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irrespective of salinity regimes. On the diurnal scale, 
it was higher at night in comparison to the day at both 
E1 and E2. The higher abundance of zooplankton 
groups such as Copepoda, Cladocera, and planktonic 
larvae during the night at E1 as well as E2 indicating 
an upward migration. Many of the zooplankton taxa 
(e.g., Pseudodiaptomus serricaudatus, Pseudodiapto-
mus sp., Acartia danae, Acrocalanus longicornis, 
Oithona sp., Corycaeus andrewsi) migrated towards 
E1 due to tidal effect during high tide and maintained 
their position even during low tide. In contrast, the 
prevalence of limnetic taxa (e.g., Brachionus rubens, 
Polyarthra vulgaris, Bosminopsis deitersi, Moina 
micrura, Heliodiaptomus sp.) at E2 during low tide 
indicated a predominant riverine source. The tidal 
variability of Brachyura (zoea and megalopa) revealed 
different emergence times that indicated dispersal of 
zoeas to the adjacent Bay of Bengal and the return 
of magalopa to the Mahanadi Estuary. Species diver-
sity index was higher during high tide, and prominent 
at E2. At E1, marine, fresh, marine-brackish, and 

Abstract  The variability in zooplankton density 
and species composition in response to tidal oscil-
lations were investigated in the lesser saline upper 
reaches (E1) and higher saline lower reaches (E2) of 
the Mahanadi Estuary, located at the mouth of the 
third largest river in Indian Peninsula. This is the first 
of its kind high frequency observation over the tidal 
cycle ranging from highest high tide to lowest low 
tide in this estuary revealing dynamic variability of 
zooplankton assemblages. Zooplankton abundance 
was higher during high tide in comparison to low tide, 
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marine-brackish-fresh zooplankton species dominated 
during high tide, while brackish-fresh taxa dominated 
during low tide. Differently, E2 was enriched with 
marine, marine-brackish, and marine-brackish-fresh 
taxa during high tide, whereas fresh, brackish-fresh, 
and marine-fresh dominated during low tide. Salinity 
and suspended matter influenced the dominant zoo-
plankton taxa at E2 and E1, respectively. Zooplankton 
assemblages exhibited a pattern of prominent diurnal-
spatial variation in comparison to the tidal scale in the 
Mahanadi Estuary. Overall, this study documented a 
very high zooplankton diversity (92 taxa belonging to 
13 groups) and significant variations in species abun-
dance which highlighted the importance of carrying 
out sampling over the tidal cycle at contrasting salinity 
regimes.

Keywords  Copepoda · Tide · Diurnal · Mahanadi 
Estuary · Bay of Bengal

Introduction

Estuaries are transition zones that link rivers to 
the sea where freshwater mixes with marine water 
(Gazeau et  al., 2005). In general, the estuaries are 
highly productive zones attributed to variable degrees 
of marine and freshwater ingress that makes the water 
quality highly dynamic resulting in spatial and tem-
poral hydro-biological patterns. The nutrient trap-
ping efficiency and short nutrient regeneration time 
of estuaries support a wide array of biota forming 
ecological niches (Leandro et  al., 2007; Menendez 
et al., 2012). The faunal planktonic component, zoo-
plankton, prey upon phytoplankton exerting top-down 
control on their ecology (Micheli, 1999; Winder & 
Jassby, 2011). On the other hand, zooplankton act 
as a trophic level intermediate by serving as a major 
diet source for fishes. And thereby, zooplankton regu-
late fish migration, control the survival of fish larvae, 
and support coastal water fisheries (Abo-Taleb, 2019; 
Ayon et al., 2008). In addition, zooplankton perform 
a major ecological role in the aquatic environment by 
predominantly contributing to organic matter flux and 
nutrient recycling (Steinberg & Landry, 2017). There-
fore, understanding the distribution and variability of 
zooplankton community composition is important in 
evaluating ecosystem health (Marques et al., 2009).

