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Summary Zooplankton is an important bioindicator of ecosystem functioning. Knowledge 
of the seasonal fluctuation in the zooplankton population in estuarine waters of the Indian 
Sundarbans is rather limited. In the present study, we analysed the community structure of 
zooplankton assemblages and their spatio-temporal variations based on different multivariate 
statistics and indicator value analysis. A total of 56 taxa were identified and the density was 
primarily dominated by planktonic copepods and few meroplankton communities during four 
sampling seasons. The most abundant species were: Acartia spinicauda, Acartia sp. , Bestiolina 
similis, Euterpina acutifrons, Labidocera acuta, Paracalanus aculeatus, Paracalanus parvus 
and Paracalanus indicus . Canonical Correspondence Analysis highlighted that temperature, pH, 
DO, salinity and nutrients were the prevailing environmental parameters associated with signif- 
icant spatio-temporal changes of zooplankton distribution in this area. The highest abundance 
of zooplankton was recorded in winter, followed by monsoon, summer and spring. Throughout 
the study period, different zooplankton indices were observed in good condition. Seasonal oc- 
currence of dominant zooplankton with high IndVal index was markedly observed and it might 
be used as a potential bioindicator for a particular season and environmental condition in this 
estuarine complex. The results of this study provide evidence for the presence of warm water 
species in the estuarine waters of the Indian Sundarbans and can be a clear indication of cli- 
mate change-mediated elevated temperature in the estuarine system. Our results underscore 
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the high diversity of zooplankton from mangrove dominated estuarine complex and empha- 
size the need for long-term monitoring in ecologically fragile ecosystems like the Sundarbans 
Estuarine System. 
© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

stuarine ecosystems have been recognised as a mosaic 
f habitats exhibiting different biogeochemical processes 
nd act as a transitional ecotone with marked gradients 
f physical, chemical and biological components ( Moderan 
t al., 2010 ; Nandy et al., 2018 ; O’Higgins et al., 2010 ;
an der Maarel, 1990 ). Due to their connections with ad-
oining freshwater and marine ecosystems, estuaries al- 
ays face a strong physicochemical fluctuation at spatio- 
emporal scale. Moreover, the fluctuations of numerous 
hysicochemical factors are more evident in the estuarine 
nvironment than in other aquatic systems ( David et al.,
016 ). In addition, estuaries act as a nursery ground for dif-
erent aquatic organisms by providing food and shelter for 
arvae and juveniles ( Dorak and Albay, 2016 ; Telesh, 2004 ).
urthermore, estuary acts as a hotspot for many benthic an-
mals larval forms which spend some time, depending upon 
heir larval duration, in the estuarine realm before return- 
ng to their benthic mode of life in coastal waters ( Morgan,
995 ; Shanks, 1995 ). In estuarine areas, the spatial and tem-
oral variations of different biological communities are al- 
ays driven by several environmental variables. Howbeit, it 
s essential to improve our knowledge of estuarine ecosys- 
em functioning with a sound understanding of biogeochem- 
cal gradients and their interactions with biological entities. 

In an estuarine ecosystem, most of the zooplankton are 
fficient grazers of the phytoplankton and mainly detritus, 
eferred to as living machines transforming plant energy 
nto animal tissue ( De Young et al., 2004 ; Dorak and Albay,
016 ; Sampey et al., 2007 ). Therefore, the zooplankton play
 significant role in energy transfer from primary produc- 
rs to higher trophic levels, occupying a fundamental niche 
n the estuarine food web ( Degerman et al., 2018 ). More-
ver, the estuarine ecotone and profit of coastal fisheries 
re always influenced by the zooplankton population due to 
ts role as a major food item for fishes ( Ayon et al., 2008 ;
ianchi et al., 2003 ). Due to the zooplankton large density,
horter life span, drifting nature, high taxa/species diver- 
ity and different tolerance to the environmental stress, 
hey are being used as indicator organisms for the physical, 
hemical and biological processes in the aquatic ecosystem 

 Longhurst, 2007 ; Uriarte and Villate, 2004 ). The seasonal
nd spatial dominance of certain zooplankton taxa may in- 
icate the relative influence of different water parameters 
n the estuarine ecosystem and serve as an early indica-
ion of a biological response to environmental and climatic 
hanges ( Hays et al., 2005 ; Ziadi et al., 2015 ). Though zoo-
lankton organisms serve as a good indicator of biodiversity 
ecause of high sensitivity to environmental fluctuations 
 Gorokhova et al., 2016 ), they have been generally less used
n studying biological responses in changing environment 
 Gorokhova et al., 2016 ; Mialet et al., 2011 ). The identi-
cation of indicator species and tracking changes in species 
omposition are essential to detect local and global changes 
n estuarine biogeochemistry ( Fernandez De Puelles et al.,
009 ). 
In the Indian part of the Sundarbans estuarine complex,

nowledge about zooplankton communities is relatively 
imited ( Bhattacharya et al., 2015 ; Nandy et al., 2018 )
nd restricted to the eastern part of this system. We are
ortunate enough to get access to the central part of the
undarbans under the restricted biosphere reserve area 
or conducting research work funded by MoES. This system 

s under the influence of southwest monsoon, thus, it is
ssential to study the seasonal succession of zooplankton 
ommunities in order to understand the major influential 
actors governing the biological productivity of the Sun- 
arban mangrove ecosystem. Nevertheless, knowledge of 
he zooplankton community is also fundamental in under- 
tanding the biogeochemical cycles and energy flows of 
arine ecosystems because of its roles in the biological
ump ( Giering et al., 2014 ; Mitra et al., 2014 ). 
To evaluate the changes in the dynamics of the zooplank-

on community associated with natural environmental vari- 
bles, a seasonal observation over a spatial scale is of ut-
ost importance. Studies related to seasonal variation in 
stuarine waters, particularly in fishing grounds of the Sun-
arbans, are meagre, hence the present study was carried
ut and the relationship between zooplankton abundance 
nd hydrological parameters on spatio-temporal scale has 
een established. Moreover, the effects of some physico- 
hemical variables and seasonal flow patterns on zooplank- 
on community structuring were analyzed. Therefore, the 
rimary goals of the present study were to (i) investigate
he seasonal succession and spatial variability of the zoo-
lankton community of the river Matla in the Sundarbans
stuarine System (SES) in terms of composition, abundance 
nd diversity; (ii) evaluate the zooplankton dynamics in re-
ation to environmental variables and (iii) identify the indi-
ator zooplankton species for a particular season as well as
or a specific environmental condition. 

. Material and methods 

.1. Study area 

he Indian Sundarbans Estuarine System (SES) is a unique
ioclimatic zone situated in land-ocean boundaries of the 
orthern coast of Bay of Bengal. The estuarine phase of
his macrotidal (tidal amplitude: > 5 m) area is fully cov-
red by true mangrove forest ( Biswas et al., 2004 ). More-
ver, the estuarine complex experienced huge monsoonal 
recipitation (70—80% of annual rainfall) during the summer 
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Figure 1 Map of the study area with sampling stations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

monsoon period, i.e. June to September ( Mukhopadhyay
et al., 2006 ). The surface water quality of this region is
highly influenced by tidal amplitude, particularly during
monsoon ( Nandy et al., 2018 ). The SES serves as an impor-
tant spawning ground and nursery for a wide variety of fishes
and crustaceans, due to its ample riverine network with
dense mangrove vegetation. It also plays a major role in the
natural filtration of anthropogenic pollutants and acts as the
most important pathway for nutrients recycling ( Chatterjee
et al., 2013 ). 

The present study was conducted on the river Matla,
situated at the central part of the Indian Sundarbans. A
total of 8 study stations were selected according to differ-
ent salinity gradients at the north-south direction ( Fig. 1 ,
Supplementary Table 1). The zooplankton of the river Matla
in the Sundarbans Estuarine System was analyzed to deter-
mine the response of zooplankton population to contrasting
levels of water quality (e.g. temperature, salinity, oxygen,
turbidity, nutrients and phytopigments). The surface water
sample was collected during four distinct seasons (once per
season): monsoon (September, 2016), winter (December,
2016), spring (February, 2017) and summer (May, 2017). The
water and zooplankton samples (triplicate) were collected
from each station during the overall study period, at day
time high tide conditions. Sampling was restricted to the
surface layer because of the low (˜ 1 m) euphotic depth
and spatial variation of river bathymetry in this study area. 

