0.012 ± 0.037 0.013 ± 0.039 0
Unidentified nauplii 0.59 ± 1.7 0 0

3.6. Copepoda community structure

A total of 57 copepod species were observed in the region of
which only 33 species were common to all three depth strata
(Table 2). The number of species observed was relatively higher
in MLD (49) and BTB (48) than the TC stratum (44). Paracalanus
parvus formed the dominant species in all the three depth strata
followed by Oncaea venusta (Table 2). A total of seven species



K.K. Karati, Ashadevi C.R., Rasheed K. et al. / Regional Studies in Marine Science 31 (2019) 100761 7

Fig. 6. Distribution of mesozooplankton biomass (ml m−3) and abundance (ind m−3) at (a) MLD, (b) TC and (c) BTB.

were observed only in the MLD whereas in case of TC and BTB
strata the number of species exclusively observed was 4 and 3,
respectively (Table 2). In MLD, where the BoB water intrusion
was prominent, the number of species was relatively high in the
south (41) compared to the north (37) (Supplementary Table 1).
P. parvus dominated in both regions (58.8% and 65.6%, in south
and north, respectively) and the other abundant species (>1%)
common to both regions were O. venusta, Paracalanus aculeatus,
and Oncaea media. The species which were abundant (>1%) only
in the south were Acrocalanus longicornis and Cosmocalanus dar-
winii whereas in the north species like Euchaeta rimana, Oithona
similis, Farannula gibbula, and Corycaeus catus (Supplementary
Table 1) dominated. Among the abundant species, A. longicornis
was observed exclusively in the first two sampling stations (St
1 and St 2) of the south. In MLD, a total of 12 species were
observed only in the south and in the north the number was 8
(Supplementary Table 1).

3.7. Data analyses

In one-way ANOSIM analysis, the copepod community along
three depth layers were found to be significantly distinguishable
from each other (Global R = 0.261, p = 0.001). The pairwise tests
among the depth layers also exhibited significant difference in the
community structure between each pair of the depth strata (MLD
and TC: R statistic = 0.235, p = 0.003; MLD and BTB: R statistic
= 0.417, p = 0.001; TC and BTB: R statistic = 0.169, p = 0.013).
Considering the spatial variation in the community structure
of copepod within the MLD, it was observed that the copepod
community in the south were significantly distinguishable from
that of the north (Global R = 0.519, p = 0.008).

Based on 65% similarity, three clusters were observed based
on the abundance of Copepoda species in the MLD (Fig. 7). The
large cluster (cluster I) was formed by 5 locations in the south.
Of the two small clusters, one was formed by stations 6 and 7 in
the north (cluster II) and another one by the northern-most two
locations (cluster III, Fig. 7).

The k-dominance plot exhibited a detailed picture of the cope-
pod species diversity within MLD (Fig. 8). The copepod diversity
was high in most of the stations in the south (except St 2) (Fig. 8).

Fig. 7. Dendrogram of the station locations based on the abundance of the
species of Copepoda in the MLD.

The variability observed in the copepod community structure
in the MLD was further evaluated using the MVDISP algorithm.
The variability was high in the sampling locations in the south
(Dispersion factor value = 1.353), compared to the locations in
the north (Dispersion factor value = 0.788). The Index of Multi-
variate Dispersion (IMD) exhibited a negative value (−0.6) in the
pairwise comparisons among the south, and the north locations.