Unlike other aquatic ecosystems, estuarine zoo-
plankton assemblages are closely coupled with fluc-
tuation in the ambient physico-chemical parameters 
over the tidal and diurnal cycle (Marques et  al., 
2009). Estuarine zooplankton performs migration 
and exhibits adaptation mechanisms in response to 
tidal and diurnal dynamics. Tidal oscillation in estu-
aries results in the significant movement of water 
layers resulting in highly dynamic salinity regimes 
that influence the distribution of zooplankton popu-
lations (Chew & Chong, 2011). Several studies have 
reported relatively higher abundances of zooplankton 
during low tide in comparison to high tide (Davies &  
Ugwumba, 2013; Gao et al., 2011; Jessopp & McAllen,  
2008). In contrast, some studies have also shown 
maximum zooplankton abundances during high tide 
(da Costa et al., 2013; Gajbhiye et al., 1984). In regard 
to the diurnal cycle of zooplankton, solar insolation 
plays an important role in the variability of estuarine 
zooplankton community (Chew et al., 2015).

In the context of Indian estuaries, spatio-temporal 
studies have been carried out at regular intervals on 
estuarine zooplankton ecology (Nandy & Mandal, 
2020; Srichandan et  al., 2021; Venkataramana et  al., 
2017). However, high-resolution studies at the diurnal 
and tidal scales are very scanty, especially in estuaries 
of the Indian east coast. Mahanadi Estuary formed at 
the mouth of Indian Peninsula’s 3rd largest river system 
Mahanadi on the east coast, which hosts a semi-diurnal 
tidal ecosystem (Srichandan et  al., 2019). This estuary 
owes significant ecological and socio-economic impor-
tance. Mahanadi Estuary and adjoining coastal waters of 
the Bay of Bengal are major fishing grounds on the east 
coast of India. In addition, the coastal waters off Maha-
nadi Estuary host mass-mating of olive ridley sea turtles. 
On the other hand, rapid urbanization and industrializa-
tion in nearby areas of the Mahanadi Estuary pose an 
ecological risk for the inhabiting biota (Samantray et al., 
2009; Sundaray et  al., 2009). Since zooplankton plays 
a pivotal role in estuarine and coastal biogeochemistry, 
understanding the variability in community composi-
tion of these organisms will help in ecosystem health 
assessment. In this context, the tidal and diurnal distri-
butions of the zooplankton community structure need 
to be understood, but remain unexplored in the Maha-
nadi Estuary. On this backdrop, the present study was 
carried out with an aim to investigate the effect of tidal 
and diurnal scale on the zooplankton distribution and 
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community structure over a tidal cycle in the Mahanadi 
Estuary.

Materials and methods

Study site

The present study was carried out in the Mahanadi 
River Estuary connected to the Bay of Bengal on the 
east coast of India at Paradip (Fig. 1). Mahanadi River 
flows through hilly terrain in its upper reaches and a 
low-lying deltaic coastal plain before draining into the 
bay (Borole et al., 1979; Panda et al., 2006). It is one of 
the major Indian rivers in terms of water potential and 
flood producing capability (Chakrapani & Subramanian, 
1990). The river runs a total length of ~ 851  km and a 
peak discharge of ~ 44,740 m3 s−1 during monsoon sea-
son (Ganguly et  al., 2011; Raj et  al., 2013). The basin 

is characterized by a tropical climate and receives 90% 
annual rainfall during the south-west monsoon that sets 
in between June-July and withdraws in October (Bastia & 
Equeenuddin, 2016; Chakrapani & Subramanian, 1990; 
Mishra et al., 2009). The annual river runoff follows the 
rainfall pattern (Rao et al., 2004). The estuarine system is 
classified as a tide-dominated and partially mixed coastal 
plain estuary on the basis of physical characteristics 
(Panda et al., 2006; Rao et al., 2004). It is a micro-tidal 
estuary and experiences semi-diurnal tides, and the tidal 
water influence could be observed up to 40 km upstream 
(Murali et al., 2015; Naik et al., 2020; Panda et al., 2006). 
The estuarine flux signature was traced to 43 km off the 
coast in the Bay of Bengal (Mishra et  al., 2009). The 
water column of the estuary varies from 2 to 12 m (Rao 
et  al., 2004). Mahanadi Estuary supports livelihood of 
thousands of fisher folks by facilitating hundreds of fish-
ing fleets for capture fishery in the estuarine region as 
well as in the coastal waters of the Bay of Bengal. The 