2.2. Collection and analysis of water samples 

To determine the water quality of the estuary, a water
sample was collected at a 0.5 m depth using Niskin’s wa-
ter sampler (Hydro bios). The sample was collected in
500 ml pre-cleaned plastic container (HDPE, Tarsons) and
stored in an ice box for further analysis. Water temper-
ature, salinity, dissolved oxygen (DO) and pH were mea-
sured in situ . Winkler’s titrimetric method and argentomet-
ric method ( Strickland and Parsons, 1972 ) were followed
to determine the DO and salinity (practical salinity scale)
of the water, respectively. Surface water temperature was
measured onboard with the help of mercury thermometer
and Secchi disc was used to determine the transparency of
water at each station. The portable digital pH meter (Model:
Orion star A3110, Thermo-Scientific) was used to deter-
mine the pH of the water. The dissolved micro-nutrients
such as nitrite (NO 2 -N), nitrate (NO 3 -N), ammonium (NH 4 -
N), phosphate (PO 4 -P) and silicate (SiO 4 -Si) were analysed
using the standard method described by Grasshoff et al.
(1999) after filtering the water through GF/F filter paper
(0.07 μm). For the chlorophyll- a (Chl- a ) and phaeopigment
(Phaeo) analysis 1000 ml seawater was filtered through GF/F
filter paper and the analysis was done by acetone extraction
method by Parsons et al. (1984) . Suspended particulate mat-
ter (SPM) analysis was performed according to the method
of Grasshoff et al. (1999) . 

2.3. Collection and analysis of zooplankton 

samples 

Zooplankton was collected using 200 μm plankton net (60
cm diameter, 2 m length), equipped with a flowmeter (Hy-
dro bios) by horizontal tow at subsurface layer (0.5—1
m); the average volume of water filtered per sample was
100 ± 23 m 

3 . The catch was transferred to a plastic bottle
and fixed immediately with 10% buffered formaldehyde so-
lution and transported to the laboratory for further analysis.
To determine the abundance and composition of zooplank-
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on, subsamples were obtained using Folsom-splitter to give 
 minimum number of 300 individuals per sample. In the
aboratory, the triplicate subsample was taken on to a Sedg- 
ick rafter counting chamber and was enumerated under 
he stereozoom microscope (Olympus, Magnus: MS24) for 
heir mean abundances expressed as individuals per cubic 
eter (ind. m 

−3 ). Zooplankton were identified up to species 
evel using a compound microscope (Nikon Eclipse: E200) 
ollowing standard descriptions of Conway et al. (2003) , 
asturirangan (1963) , Yousif Al-Yamani et al. (2011) . The 
iomass (wet weight) of the zooplankton was determined by 
eighing one portion of subsample after carefully removing 
ll the adhered water particles using a blotting paper. 

.4. Data analysis 

he square root transformed data of zooplankton were used 
o construct a Bray-Curtis similarity matrix with average 
inkage group classification ( Field et al., 1982 ) to unravel
he significant spatio-temporal variation in the composi- 
ion of zooplankton. In addition, SIMPER analyses were con- 
ucted to investigate which species contributed the most 
o the groups formed during each season’s cluster analysis. 
o determine the variations among sampling seasons, non- 
etric multidimensional scaling (nMDS) ordinations were 
omputed ( Hunt et al., 2007 ; Kruskal and Wish, 1978 ) and
nalysis of Similarities (ANOSIM) was applied to detect sig- 
ificant ( p = 0.001) differences between seasons ( Clarke
nd Warwick, 2001 ) with respect to zooplankton species 
omposition. 
The Canonical Correspondence Analysis (CCA) was con- 

ucted to understand the relationship between zooplankton 
omposition and water quality parameters. The outcomes 
f CCA results were presented as the species and station
iplots, in which the biotic and abiotic variables were rep-
esented together. The correlations between biological and 
nvironmental variables were tested using the Spearman’s 
orrelation coefficient. 
For assessing the current status and to know the species 

omogeneity among the populations, different ecological 
iversity indices, like species richness ( d ) ( Margalef, 1967 ),
pecies diversity index ( H’ ) ( Shannon, 1948 ) and evenness
ndex ( J’ ) ( Pielou, 1966 ), were computed. 

Indicator species analysis ( Dufrene and Legendre, 1997 ) 
as performed to identify potential indicator species of 
ooplankton for particular environmental conditions in each 
eason. When all the individuals of particular taxa occur in 
 single season, Indicator Value (IndVal ) index reaches the
aximum (100%) indicating the asymmetric distribution of 
hat taxa. However, IndVal index reaches the lowest level 
hen the taxa is symmetrically distributed between seasons 

 Hunt and Hosie, 2006 ). According to Dufrene and Legen-
re (1997) a minimum 25% IndVal can be considered as the
hreshold limit to determine the indicator species in a group
f observations. In our study, ≥40% value was used as the
hreshold to demarcate the IndVal index. 
Additionally, a one-way analysis of variance (ANOVA) was 

pplied to identify the significant ( p ≤ 0.05) differences 
etween four distinct seasons for all biotic and abiotic 
ariables. We also conducted the permutation (1000 ×) 
ultivariate analysis of variance (PERMANOVA) to find 
ut the significant ( p ≤ 0.05) differences in zooplankton 
bundance in terms of the season (monsoon, winter, spring
nd summer) and site (station 1 to 8). 
All the graphs and statistical analysis was carried out

sing Microsoft Excel (MS Office-2013), PRIMER-version 6.0 
 Clarke and Gorley, 2006 ) software and Multivariate Statis-
ical Package (MVSP) program version 3.1 ( Kovach, 1998 ). 

. Results 

.1. Spatio-temporal variation of hydrological 
arameters 

he hydrological changes in the study area on a spatio-
emporal scale are presented in Fig. 2 and Table 1 . Physic-
chemical parameters, like temperature, salinity, Secchi 
epth, DO, pH, Chl- a , nutrients and SPM showed a wide
ange of variability among studied stations. The signifi- 
ant ( p ≤ 0.05) seasonal changes of all environmental pa-
ameters along with their ANOVA value are presented in
able 1 . 
The seasonal mean of surface water temperature ranged 

rom 22.34 ± 1.29 °C (winter) to 31.98 ± 0.94 °C (summer)
uring the study period. The highest (33.4 °C) and the low-
st value (20.5 °C) were observed at station 6 during summer
nd winter, respectively ( Fig. 2 a). Salinity varied between
1.93 ± 3.96 and 31.93 ± 1.97 during the overall sampling 
eriod ( Table 1 ). Moreover, its range varied at different sam-
ling stations according to their distance from the sea. Up-
tream stations showed more or less low saline regime in
omparison to downstream stations ( Fig. 2 b). The highest
H value (8.42) was recorded at station 8 and the lowest
alue (7.40) was recorded at station 5 during monsoon and
pring, respectively ( Fig. 2 c). The DO of surface water var-
ed from 4.77 ± 0.13 mg L −1 (during summer) to 6.56 ± 0.80
g L −1 (during monsoon). A significant spatial variation has 
een documented during all sampling seasons (monsoon, 
inter, spring and summer). The upstream stations showed 
levated oxygenated water in comparison with the rest of
he stations, and a decreasing trend was observed from the
iverside to seaside ( Fig. 2 d). The transparency of water was
easured by Secchi depth and it ranged from 55 ± 7.07
m to 20.13 ± 7.22 cm during the study period ( Fig. 2 e).
he mean concentration of SPM was recorded at maximum
261.18 ± 96.68 mg L −1 ) during summer and at minimum
27.38 ± 9.16 mg L −1 ) during spring ( Fig. 2 f). 
The essential micronutrients concentrations varied both 

patially and temporally in the present study. The aver-
ge NO 2 -N concentration varied between 0.31 ± 0.08 μM 

nd 0.61 ± 0.41 μM. The maximum value of NO 2 -N was
etected at seaward stations, and the highest value (1.32
M) being recorded at station 6 during spring ( Fig. 3 a). A
imilar type of seasonal trend was also noticed for NO 3 -N,
O 4 -P and SiO 4 -Si. The mean concentration was found to
e decreasing from monsoon to spring and again starting
o increase during summer ( Fig. 3 b, c and d). The aver-
ge NO 3 -N and PO 4 -P concentrations were recorded from
7.47 ± 3.55 μM to 4.18 ± 1.29 μM and 1.64 ± 0.69 μM
o 0.23 ± 0.17 μM, respectively, during the study period.
he SiO 4 -Si value was higher (53.05 ± 7.56 μM) during mon-
oon and lower (17.70 ± 5.55 μM) during spring. The high-
st value of SiO 4 -Si (64.08 μM) occurred at station 1 during
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Figure 2 Spatio-temporal variation of hydrological parameters (a — water temperature, b — salinity, c — pH, d — dissolved 
oxygen, e — secchi depth, f — suspended particulate matter). 