The result of the Bio-Env analysis indicated that the com-
bination of salinity and chlorophyll a formed the most impor-
tant factor (corr. 0.333) that best explained the variability in
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Table 2
The abundance of Copepoda species in the mixed layer depth (MLD), thermocline
(TC) and the base of the thermocline to near bottom (BTB) of the eastern Arabian
Sea.
Copepods MLD TC BTB

Undinula vulgaris 5.839 2.438 1.028
Canthocalanus pauper 1.363 0.565 0.321
Nannocalanus minor 2.262 0.836 0.535
Scolecithrix danae 0.761 0.459 0.146
Subeucalanus subtenuis 0.513 0.118 0
Subeucalanus crassus 0.467 0 0.483
Subeucalanus subcrassus 0.509 0.169 0.003
Subeucalanus mucronatus 0 1.393 0
Subeucalanus pileatus 0.332 0.181 0.052
Eucalanus elongatus 0.107 0.057 0.112
Eucalanus attneuates 1.548 0.085 0.102
Rhincalanus nasutus 0 0 0.003
Paracalanus parvus 300.9 129.3 32.36
Paracalanus aculeatus 10.27 5.095 1.577
Paracalanus indicus 0 0 0.186
Acartia gracilis 1.753 0.543 0.301
Acrocalanus monachus 0.228 0.052 0.014
A. longicornis 6.922 0.386 0
Cosmocalanus darwinii 4.707 0.577 0.617
Metacalanus aurivilli 0 0.009 0.016
Euchirella pulchra 0 0.003 0
Gaetanus minor 0.033 0 0.009
Euchaeta concinna 0.281 0.706 0.194
Euchaeta rimana 3.494 1.858 4.816
Temora turbinata 0.1 0 0
Temora discaudata 0.459 0.037 0.057
Pleuromamma indica 0 0 0.147
Pleuromamma abdominalis 0.382 0 0.653
Pleuromamma xiphias 0 0.009 0
Pleuromamma spinifera 0 0.009 0
Candacia catula 0.886 0.212 0.131
Candacia curta 1.67 0.196 0.038
Labidocera minuta 0.038 0 0
Labidocera spp 0.041 0 0
Calanopia elliptica 0.121 0.105 0
Calanopia minor 0.117 0.029 0.043
Pontellina plumata 0.604 0.175 0.042
Pontellopsis macronyx 0.031 0 0
Centropages furcatus 0.038 0.016 0
Centropages calaninus 0.06 0 0
Centropages gracilis 0.066 0.028 0
Pseudodiaptomus serricaudatus 0.15 0 0
Acartia danae 1.381 0.218 0.201
Acartia erythraea 0.03 0 0
Lucicutia flavicornis 0.548 0.19 0.662
Macrosetella gracilis 1.32 0.149 0.107
Microsetella norvegica 0.209 0.024 0.024
Oncaea venusta 117.1 42.08 11.43
Oncaea media 12.89 8.15 1.819
Oithona plumifera 1.061 0.405 0.071
O. similis 5.045 1.471 0.843
Farranula gibbula 2.707 0.412 0.279
Corycaeus catus 4.716 1.253 1.297
Corycaeus speciosus 0.684 0.354 0.058
Copilia mirabilis 0.085 0.18 0
Sapphirina spp 0.82 0.075 0.107
Clytemnestra scutellata 0.864 0.336 0.542

the abundance and community structure of the copepods in the
MLD (Supplementary Table 2). The RDA triplot exhibited the pre-
ferred environment for the copepod species (Fig. 9). Three unique
groups were identified based on their preference towards the
abiotic environments. The first group containing nine copepod
species had a preference for low salinity and density (Fig. 9).
The second group with five species was positively correlated
with salinity. The four species in the third group were positively
correlated with density and negatively related to temperature
and DO (Fig. 9).

4. Discussion

The dynamic coastal currents exhibiting conspicuous spa-
tiotemporal variation in their strength and direction often form
a prime determinant shaping the coastal hydrography and its
biotic inhabitants (Daneri et al., 2000; Hwang and Wong, 2005).
EICC and WICC, the two important coastal currents flowing along
the east and west coast of India had a determining role in the
water mass characteristics along the west coast of India. The
low saline (<34) and less dense (<22.5 g cm−3) water present
in the upper 50 m water column in the south (up to 11◦ N)
represented the intrusion of the BoB water into the AS. The
southward direction of EICC, the joining of EICC to the coastal
currents in the west and the northward direction of the WICC
(Fig. 2) evince the intrusion of BoB water mass into the AS.
Considering the temporal variation in the currents in response
to the seasonal fluctuations, the current pattern for one more
year was also analyzed to get a clear picture (Supplementary
Fig. 3). The characteristics of current in 2018 were similar and
followed the general pattern of the northeast monsoon period.
The slight local invariability in the magnitude and the direction
of these currents might have happened by the variation in the
regulating factors like the local and remote forcing interior Ekman
pumping and coastally-trapped Kelvin waves (McCreary et al.,
1996; Shetye, 1998).