Fig. 1   Map showing sampling stations in the upper (E1) and lower (E2) Mahanadi Estuary, on the east coast of India. (Image 
reprinted by permission from Springer Nature, Bulletin of Environmental Contamination and Toxicology, Baliarsingh et al., 2021a)
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average annual fish landing is 25,000—30,000 MT in 
Mahanadi Estuary fishing harbor at Paradip (Acharyya 
et al., 2021; Baliarsingh et al., 2021a, b; Paradeep Fish-
ing Harbour, 2020). Agricultural run-off and industrial-
urban effluents drain into the river, and the amount is 
very large (Sundaray et al., 2009).

Methodology

Field surveys were carried out from 3rd to 9th Octo-
ber of 2018 at upper (E1) and lower (E2) reaches of 
Mahanadi Estuary (Fig. 1). E1 represents a low saline 
regime, while E2 represents a high salinity regime. E1 
is located at a distance of ~ 12 km upstream from E2 
(Baliarsingh et  al., 2021b). This estuary experiences 
semi-diurnal tides with two high and two low tides 
in a 24-h cycle. Surface water samples for analysis of 
physical, chemical, and biological parameters were 
collected during each high as well as low tide over 
the study period on board a mechanized boat (Fig. 2). 
The specific duration of the survey was fixed to collect 
samples within the highest high tide to lowest low tide 
of a tidal cycle. Tide height data was obtained from 
the Survey of India, and accordingly, the aforemen-
tioned dates for tidal cycle were selected. Zooplank-
ton samples were collected from the surface using a 
plankton net (mesh size: 120 µm, make: KC Denmark) 
equipped with a flow meter (make: KC Denmark). The 
plankton net was towed horizontally by a mechanized 
boat. The net towing speed was maintained at ~ 1–2 

knot and lasted for 5–10 minutes per sample. The vol-
ume of water filtered through the net was calculated 
using the following equation (Srichandan et al., 2021).

NRF = number of revolution of flow meter, 
PI = pitch of impeller (m), NOA = net opening area 
(m2).

The average filtered volume of water was 72 m3. 
Zooplankton samples were immediately preserved 
with 5% formaldehyde. Qualitative and quantitative 
analyses were carried out in the laboratory using a 
trinocular compound microscope (make: Labomed; 
model: LX-400). Taxonomic keys were referred 
for zooplankton species identification (Al-Yamani 
et al., 2011; Battish, 1992; Conway et al., 2003). The 
zooplankton species habitat was defined based on 
WoRMS (World Register of Marine Species, 2021) 
and above-mentioned standard taxonomic literature.

Salinity and temperature were recorded with 
the aid of a CTD Profiler (make: Sea-Bird Elec-
tronics, model: 19Plus). Dissolved oxygen (DO) 
and biochemical oxygen demand (BOD) were esti-
mated using the Winkler’s method as described by 
Grasshoff et  al. (1999). Total suspended matter 
(TSM) was analyzed gravimetrically by filtering a 
known volume of the water sample through a 0.45-
µm filter. Chlorophyll-a (chl-a) concentration was 
measured by adopting 90% acetone extraction 

Water Filtration Volume
(

m
3
)

= NRF × PI × NOA

Fig. 2   Sampling in response to tidal oscillation in the upper (E1) and lower (E2) reaches of Mahanadi Estuary during 2018. D1 to 
D7 denote the sampling dates as mentioned in the abscissa
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method with aid of a UV-Visible  spectrophotom-
eter (make: Shimadzu, model: UV2600). Colored 
dissolved organic matter (CDOM) was measured 
with aid of a fluorometer (make: Turner Designs, 
model: 7200–000). The water sample (1  l) for 
phytoplankton analysis were fixed with forma-
lin-Lugol’s iodine solution and concentrated by 
a gravity sedimentation method. Phytoplankton 
cells were enumerated using a 1-ml Sedgwick-
Rafter counting cell under a trinocular compound 
microscope (Labomed; model: LX-400).