 

 

 

 

 

 

 

 

 

 

 

monsoon and the lowest value (11.25 μM) at station 6 dur-
ing spring. Lower NH 4 -N concentration was registered dur-
ing winter (0.17 ± 0.11 μM) and higher values in summer
(2.32 ± 0.65 μM) ( Fig. 3 e). 

During monsoon, the mean concentrations of Chl- a and
Phaeo were recorded at maximum (4.14 ± 1.98 μg L −1 and
0.50 ± 0.47 μg L −1 , respectively). However, minimum val-
ues of Chl- a and Phaeo (2.53 ± 1.12 μg L −1 and 0.18 ± 0.14
μg L −1 ) were observed during winter and spring, corre-
spondingly. An elevated Chl- a concentration was recorded
at the middle stretch of the estuary (stations 3—5) during
all sampling seasons ( Fig. 3 f). However, there were no sig-
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Table 1 Mean values and standard deviation (SD) of biogeochemical parameters of 8 stations sampled during four seasons. In the last column, results of ANOVA test for the 
comparison between these four seasons is presented. Asterisks denote significant ( p ≤ 0.05) differences. 

Parameters Monsoon Winter Spring Summer (p values) 

Min Max Mean SD Min Max Mean SD Min Max Mean SD Min Max Mean SD 

Temperature ( °C) 30.50 32.50 31.08 0.64 20.50 24.75 22.34 1.29 24.00 25.70 24.91 0.63 30.60 33.40 31.98 0.94 0.0001 ∗

Secchi depth (cm) 20.00 55.00 37.50 13.09 20.00 55.00 39.38 12.66 45.00 65.00 55.00 7.07 10.00 33.00 20.13 7.22 0.0025 ∗

Salinity 6.41 16.68 11.93 3.96 14.98 22.46 18.11 2.71 30.01 35.58 31.93 1.97 28.04 33.64 30.51 1.90 0.0057 ∗

DO (mg L −1 ) 5.83 8.24 6.56 0.80 4.92 6.14 5.73 0.40 4.21 5.83 5.03 0.57 4.61 4.91 4.77 0.13 0.0073 ∗

pH 8.06 8.42 8.27 0.12 7.97 8.12 8.04 0.05 7.40 8.15 8.00 0.25 8.06 8.14 8.11 0.03 0.0001 ∗

Nitrate-N ( μM) 12.12 23.10 17.47 3.55 3.44 18.14 10.22 5.13 1.94 5.88 4.18 1.29 12.23 14.17 13.40 0.54 0.0221 ∗

Nitrite-N ( μM) 0.21 0.40 0.31 0.08 0.21 0.59 0.39 0.11 0.13 1.32 0.61 0.41 0.28 0.56 0.41 0.10 0.0188 ∗

Phosphate-P ( μM) 0.90 2.93 1.64 0.69 0.81 2.17 1.42 0.38 0.04 0.53 0.23 0.17 0.91 1.88 1.37 0.35 0.1131 
Silicate ( μM) 43.67 64.08 53.05 7.56 3.44 46.98 32.38 13.35 11.26 28.22 17.70 5.55 28.32 30.90 29.56 0.91 0.006 ∗

Ammonium-N ( μM) 0.23 0.59 0.35 0.11 0.06 0.39 0.17 0.11 0.19 0.42 0.30 0.09 1.80 3.82 2.32 0.65 0.0827 
Chl- a ( μg L −1 ) 1.20 6.90 4.14 1.98 1.04 4.10 2.53 1.12 3.01 4.64 3.73 0.54 3.06 4.90 4.11 0.55 0.1820 
Phaeopigments ( μg L −1 ) 0.08 1.36 0.50 0.47 0.14 1.18 0.46 0.44 0.03 0.41 0.18 0.15 0.12 0.73 0.45 0.20 0.0179 ∗

SPM (mg L −1 ) 18.21 159.40 54.90 48.06 34.61 339.34 162.44 95.98 17.00 40.00 27.38 9.16 116.60 433.80 261.18 96.68 0.0598 
Zooplankton abundance 

(ind. m 

−3 ) 
324.00 2154.00 1202.88 768.38 331.00 4185.00 1616.00 1391.01 257.00 1126.00 573.38 270.22 428.00 1566.00 951.38 482.40 0.0026 ∗

Zooplankton biomass (g 
m 

−3 ) 
1.05 4.93 2.68 1.48 0.95 6.18 3.28 1.87 0.95 2.70 1.88 0.61 1.15 4.80 2.69 1.35 0.0186 ∗
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Figure 3 Spatio-temporal variation of nutrients (a — nitrite-N, b — nitrate-N, c — phosphate-P, d — silicate, e — ammonium-N) 
and f — Chl a concentration. 

 

 

 

 

 

 

 

 

 

 

 

nificant spatial distribution differences for Phaeo concen-
tration throughout the study period. 

3.2. Community structure and composition of 
zooplankton 

In the present study, a noticeable change in the zooplank-
ton community structure with regard to density and diver-
sity was evident among the study stations and between dif-
ferent seasons. The average zooplankton abundance ranged
from 573 ± 270 ind. m 

−3 (during spring) to 1616 ± 1392
ind. m 

−3 (during winter). The highest abundance was ob-
served at station 6 during winter (4185 ind. m 

−3 ), howbeit,
the lowest value was documented during spring at station
6 (257 ind. m 

−3 ) ( Fig. 4 a). Station-wise variations in zoo-
plankton biomass during four sampling seasons are plotted
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Figure 4 Spatio-temporal variation of a — total zooplankton abundance, b — zooplankton biomass and c — meroplankton popula- 
tion. 
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Figure 5 Spatio-temporal variation of different diversity in- 
dices. 

 

 

 

 

 

 

 

in Fig. 4 b. The total biomass was recorded higher during
winter (ranging from 6.18 to 0.95 gm m 

−3 ) and lower dur-
ing spring (ranging from 2.70 to 0.95 gm m 

−3 ); the variation
among seasons was found to be significant with p = 0.0186
( Fig. 4 b). 