The vertical structure of the AS water column is considered
to be influenced by several distinct water masses, each of them
characterized by specific salinity, temperature and density pro-
files (Prasad et al., 2001). In our study also, the subsurface water
(50–125 m) characterized by high salinity (>35.6) and poten-
tial density of 22.8–24.5 g cm−3, and temperature of 24◦–28 ◦C
satisfied the characteristics of Arabian Sea High Saline Water
(Prasanna Kumar and Prasad, 1999) and was reasonably distinct
from the surface waters. This high saline dense water is formed
in the northern Arabian Sea due to the enhanced evaporation
by the dry continental wind from the northeast during winter
monsoon and subsequently, sinks as the density increases with
increase in salinity. This water mass influenced by the Findlater
jet (Somali Jet) flows towards south during summer monsoon
and triggers the WICC. The water mass sinks to deeper layers
(50–150 m) as it progresses to the south (Shenoi et al., 1993;
Prasanna Kumar and Prasad, 1999). The weak subsurface temper-
ature inversion observed in most of the locations (Supplementary
Fig. 2) might have happened by the sinking of this water mass
in the north and the resultant southward flow of the surface
waters as the subsurface water mass. The distinct nature of the
deeper water (125–200 m) characterized by medium salinity
(34.5–35.5) proves the existence of three distinct water masses
within the depth of 200 m and corroborated the view of the co-
existence of different water masses along the vertical axis of the
AS (Rochford, 1964). However, deep water masses like Red Sea
water (temperature 13◦–19 ◦C, salinity 35.1–37.9 and potential
density 26.2–26.8 g cm−3) and Persian Gulf water (temperature
9◦–11 ◦C, salinity 35.1–35.6 and potential density 27–27.4 gm
cm−3, (Prasanna Kumar and Prasad, 1999) were not observed in
this region during the study period. Considering the depths of the
study locations (∼200 m), their occurrence during the present
study can be ruled out as these two water masses are mostly
confined at deeper depths of 200–400 m (Persian Gulf water) and
500–800 m (Red Sea water) in the eastern Arabian Sea (Prasad
et al., 2001).

Because of the northward intrusion of the BoB water into the
AS, a gradual increase in the salinity is expected in the surface wa-
ters from south to north. Although this trend was present in the
salinity distribution, along 9◦ and 12◦ N, the surface water salinity
was slightly higher than the expected (Fig. 3). The offshore-
deflection of the northward movement of the WICC along 9◦ and



K.K. Karati, Ashadevi C.R., Rasheed K. et al. / Regional Studies in Marine Science 31 (2019) 100761 9

Fig. 8. k-dominance plot based on the abundance of the species of Copepoda in the mixed layer depth of the station locations in the eastern Arabian Sea.

Fig. 9. The RDA triplot displaying the association of the Copepoda species with the abiotic variables.

12◦ N might have contributed to this apparent variation in the
salinity distribution. This observation further substantiates the
influence of coastal currents in the intrusion and distribution of
BoB water into the AS.