A total of 56 zooplankton taxa have been documented
through the analysis of 32 samples collected from 8 stations
during 4 seasons. Copepoda were the most abundant, both
quantitatively and qualitatively. They were represented by
36 species belonging to 4 orders. Calanoida emerged as a
dominant group with 25 species followed by Cyclopoida (5
species), Harpacticoida (4 species) and Poecilostomatoida
(2 species). Out of 36 species of Copepoda recorded, only
8 species had been identified as perennial existing during
four sampling seasons. These species are: Acartia spini-
cauda, Acartia sp. , Bestiolina similis, Euterpina acutifrons,
Labidocera acuta, Paracalanus aculeatus, P. parvus and P.
indicus. Additionally, 5 taxa of other groups (like: Bivalvia,
Gastropoda, Polychaeta, Zonosagitta bedoti and Decapoda
zoeae) have been recorded as perennial during entire study
period. Different larval stages of noncopepods, especially
the meroplankton community, have also been observed in
a significant amount. The shellfish larval populations (like
Bivalve D-larva, Gastropoda veliger larvae, crab zoea larva
and shrimp larvae) were documented as a second dominant
group of the total zooplankton abundance. Except during
the winter period, their mean density declined considerably
towards the downstream stations during the overall study
period. Among all seasons the maximum shellfish larval pop-
ulation (ranging from 78 ± 13 to 1269 ± 84 ind. m 

−3 ) was
recorded during winter, especially at mouth stations of the
estuary facing Bay of Bengal. On the other hand, the mini-
mum shellfish larval density was documented during spring
(ranging from 56 ± 8 to 219 ± 44 ind. m 

−3 ) ( Fig. 4 c). 
The spatio-temporal changes of different diversity in-

dices are presented in Fig. 5 . Shannon index of diversity ( H’ )
values generally increased in parallel to the species num-
ber throughout the study period. The highest diversity ( H’ =
2.83) was observed during spring and lowest ( H’ = 1.78) dur-
ing monsoon at station 5 and 6, respectively. The species
evenness ( J’ ) varied between 0.74 and 0.95 in monsoon;
0.82 and 0.91 in winter; 0.89 and 0.93 in spring and, 0.85
and 0.95 during the summer season. The maximum richness
value ( d ) was recorded during spring ranging from 2.68 to
3.62, however, monsoon samples showed lower values rang-
ing from 1.29 to 2.70 ( Fig. 5 ). 

The spatio-temporal changes of zooplankton distribution
and cluster formation are shown in Fig. 6 . Table 2 is gen-
erated from SIMPER analysis of the dendogram plot ( Fig. 6 )
to determine the contribution percentages of different zoo-
plankton taxa in the formation of a specific cluster. During
monsoon, lowest zooplankton abundances (324 ind. m 

−3 )
were recorded at station 2 and highest (2154 ind. m 

−3 ) at
station 5, with an average of 1203 ± 768 ind. m 

−3 . The com-
munity was largely dominated (87%) by Copepoda. The clus-
ter analysis revealed a clear spatial distribution of zooplank-
ton during this season. Two distinct groups were formed:
group I (station 1—3) and group II (station 4—8) with 72.18
and 73.36% of average similarities, respectively. B. similis,
P. parvus, P. aculeatus and Oithona similis showed maxi-
mum contribution to form group I; however, P. parvus, P. ac-
uleatus, Oithona brevicornis and A. spinicauda contributed
maximum percentages to form group II. In winter, the zoo-
plankton standing crop increased to reach an average of
1616 ± 1391 ind. m 

−3 . It showed high fluctuation between
331 ind. m 

−3 (station 4) and 4185 ind. m 

−3 (station 6). The
contribution of Copepoda to the total zooplankton popula-
tion has been represented by 59%, which drastically dropped
compared to the previous season. However, the Mollusca
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Figure 6 Dendogram plot of cluster analysis based on total zooplankton abundance during four seasons. 
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arvae were the second most abundant group and they are
ominated by Gastropoda veliger larvae (14%) and Bivalvia- 
 larvae (9%) of the total zooplankton count. Three sepa- 
ate cluster group were generated with 63.96%, 71.86% and 
6.02% of similarity in group I (station 1, 2 and 6), II (station
—5) and III (station 7—8), respectively. The major contri- 
ution of P. parvus and Gastropoda veliger larvae plays a 
ivotal role to form these groups in conjunction with other
ooplankton taxa. 
The zooplankton average abundance was the lowest dur- 

ng spring (573 ± 270 ind. m 

−3 ) ranging between 257 ind.
 

−3 (station 6) and 1126 ind. m 

−3 (station 2). Mature Cope-
oda and their nauplii together contributed 66% of the total
ooplankton. Three groups (I, II and III) and two separate
tations (station 1 and 4) were generated from the clus- 
er analysis. The prevalent distribution of Copepoda nau- 
lii contributed 9.79%, 11.28% and 8.38% in group I (station
—3), II (station 5 and 8) and III (station 6—7), respectively,
uring this season. After spring, the zooplankton community 
ncreased in number during summer to reach an average of
51 ± 482 ind. m 

−3 . Average zooplankton abundance fluc- 
uated from 420 ± 24 ind. m 

−3 (station 7) to 1495 ± 70
nd. m 

−3 (station 5) and the community was dominated by 
opepoda (63%) during this season. A significant spatial dis- 
t

ribution of zooplankton was documented from the cluster 
nalysis, comprising with group I (station 1—3; 73% similar-
ty), group II (station 4 and 5; 74.05% similarity) and group
II (station 6—8; 71.46%). 

The PERMANOVA analysis was performed to identify the 
ajor changes of zooplankton population. There were sig- 
ificant variations documented both spatially ( F = 713.12,
 = 0.001) and seasonally ( F = 150.66, p = 0.001). Alto-
ether, the spatio-temporal ( F = 288.33. p = 0.001) varia-
ions were found to be significant in the present study. 

.3. Influence of environmental factors on 

ooplankton distribution 

he statistical relationships between the composition of 
ooplankton and the physicochemical variables were also 
nalysed at different study stations. We used CCA to ex-
lore the relationship between environmental variables and 
ooplankton assemblages and two graphs are generated as 
tation and species biplots ( Fig. 7 ). The station biplot de-
icts the responsible environmental parameters for clus- 
ering different study stations during different seasons. In 
he present study, all sampling stations distinctly clustered 
ogether depending on the particular season as governed 
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Table 2 SIMPER analysis of zooplankton assemblages determined by dendrogram plot considering each season: average 
similarity (%) and main taxa contribution (%). 

Groups 

Monsoon I II 
Average similarity (%) 72.18 73.36 
Main taxa contribution (%) Bestiolina similis (12.33) Paracalanus parvus (22.47) 

Paracalanus parvus (10.52) Paracalanus aculeatus (11.88) 
Paracalanus aculeatus (9.42) Oithona brevicornis (10.31) 
Oithona similis (8.75) Acartia (Odontacartia) 

spinicauda (9.11) 
Winter I II III 
Average similarity (%) 63.96 71.86 76.02 
Main taxa contribution (%) Paracalanus parvus (13.80) Gastropoda veliger (15.72) Decapoda Brachyura zoeae 

(15.13) 
Gastropoda veliger (11.64) Paracalanus parvus (11.96) Paracalanus parvus (10.76) 
Bestiolina similis (9.99) Decapoda Brachyura zoeae 

(8.11) 
Gastropoda veliger (9.09) 

Bivalvia D larva (9.64) 
Labidocera minuta (9.26) 

Spring I II III 
Average similarity (%) 75.88 73.01 78.63 
Main taxa contribution (%) Paracalanus parvus (10.80) Copepoda nauplii(11.28) Paracalanus parvus (12.00) 

Copepoda nauplii (9.79) Paracalanus parvus (10.45) Bestiolina similis (10.08) 
Zonosagitta bedoti (8.58) Gastropoda veliger (9.88) Gastropoda veliger (8.92) 

Copepoda nauplii (8.38) 
Summer I II III 
Average similarity (%) 73.6 74.05 71.46% 
Main taxa contribution (%) Gastropoda veliger (12.82) Bestiolina similis (11.74) Paracalanus parvus (13.79) 