The relatively high phytoplankton biomass observed in the
surface waters of the southern AS compared to the north might
be due to the increased nutrient availability in the buoyancy
induced vertically mixed water originated in the south of Indo-
Srilanka channel. During winter, before the BoB water enters

the AS, a mini cold pool builds up in the southwest part of
Srilanka contributing to buoyancy-driven vertical mixing (Rao
et al., 2008). The EICC helps in bringing this water to south-
eastern AS. Although, the nutrient analysis was not carried out
in the present study, considering the physical process active
in this region, the observation of the north–south variation in
the phytoplankton biomass concurrent to the nutrient advection
seems to be reasonable.
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Zooplankton biomass and abundance were also significantly
high in the south compared to the north in the MLD signifying
the role of the enhanced phytoplankton biomass in sustaining the
higher zooplankton abundance in the south. The role of coastal
currents contributing to the heterogeneity in the abundance of
zooplankton community has been recorded from many coastal
and shelf regions around the world (Valentin and Monteiro-Ribas,
1993). Considering the depth of the mixed layer (range 11–68 m),
and the thickness of the intruded water (∼50 m), the zooplankton
distribution in the MLD was suitable to explain the influence of
the intrusion of the BoB water into the coastal AS. The observed
higher abundance of the majority of the zooplankton taxa clearly
indicated the positive influence of the intrusion in the MLD of the
southern part of the AS. Of the 23 zooplankton taxa observed in
the MLD, only 15 taxa were common to both the northern and
southern part. The discrete nature of the two water masses along
the northern and southern parts of the AS might have contributed
for this difference in the zooplankton community composition.

The conspicuous difference observed in the zooplankton
biomass and abundance along the three depth layers (MLD, TC,
and BTB) substantiates the role of discrete water masses in
structuring the zooplankton community of the AS. Considering
the depth of the top (12–69 m) and bottom (119–149 m) of the
TC, and taking into account the depth of the Arabian sea high
saline water (50–125 m), the TC was considered as the most
suitable to explain the zooplankton community composition of
this high saline water mass. Similarly, the BTB was taken as a
good representative of the intermediate saline bottom water. The
variability in the abundance and community composition of the
zooplankton taxa along these depth layers (Table 1) might be due
to the differences in the association of zooplankton community to
the discrete water masses in this coastal ecosystem.

Although the copepod abundance was markedly higher in
the south compared to the north in the MLD, it was important
to identify whether the enhanced abundance was contributed
by the local population growth or by the advection with water
masses associated with the BOB intrusion. Though the copepod,
P. parvus formed the dominant species in both the regions, their
twofold higher abundance in the south points towards a favor-
able environment for their population growth. Similarly, most
of the species which were common to both regions in MLD
had high abundance in the south. The relatively high phyto-
plankton biomass might have supported the higher abundance
of these copepod species in the south. Moreover, the result of
the BIOENV analysis in which, the combination of salinity and
chlorophyll a was identified as the most important factor de-
termining the copepod community strengthens the view. The
crucial role of chlorophyll a in sustaining the higher abundance of
copepods recorded from both the Indian waters and around the
globe further substantiates the observation (Karati et al., 2018,
2019; Devreker et al., 2005). The salinity variability in the AS
contributed by the intrusion of BoB water exerted a prominent
influence on the copepod community.

Interestingly, the higher number of Copepoda species ob-
served in the south (41) compared to the north (37) in the
MLD might have resulted by the advection of organisms with
the current flow. The k-dominance plot depicting relatively high
number of species in many locations in the south (Fig. 8) also
indicates the increase in species number with the mixing of the
intruded water. The abundant species, Acrocalanus longicorniswas
observed only in the southern-most two stations (St 1 and St 2),
where the intrusion depth was the maximum. This species has
been recorded as the abundant species in the coastal waters of
south-west BoB during winter (Fernandes and Ramaiah, 2014)
and hence their presence only in the southern stations supports
the role of the coastal currents in distributing this species to

the coastal AS. Copepods having limited capability to withstand
the current flow, can get transported to longer distances thereby
extending their geographic distribution by the coastal currents
(Hwang and Wong, 2005). Also, the discrete existence of 12
copepod species only in the southern AS of MLD further cor-
roborates the influence of the coastal current and the associated
intrusion in increasing the abundance and species diversity of
the copepod community in the south. The high variability in
the sampling locations in the south (Dispersion factor value =

1.353), compared to the north (Dispersion factor value = 0.788)
estimated through the MVDISP analysis might be the result of this
diverse community present in the south.