Bivalvia D larvae (10.84) Paracalanus parvus (9.70) Bestiolina similis (10.83) 
Paracalanus parvus (10.43) Eucalanus sp. (9.69) Paracalanus aculeatus (10.09) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by most responsible physicochemical parameters. For ex-
ample, the samples collected during monsoon season were
regulated by PO 4 -P, pH and Phaeo enriched estuarine envi-
ronment. Winter season showed preferences with respect
to salinity, Secchi depth and temperature of the surface
water. Furthermore, spring season samples were clustered
in close association with DO, NO 2 -N and SPM; and sum-
mer samples slightly accumulated near the elevated NH 4 -N
concentration ( Fig. 7 a). The species biplot was done to
investigate the role of environmental parameters on zoo-
plankton species distribution. In this plot, distinct clusters
and species associations are formed depending on their pre-
ferred environmental conditions. A total of 56 zooplankton
taxa were used in the CCA gradient analysis. Eigenvalues
for CCA axis 1 and axis 2 represent 30.86% of the cumu-
lative variance in the species data. Species-environment
correlations were high for both axes (Axis 1 = 0.91; Axis
2 = 0.90) ( Fig. 7 b). Acrocalanus longicornis, O. similis and
O. brevicornis preferred the environment with high pH val-
ues during the study period, mostly recorded in monsoon
season. Few herbivorous copepods, like Acartia sp., Acro-
calanus gracillis, Canthocalanus pauper, Oithona simplex
and Paracalanus sp. were found to be positively correlated
with PO 4 -P. Some winter season notable taxa, like Pyc-
nogonida, Bryozoa cyphonautes, Subeucalanus subcrassus,
Longipedia weberi and Centropages sp. were favoured by
 

transparent and high saline estuarine environment. How-
ever, few taxa, like nauplius larva, Belzebub penincilifer,
Crustacea zoeae, and Copepoda, like Acartia clausi, Labido-
cera acuta, L. minuta and Temora discaudata , slightly cor-
related with water temperature and these species were to-
tally absent during monsoon season. The distribution of car-
nivorous zooplankton Hydrozoa actinulae, Corycaeus cras-
siusculus and Labidocera sp. were associated with SPM of
surface water. Species like Acartia danae, E. elongatus
elongatus, Euterpina acutifrons , Copepoda nauplii, Euphau-
siacea calyptopis, Echinodermata larvae and Decapoda lar-
vae were found to prefer moderate to low oxygen and NO 3 -
N content water mass, recorded during post-monsoon pe-
riod, especially in spring. Some omnivorous zooplankton,
like Polychaeta larvae, fish larvae, Pseudodiaptomas ser-
ricaudatus and Oncaea venusta , had been associated with
NH 4 -N enriched water. The Chl- a concentration did not ex-
hibit any significant contribution to the distribution pat-
tern of zooplankton population during the present study
( Fig. 7 b). 

3.4. Seasonal occurrences of indicator species 

The analysis of nMDS was performed to unravel the sea-
sonal variation on the basis of total zooplankton popula-
tion dynamics ( Fig. 8 ). Table 3 showed the different dissim-
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Figure 7 CCA analysis of different zooplankton taxa with associated environmental variables and study stations. (a — station 
biplot, b — species biplot; Code no. of zooplankton taxa are given in Table 4 ). 
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larity percentages of four seasons along with their ANOSIM 

alue, indicating the significant variation amongst them. 
he positive or the value closest to 1 specifies the significant
hanges between two seasons. The remarkable changes of 
ean abundances of some zooplankton taxa between dif- 
erent seasons (responsible for seasonal variation) might 
how the indicator species for the particular season due 
o their exclusive seasonal occurrences. The result of In- 
Val analysis demarcated altogether 10 Copepoda and 12 
on-Copepoda taxa as major indicators of different stud- 
ed seasons ( Table 4 ). During the monsoon, Acartia sp ., O.
revicornis, O. similis, O. simplex, P. parvus were the in-
icator species for all study stations. However, in winter
. clausi, Labidocera minuta , Bryozoa cyphonautes, Gas- 
ropoda veliger, Zonosagitta bedoti and Decapoda zoeae 
ere found to be dominant and maximum IndVal index was
ncountered. C. crassiusculus , Copepoda nauplii, Euphausi- 
cea calyptopis, Echinodermata larvae and Hydrozoa were 
he significant indicator species for spring season, lastly high
alue of IndVal index was documented for Eucalanus sp. , E.
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Figure 8 NMDS plot for seasonal zooplankton assemblages sampled in the river Matla. 

Table 3 SIMPER analysis for zooplankton assemblages 
formed by NMDS considering each season: average dissim- 
ilarities (%) and ANOSIM results between two seasons are 
presented. 

Seasons Average 
dissimilarity (%) 

Monsoon and Winter 55.46 
(ANOSIM, global R = 0.956, p = 0.001) 
Monsoon and Spring 58.34 
(ANOSIM, global R = 0.997, p = 0.001) 
Monsoon and Summer 50.13 
(ANOSIM, global R = 0.946, p = 0.001) 
Winter and Spring 44.33 
(ANOSIM, global R = 0.742, p = 0.001) 
Winter and Summer 46.06 
(ANOSIM, global R = 0.766, p = 0.001) 
Spring and Summer 40.77 
(ANOSIM, global R = 0.628, p = 0.001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

elongatus elongatus , Ctenophora, Belzebub hanseni and De-
capoda larvae during summer ( Table 4 ). 

4. Discussion 

4.1. Changes in the environmental variables 

Physico-chemical variables in the estuarine ecosystem are
subjected to wide temporal variations. The river Matla in
SES is largely influenced by southwest monsoonal rainfall
in India. According to Santhosh Kumar and Perumal (2011) ,
the monsoonal rainfall is an important phenomenon in trop-
ical countries as it regulates the biogeochemical charac-
teristics of the coastal and estuarine environment. In the
present study, each of the hydrographic parameters such as
water temperature, salinity, pH and DO showed remarkable
spatio-temporal variations. In general, the higher tempera-
ture was recorded in pre-monsoon period at summer season
while the lower temperature was observed during winter.
SES is located at the north-western coast of Bay of Bengal
and the temperature over the bay is primarily regulated
by several climatic events, like the atmospheric weather
condition and rainfall event ( Kannan and Kannan, 1996 ).
Temperature variations throughout the present study period
could also be governed by the seasonal changes in atmo-
spheric conditions and monsoonal rainfall. 

The salinity acts as a limiting factor in the distribu-
tion pattern of marine organisms. Moreover, changes in
salinity due to the effect of dilution and evaporation can
regulate the faunal composition in the coastal ecosystem
( Balasubramanian and Kannan, 2005 ; Sridhar et al., 2006 ).
In the present study, the lower salinity values during mon-
soon season could be attributed to the combined effect of
precipitation and freshwater influx from surrounding land
runoff. 

The pH recorded during summer and monsoon period was
found to be comparatively higher than in winter and spring
season. Influence of seawater inundation and biological ac-
tivity of photosynthetic organisms might be the possible rea-
son for high summer pH. Furthermore, the observed high pH
along with elevated DO during monsoon season might be the



T. Nandy, S. Mandal/Oceanologia 62 (2020) 326—346 339 

Table 4 List of identified zooplankton taxa with their indicator values for each season. Bold values are considered major 
indicator species ( IndVal index ≥ 40) for the present study. 

CCA code Name of identified zooplankton taxa Monsoon Winter Spring Summer 

1 Acartia (Acartiura) clausi Giesbrecht, 1889 0 74.47 9.31 0 
2 Acartia (Acartia) danae Giesbrecht, 1889 0 0 1.79 21.43 
3 Acartia (Acartia) negligens Dana, 1849 0 32.29 0.69 1.04 
4 Acartia sp . 56.85 6.05 1.21 0.41 
5 Acartia (Odontacartia) spinicauda Giesbrecht, 1889 33.80 20.83 6.35 29.10 
6 Acartia sewelli Steuer, 1934 6.82 32.95 0 0.85 
7 Acrocalanus gibber Giesbrecht, 1888 0 12.5 0 0 
8 Acrocalanus gracilis Giesbrecht, 1888 26.47 0 0 7.35 
9 Acrocalanus longicornis Giesbrecht, 1888 50 0 0 0 
10 Bestiolina similis Sewell, 1914 29.52 34.63 11.94 1 
11 Bomolochus sp . 0 0 12.5 0 
12 Canthocalanus pauper Giesbrecht, 1888 25 0 0 0 
13 Centropages sp . 0 12.5 0 0 
14 Clytemnestra scutellata Dana, 1848 0 0 12.5 0 
15 Corycaeus crassiusculus Dana, 1849 0 20.46 57.58 5.68 
16 Eucalanus sp. 0 0 25.68 70.65 