The distinct clusters of the station locations of the south and
north based on the Copepoda species abundance in the MLD were
the output of the discrete community structure of these two
regions. The negative IMD value (−0.6) in the MVDISP analysis
implied that the similarities in the copepod community in lo-
cations of both the northern and southern regions were greater
than the similarities of the community structure between the two
regions. This was expected as in the Indian waters, the copepod
community between the shelf and coastal regions have been
observed to exhibit >90% dissimilarity (Rakhesh et al., 2006).

In the present study, the three distinct groups of the copepod
community formed in the RDA analysis provided noteworthy
information regarding the biotic–abiotic interrelation of this re-
gion. The nine copepod species of the first group is reported to
have a preference for low-saline and low-density environment
and were mostly observed in the southern part of the MLD.
Hence they can be taken as a good representatives of the BoB
intruded water mass in the coastal AS. The second group formed
by species like, Pleuromamma xiphias which has been recorded
in the southwest Tyrrhenian Sea with salinity between 37.22–
38.17 (Ehrhardt, 1967) and Phaenna spinifera observed in Red
Sea waters with salinity 40.1–41 have a preference towards the
high saline environment (Pradopor, 1983). The other remaining
species in this group have been recorded mostly in the offshore
waters of the Arabian Sea and hence the association of all these
species with the Arabian Sea High Saline water mass can be linked
to their species specific salinity preferences. The four copepod
species in the third group was associated with the high density,
intermediate saline, and low oxygenated environment. All these
species were observed only in BTB, and among them, species such
as Pleuromamma indica and Pl. abdominalis are earlier reported
from the mesopelagic oxygen-deficient waters in the AS (Mad-
hupratap and Haridas, 1990; Padmavati et al., 1998). Thus, they
can be considered as good representatives of the oxygen deficient
intermediate saline water mass observed below the thermocline
in the AS.

In the coastal Arabian Sea, though the station depths were
only ∼200 m, the presence of different water masses brought
about wide variability in the vertical structure of the copepod
community. The result of the ANOSIM analysis exhibiting good
discrimination in the copepod community structure among the
depth layers (Global R = 0.261, p = 0.001) signifies the associ-
ation of discrete species with the different water masses in this
region. Earlier, the study on this dominant zooplankton taxon in
the upper 1000 m of the AS revealed the depthwise distribution
of copepods (Padmavati et al., 1998). The present study helped
further to enhance the knowledge on the influence of different
water masses with distinct abiotic attributes within the 200 m
depth structuring the copepod community in this dynamic coastal
region of the northern Indian Ocean.
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5. Conclusion

Studies detailing the mechanisms that drive the asymmetry
in the distribution of the water mass leading to conspicuous
heterogeneity in the biotic community are essential in unraveling
the ecological functioning of marine ecosystems. The upper layer
of the southern part of the coastal AS experienced the intrusion
of the low saline BoB water as a consequence of the southward
flow of EICC, its feed to WICC and the northward flow of the WICC
during the winter monsoon. This resulted in a conspicuous spatial
invariability in the physicochemical environments of the upper
layers of this region. The presence of the Arabian Sea High saline
water mass in the mid-depths and the occurrence of the interme-
diate saline water in the bottom led to distinctness in the water
mass characteristics. The cumulative effect of the horizontal ad-
vection by the coastal currents and the local population growth of
the zooplankton community supported by the moderately higher
phytoplankton preponderances resulted in higher zooplankton
biomass and abundance in the south compared to the northern
AS. The heterogeneity in the hydrographical characteristics of
discrete water masses governed the community composition and
distribution of the dominant zooplankton taxon, Copepoda in this
coastal ecosystem. The present study detailing the influence of
the coastal circulation in defining the water mass characteristics
and identifying the associated zooplankton community dynamics
will improve the understanding of the macroecology of this dy-
namic and economically valuable marine habitat in the northern
Indian Ocean.
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