17 Eucalanus elongatus elongatus Dana, 1849 0 7.72 30.39 49.02 

18 Euterpina acutifrons Dana, 1848 0.3 9.52 20.83 22.32 
19 Labidocera acuta Dana, 1849 1.09 38.43 12.5 12.5 
20 Labidocera minuta Giesbrecht, 1889 0 63.03 26.89 6.3 
21 Labidocera sp . 0 0 12.5 0 
22 Longipedia weberi Scott A., 1909 0 19.11 5.88 0 
23 Microsetella norvegica Boeck, 1865 0 0 0 12.5 
24 Oithona brevicornis Giesbrecht, 1891 83.01 0 3.75 5.5 
25 Oithona nana Giesbrecht, 1893 12.5 0 0 0 
26 Oithona similis Claus, 1866 91.3 0.36 0 1.45 
27 Oithona simplex Farran, 1913 62.19 0 6.1 0.61 
28 Oncaea venusta Philippi, 1843 0 0 6.25 6.25 
29 Paracalanus aculeatus Giesbrecht, 1888 34.45 26.72 7.84 27.17 
30 Paracalanus indicus Wolfenden, 1905 36.02 17.72 0.2 16.54 
31 Paracalanus parvus Claus, 1863 45.94 25.7 10.52 17.84 
32 Paracalanus sp . 36.16 0 3.57 0 
33 Pseudodiaptomus serricaudatus Scott T., 1894 0 0 0 37.5 
34 Subeucalanus subcrassus Giesbrecht, 1888 0 25 0 0 
35 Temora discaudata Giesbrecht, 1889 0 7.5 0.84 8.33 
36 Temora turbinata Dana, 1849 0 0 2.78 29.17 
37 Hydrozoa acrinulae 0 0 25 0 
38 Arachnida 0 0 0 0 
39 Bivalvia D larvae 26.16 34.77 7.95 26.16 
40 Copepoda nauplii 0 17.63 45.87 13.46 
41 Ctenophora 0 0 0 62.5 

42 Cyphonautes larvae 0 63.59 2.17 1.63 
43 Euphausiacea calyptopis 0 0 62.5 0 
44 Echinodermata larvae 0 6.48 55.55 0 
45 Fish larvae 2.5 0 5 30 
46 Gastropoda veliger 8.52 51.31 12.12 26.84 
47 Hydrozoa medusae 0 0 62.5 0 
48 Belzebub hanseni Nobili, 1906 0 0 0 87.5 

49 Belzebub penicillifer Hansen, 1919 0 21.4 1.78 0 
50 Nauplius larvae (Cirripedia) 0 82.8 0.66 0 
51 Polychaeta larvae 19.85 14.34 1.11 31.25 
52 Pycnogonida 0 25 0 0 
53 Zonosagitta bedoti (Béraneck, 1895) 9.87 44.23 16.59 28.85 
54 Decapoda larvae 0 0 0 87.5 

55 Star fish juvenile (Echinodermata) 0 37.5 0 0 
56 Decapoda Brachyura zoeae 0.56 71.19 6.48 5.8 
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cumulative effect of higher wind velocity coupled with mas-
sive rainwater and the resultant freshwater mixing in the
estuarine system ( Das et al., 1997 ). 

Nutrients levels are known to be a significant determi-
nant of estuarine productivity and their spatio-temporal
variations can play a crucial role by influencing the pro-
cess of competition and community structure as well as
trophic dynamics in the estuarine environment ( Gaonkar
et al., 2010 ). Distribution of nutrients in an estuary is prin-
cipally controlled by season, tidal condition and freshwa-
ter runoff from surrounding landmass. Nitrite (NO 2 -N), the
most unstable form of nitrogenous nutrients in seawater,
exhibited wide range of fluctuation. Its variations in sur-
face water throughout the study period could be ascribed
to the excretion of the planktonic organism, oxidation of
ammonia, reduction of nitrate and bacterial decomposi-
tion of planktonic detritus ( Govindasamy et al., 2000 ). In
the present study, the high monsoonal value of major mi-
cronutrients (NO 3 -N, PO 4 -P and SiO 4 -Si) concentration could
be influenced by organic matter received from the catch-
ment area ( Das et al., 1997 ). The maximum recorded value
of NO 3 -N during monsoon season and the lowest recorded
salinity clearly signifies the freshwater inflow as a major
contributor of nitrate in the estuarine system. According
to Karuppasamy and Perumal (2000) , Santhanam and Peru-
mal (2003) and Sarkar et al. (2007) nitrate level was gen-
erally increased by land drainage, precipitation, decompo-
sition of mangrove litter and terrestrial runoff during mon-
soon season. In contrast, during post-monsoon period, the
prevalent lower value of NO 3 -N is linked to the biologi-
cal utilization and primary productivity in shallow estuar-
ine water ( MacIntyre et al., 1996 ). Like nitrate, PO 4 -P con-
centration also exhibited higher value during monsoon, in-
dicating the influence of freshwater influx in the present
study area. Maximum concentration of inorganic phosphates
during monsoon might be due to the intrusion of seawa-
ter into the mangrove creeks and enrichment by freshwa-
ter drainage ( Mathew and Pillai, 1990 ; Nair et al., 1984 ).
The low value of phosphate in spring could be recognized by
high salinity and utilization of phosphate by phytoplankton,
along with the low freshwater influx in the estuarine sys-
tem ( Senthilkumar et al., 2002 ). The lower concentration of
SiO 4 -Si during the post-monsoon period, especially in spring,
could be connected to its uptake by phytoplankton for their
biological activity ( Mishra et al., 1993 ; Ramakrishnan et al.,
1999 ). Furthermore, the high silicate concentration during
monsoon might be due to the resuspension of bottom sed-
iment ( Rakhesh et al., 2008 ). The higher concentration of
NH 4 -N recorded during summer could be partially due to the
death, subsequent decomposition and excretion of ammonia
by planktonic organisms ( Segar and Hariharan, 1989 ). 

4.2. Diversity and distribution of the zooplankton 

population 

In the present study, 56 zooplankton taxa have been re-
ported from the river Matla at SES, the number of zoo-
plankton recorded in this river is in accordance with the
published report from the river Saptamukhi ( Nandy et al.,
2018 ) and the northern part of the Sundarban mangrove
wetland ( Bhattacharya et al., 2015 ). Zooplankton commu-
nity changes of the SES indicated a strong seasonal pat-
tern showing lower abundances in the spring-summer period
and higher density in monsoon-winter time. In dry weather
during spring, lower temperature and the shortest daylight
hours coupled with water transparency might have reduced
the secondary productivity and had a cascading effect as
was mirrored by diminished zooplankton abundance dur-
ing this period. Contrarily, high to moderate temperature,
low salinity and availability of sufficient nutrients were the
favourable conditions for increasing the zooplankton abun-
dance during and after the wet season in SES ( Nandy et al.,
2018 ) which corroborates present findings. 

The high abundance of zooplankton in monsoon and post-
monsoon seasons might be attributed to a combination of
temperature, salinity and Chl- a concentration, which are
considered the main factors in regulating the population dy-
namics ( Peterson and Bellantoni, 1987 ). Seasonal studies in
different coastal areas highlighted the similar relationship
between the zooplankton abundance and the elevated tem-
perature and Chl- a concentration ( Biancalana et al., 2014 ;
Vieira et al., 2003 ), and are also in agreement with present
findings. In accordance with earlier studies in the Sundar-
bans ( Bhattacharya et al., 2015 ; Nandy et al., 2018 ) as
well as Indian coastal belt ( Srichandan et al., 2015 ), our
result also recorded high contribution of Copepoda among
the total zooplankton. During the present study, the con-
tribution of Copepoda to the total zooplankton population
ranged from 59—87% as reported in many estuarine systems
and coastal areas where Copepoda dominated the zooplank-
ton community ( Marques et al., 2006 ; Moderan et al., 2010 ;
Mouny and Dauvin, 2002 ). 

In the present study, a noticeable abundance of Cope-
poda with 87% of the total composition was documented
during the peak monsoon season. The versatility of these
taxa, which occupy several estuarine habitats is often due
to their broad trophic spectrum. According to Jagadeesan
et al. (2017) , the temporal changes in the abundance of
copepod community in a coastal area is generally influ-
enced by the coastal upwelling and associated hydrograph-
ical changes of the estuarine environment. During the sum-
mer and winter seasons, Calanoida (e.g., P. parvus, P. ac-
uleatus, Bestiolina similis, Acartia sp. and A. spinicauda )
clearly outnumbered other Copepoda species. However,
during the monsoon season, along with Calanoida few Cy-
clopoida (e.g., Oithona nana, O. similis, O. simplex and O.
brevicornis ) were also dominant in the community. The sea-
sonal dominance of Cyclopoida in the SES was clearly high-
lighting the temporal shift in their composition. The overall
ubiquitous dominance of genus Oithona during peak mon-
soon season suggests their high adaptability to trophic and
hydrologic conditions, which might be due to their contin-
uous reproduction and reduced mortality rates during this
season ( Nielsen and Sabatini, 1996 ; Pages et al., 1996 ). 

SES is characterised by a rich population of Copepoda and
meroplankton species adapted to endure changes in salinity
and other hydrological parameters during winter. Moreover,
the preponderance of meroplankton (e.g., Decapoda zoeae,
Bryozoa cyphonautes, Bivalvia and Gastropoda veliger) in
the SES suggests that these organisms take an important
role in the coupling of benthic-pelagic food webs. The abun-
dance and diversity of different larval forms (e.g., Zoea,
nauplius, and veliger) and their enormous contribution to
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he total zooplankton population make SES a unique ecosys- 
em during winter. Similar findings have also been reported 
y Rakhesh et al. (2008) at Kakinada Bay. During winter,
ifferent Mollusca veliger populations recorded maximum, 
specially at mouth stations, probably corresponding with 
heir seaward migration from the estuarine system. These 
arval forms move into the water column from the bottom
ayer during tidal flooding, and they are flushed into down- 
tream habitat by the ebb tides ( Zhou et al., 2009 ). Dur-
ng this season the higher abundance of Chaetognatha ( Z.
edoti ), was recorded with high IndVal index (44.23). The 
revious study also reported their high abundance in SES 
ue to their preference of estuarine environment during 
heir development ( Bhattacharya et al., 2015 ). Similarly, 
he high abundance of Chaetognatha during post-monsoon 
eriod was common in the coastal water of Adubidri ( Resmi
t al., 2011 ) and Rushikulla estuary ( Srichandan et al., 2015 )
hich is in agreement with our present observation. 
In the present study, the lowest abundance of zooplank- 

on occurred in the spring season. The increase of saline 
ater in SES caused by excess evaporation and lower nutri-
nts concentration during spring season might be the pos- 
ible reason for recording low zooplankton abundance and 
iomass. In general, soon after monsoonal precipitation, the 
iver runoff and water temperature start to decrease and 
ause depleted nutrients supply to the system, which has 
 cascading effect on lower productivity and might be the
eason of less zooplankton abundance during this season. In 
ropical estuarine system zooplankton generally breed dur- 
ng post-monsoon season (winter). As it takes time for zoo- 
lankton to breed and grow, there is a time-lapse for the
oncentration of zooplankton to increase. For this reason, 
he abundance of zooplankton is the lowest in spring. How-
eit, during the summer season the high turbidity in estu-
rine waters (wind and tide induced resuspension) might 
ffect the phytoplankton growth and restrain light avail- 
bility; which may be the causative factor in recording the
econd-lowest zooplankton abundance in the study area. In 
greement with our study, similar observations have also 
een reported from Kakinada Bay ( Rakhesh et al., 2008 ) and
uinzhou Bay ( Wang et al., 2014 ). 
In our study salinity seemed to be an important factor in

xplaining the dynamics of the zooplankton, especially at 
 spatial scale. Marques et al. (2009) ascribed that salinity 
f different water masses is closely related to the distri-
ution pattern of zooplankton. In the present study, spa- 
ial variation of salinity followed a similar pattern during 
our seasons. An increasing trend was observed from head 
o mouth of the estuary. The cluster analysis of four study
easons depicted a clear spatial distribution pattern of zoo- 
lankton population along the salinity gradient. During sum- 
er and monsoon seasons the upstream stations form a sep- 
rate cluster apart from the middle and downstream sta- 
ions. The major contribution of Bivalvia and Gastropoda 
lustered the upstream stations (station 1—3) during sum- 
er, indicating their seasonal recruitment during this time 

n SES. The upstream to downstream connectivity and di- 
ectionality influence the passive distribution of zooplank- 
on community. In SES, the significant spatial distribution of 
ooplankton during wet season could be explained by high 
iver runoffs that create typical north-south river continuum 

nvironmental gradient patterns as described by Vannote 
t al. (1980) in the Ying river. Furthermore, the low runoff
uring dry season (spring) turned the river into numerous
nterconnected pools in SES, which resulted in a nondirec-
ional spatial distribution of zooplankton (personal observa- 
ion). Low flows during the dry period partially interrupted
he upstream-downstream connection and limited the pas- 
ive migration of organisms. Similarly to present observa- 
ion, many researchers documented environmental-changes 
nduced high temporal variation of zooplankton population 
n estuarine systems around the globe ( Biggs et al., 1998 ;
eterson, 1996 ), and robustly heterogeneous spatial dis- 
ribution of zooplankton ( Giller et al., 1994 ; Zhao et al.,
017 ). The significant spatial changes of zooplankton abun-
ance and biomass in SES might be synchronized with the
xistence of the salinity gradient, as described in the Pearl
iver estuary by Li et al. (2006) . 
Shannon species diversity index is one of the broadly

sed ecological indices for measuring diversity for a par-
icular community. It can vary spatially and seasonally with
ifferent ecological factors (e.g., competition, predation 
nd succession) which might change the evenness index 
lbeit any alteration in richness index ( Stirling and Wilsey,
001 ). The present study showed a similar pattern in the
raphical representation of diversity and evenness indices, 
ut the relation with richness was not clear. Furthermore,
he higher values were observed for all diversity indices 
n upstream stations, indicating this part of the estuary is
ealthier than the downstream part in terms of zooplankton
iodiversity. According to Wang et al. (2014) the diversity
hreshold of zooplankton in a tropical estuarine system 

an be divided into 5 stages, like bad ( < 0.6), average
0.6—1.5), good (1.6—2.5), better (2.6—3.5) and excellent 
 > 3.5). In the present study, the Shannon diversity index
f SES was recorded much higher than 1.6 throughout
he study period, showing a good to better zooplankton
iversity pattern in this area. Moreover, the evenness 
ndex exceeded 0.3 during four seasons, indicating a good
iversity of zooplankton ( Sun et al., 2004 ). The species
iversity and species richness values were high during 
he pre-monsoon period (spring and summer), along with 
igh values of the evenness index, suggesting an equal
istribution of zooplankton species during these seasons. 
he present study showed the lowest diversity indices 
uring the monsoon season, which gradually increased after 
his period. This is consistent with previous works where
 similar observation was also reported by Bhattacharya 
t al. (2015) at different parts of the Sundarbans. 

.3. Zooplankton response to environmental 
hanges 

ur study revealed clear differences in zooplankton com- 
unity between the different sampling seasons, which can 
e explained by a combination of environmental variables. 
rom the CCA, the assemblages of zooplankton in the SES
re closely related to temperature, salinity, DO and nutri-
nts. It is indicated that the abundance and biomass are
bviously related to environmental factors in monsoon and 
inter seasons. The low salinity, moderate temperature, 
ormoxic water with sufficient nutrients triggered the zoo- 
lankton growth during this time in the SES. A similar type
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of observation has also been reported in Rushikulla Estu-
ary by Srichandan et al. (2015) , where zooplankton density
showed a positive correlation with nitrate and DO but nega-
tively correlated with salinity. In terms of zooplankton pop-
ulation, monsoon and winter seasons would be considered
as the most productive season for this estuarine system.
An elevated Chl- a was recorded during monsoon when nu-
trients were readily available and temperature increased,
while a decrease in Chl- a was observed during winter. Such
seasonal pattern of Chl- a has been reported by many re-
searchers in different estuarine complexes around the world
( Amin et al., 2011 ; Biancalana et al., 2014 ; Gil et al., 2011 ).
The lower concentration of the phytopigments and higher
zooplankton population during winter suggests a potential
zooplankton (especially meroplankton) grazing in this sea-
son ( Torres et al., 2009 ). Moreover, anoxic conditions (dur-
ing spring and summer) and high turbidity (only during sum-
mer) related to organic enrichment could be a causative
factor in decreasing zooplankton abundance and accelerat-
ing rate of copepod mortality ( Drira et al., 2018 ; Gordina
et al., 2001 ; Park and Marshall, 2000 ), though the total
zooplankton biomass was found to be high during summer
due to the dominance of large-sized Decapoda larvae. In
the overall study, the predominance of low saline species
of genus Paracalanus, Acartia and Acrocalanus clearly in-
dicates the estuarine influence in the study area. Fur-
thermore, subtle changes of detrimental pollutant such
as NH 4 -N plays a noteworthy role in the seasonal pattern
of zooplankton communities. The higher concentration of
ammonia-nitrogen during summer had a great impact on
the abundance of zooplankton in the present study. Zhao
et al. (2013) recognized that too high or low concentra-
tion of this parameter results in the reduction of zooplank-
ton density in an estuarine system. The distinct clusters in
both stations and species biplot of CCA analysis clearly re-
vealed that the zooplankton spatio-temporal variation may
be caused by different environmental variables, which can
regulate the overall composition, diversity, distribution of
Copepoda and abundance of meroplankton in the estuar-
ine ecosystem. Among all the environmental variables salin-
ity, pH, temperature and micronutrients accounted for the
most of spatio-temporal variations of zooplankton popula-
tion dynamics. As suggested by Dorak and Albay (2016) and
Wooldridge (1999) , the horizontal salinity and temperature
gradients are known to have an important role in deter-
mining the spatial and seasonal distribution of zooplankton,
respectively. 

4.4. Zooplankton as a relevant bioindicator 

Due to their short life cycles, drifting habitus and quick re-
actions to changes of the aquatic environment zooplank-
ton are considered as an excellent bioindicator for in-
vestigating and documenting of the environmental influ-
ences in estuarine and/or brackish water system ( Annabi-
Trabelsi et al., 2019 ; Campos et al., 2017 ; Drira et al.,
2018 ; Sipkay et al., 2009 ). In a tropical estuarine com-
plex, dominant zooplankton taxa generally determine the
structure of the community and the pathway of material
circulation and energy transference into the ecosystem. If
a dominant group dies out, the structure of the commu-
nity will alter along with the ecological environment ( Wang
et al., 2014 ). In the present investigation, the seasonal oc-
currences of particular zooplankton with significant tem-
poral variation implies that the variation of salinity and
other environmental factors in the surface water exerts
either a direct or an indirect effect in the appearance
or disappearance of some taxa and replacement by oth-
ers. Mean abundance of some indicator zooplankton taxa
varied seasonally and acted as the responsible factor for
significant ( p = 0.001) dissimilarity among four sampling
period. 

Among zooplankton, Copepoda are considered as most
sensitive to even subtle changes in the hydrological char-
acteristics and regarded as suitable ecological indicators of
different environmental oscillation and ecosystem function-
ing ( Campos et al., 2017 ; Jyothibabu et al., 2018 ). During
monsoon, 3 Calanoida ( P. parvus, Acartia sp. and A. longi-
cornis ) and 3 Cyclopoida ( O. brevicornis, O. simplex and O.
similis ) species showed high IndVal index. Cyclopoida can
survive in a wide range of habitats and maintain their pop-
ulation in any adverse condition ( Paffenhoffer, 1993 ). More-
over, their reproductive strategy was the main reason for
their significantly high abundance during monsoon season
( Keister and Tuttle, 2013 ). The high IndVal index (83.01) of
O. brevicornis and presence of O. nana only during mon-
soon exhibit a clear indication of organic pollution and an-
thropogenically disturbed marine system in this period at
the river Matla of SES ( Drira et al., 2018 ; Serranito et al.,
2016 ; Uye, 1994 ). These phenomena probably can be best
explained by the fact that this area during monsoon season
is under constant anthropogenic stress compared to other
seasons. The dominance of meroplankton (especially the
Mollusca veliger) during winter is a good indication of the
most productive season for their recruitment in SES acti-
vated by low temperature and a moderate amount of nutri-
ents and Chl- a concentration in the estuarine environment.
The higher indicator value of copepod A. clausi during this
time implies their euryhaline character and the high abun-
dance in the dry season, as reported in earlier studies ( Dorak
and Albay, 2016 ; Vieira et al., 2003 ). During spring, the her-
bivorous zooplankton like Euphausiacea calyptopis, Echino-
dermata larvae, Hydrozoa, and Copepoda nauplii indicated
their preferences to transparent high saline estuarine wa-
ter. The peak abundance of Hydrozoa during spring was a
very common phenomenon in Indian coasts. Santhakumari
and Nair (1999) and Srichandan et al. (2015) also reported
such higher population density of Hydrozoa during the pre-
monsoon period. Furthermore, maximum IndVal index of C.
crassiusculus (57.58) during spring indicates their feeding
preference towards Copepoda nauplii ( Turner, 1984 ), which
is most abundant in SES during this period. The highest indi-
cator value (87.5) recorded for the Decapoda larvae and B.
hanseni during the summer season suggested that SES sup-
ports these decapods community during this time for their
ingress, growth and reproduction. Similarly, Srichandan
et al. (2015) and Venkataramana et al. (2017) have also
mentioned that the coastal part of Bay of Bengal remains
more productive and supports high decapods density by
linear correlation with temperature during pre-monsoon
season. 

In the present study, the maximum water tempera-
tures 32.5 and 33.4 °C were recorded during the mon-
soon and summer season, respectively, in this part of the
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undarbans. Mitra et al. (2009) suggested that the ef- 
ects of global warming can been observed in the In-
ian Sundarbans as a significant rising trend of the sur-
ace water temperature has been detected over the past 
7 years. The increment of water temperature is visibly 
eflected in the present study by perennial dominance of 
alanoida ( B. similis, P. parvus, A. gracillis, Acrocalanus 
ibber and Temora turbinata ) in SES, which are consid- 
red warm water preferring species ( Bhattacharya et al., 
015 ; Stephen, 1984 ; Tseng et al., 2012 ; Wong et al., 2000 ).
he exclusive appearance of these warm-water species 
long with high IndVal index might be an indication of the
limate change-mediated temperature rise in the Indian 
undarbans. 

. Conclusion 

he present study provides an overview of the changes in 
bundance and community structure of zooplankton and 
trengthens their role as an indicator organism of hydro- 
raphical changes in the Sundarbans. A strong spatial, as 
ell as seasonal variation, was observed in the zooplankton 
ommunity influenced by different hydrological parameters 
t the river Matla in SES. This is the first in-depth study
rom the mangrove dominated estuary under a restricted 
iosphere reserve area in the SES. A clear seasonal composi- 
ional shift with the increased percentage of Copepoda dur- 
ng the monsoon season was documented. Copepoda have 
merged as the dominant group contributing > 50% of the to-
al population. Presence of different larval forms dominated 
y Crustacea suggested that the Sundarbans estuarine com- 
lex acts as a breeding ground for benthos species. Water
emperature, DO, salinity and nutrients were the principal 
actors in affecting spatio-temporal differentiation of zoo- 
lankton community structure at the present study area. A 
lear seasonal cycle was observed in terms of variability in 
opepoda composition and recruitment of different mero- 
lankton communities. Such biological changes in zooplank- 
on assemblages are likely to have significant implications 
n the productivity and functioning of the pelagic ecosys- 
em in SES. Additionally, the present study is a maiden ap-
roach, focused on identifying indicator species of different 
ooplankton taxa at different time-scales. The occurrence 
f warm water species indicated the area is under the threat
f climate change-mediated temperature rise. The present 
ata, based on spatio-temporal scale in the Sundarbans, 
ay help monitor the potential ecological assessment of 
his estuarine system. Furthermore, the result contributes 
o a deeper understanding of zooplankton variability and 
heir seasonal succession pattern in this dynamic estuarine 
nvironment. Future works should be focused on identify- 
ng the indicator species of different zooplankton group at 
 longer time scale, which may help assess ecological under-
tanding in the climate change-driven hydrological regime. 
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