Univariate diversity indices, viz., species rich-
ness, species diversity index, and species evenness 
were computed following Margalef (1958), Shannon 
and Weaver (1963), and Pielou (1966), respectively. 
Similarity percentage (SIMPER) analysis and canoni-
cal correspondence analysis (CCA) were carried out 
using the PAST statistical package (version 4.03) 
(Hammer et  al., 2001). Group average Bray–Curtis 
dendrogram and non-metric multi-dimensional scal-
ing (NMDS) were constructed with normalized data 
using PRIMER (version 6.1.7) (Clarke & Warwick, 
2001). One-way analysis of variance (ANOVA) was 
carried out using Microsoft Excel Spread sheet func-
tion, and the probability (p) values < 0.05 were con-
sidered to explain the significant variability of param-
eters. Graphical representations were prepared using 
Grapher (version 8.8).

Results and discussion

Tidal‑diurnal variability in zooplankton species 
diversity

A total of 39 species of holoplankton represented 
by 6 diverse categories of organisms, namely, Cili-
ophora (2 species), Rotifera (15 species), Cladocera 
(3 species), Copepoda (16 species), Ostracoda (1 spe-
cies), and Malacostraca (2 species) and 9 types of 
planktonic larvae were observed at E1 (Table 1). The 
zooplankton population was observed to be highly 
diverse at E2 (holoplankton: 69 species, planktonic 
larvae: 14 types) in comparison to E1 (Table  1). 
Holoplankton assemblages were distributed into 
12 diverse taxa, namely, Radiozoa (1 species), Cili-
ophora (5 species), Rotifera (16 species), Hydrozoa 
(3 species), Ctenophora (1 species), Gastropoda (4 

species), Cladocera (4 species), Copepoda (28 spe-
cies), Malacostraca (2 species), Chaetognatha (2 spe-
cies), and Chordata (3 species) at E2. Among the 39 
identified taxa of holoplankton at E1, 18 were fresh, 9 
marine, 6 marine-brackish-fresh, 5 marine-brackish, 
and 1 brackish-fresh habitat zooplankton. Contrast-
ingly, at E2, a higher number of marine taxa (35 spe-
cies) was observed, followed by fresh (17 species), 
marine-brackish (9 species), marine-brackish-fresh (6 
species), brackish-fresh (1 species), and marine-fresh 
(1 species). Among the total identified taxa over the 
study period, 5 eutrophication indicator species of 
zooplankton were also noticed (Table 1).

The species diversity indices serve as impor-
tant indicators of ambient water quality and species 
homogeneity among the populations (Lopes et  al., 
2009; Thakur et al., 2013). The species diversity and 
evenness index did not show prominent variation with 
tides at E1 (Fig. 3). However, the richness index was 
higher during high tide in comparison to low tide. 
This might be attributed to the transport of marine 
species to the upstream during high tide. At E2, the 
species diversity along with richness and evenness 
indices showed higher values during high tide in com-
parison to low tide. During high tide, the intrusion 
of marine species from the adjacent Bay of Bengal 
could have triggered species diversity and richness 
indices. Zooplankton species diversity was higher in 
E2 as compared to E1, which could be attributed to 
the contribution of both incursive marine and estua-
rine species that contribute to the overall population 
(Wooldridge, 1999). The diversity indices also high-
lighted the differences between day and night periods 
in the Mahanadi Estuary. Species diversity index was 
significantly higher at night in comparison to the day 
at E1, suggesting the occurrence of vertical migration 
(Marques et al., 2009). Concerning the diurnal cycle 
at E2, higher values for species diversity and even-
ness indices were observed during the day in compar-
ison to the night and could be attributed to the diurnal 
variation of zooplankton with diverse assemblages.

Zooplankton abundance and community structure in 
response to tidal cycle

The tidal oscillation largely determines zooplankton 
distribution pattern and plays a significant role in the 
dynamics of resident zooplankton through inflow and 
outflow of stocks (Krumme & Liang, 2004; Villate, 
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Table 1   Tidal and diurnal distribution of zooplankton taxa with abundance (org m−3) in upper and lower Mahanadi Estuary. The 
number against each taxa represents average value with standard error

Upper estuary Lower estuary Upper estuary Lower estuary

Zooplankton taxa High tide Low tide High tide Low tide Day Night Day Night

Holoplankton
Radiozoa
Acanthometron sp. m – – – – – – 2 ± 2 – – – – – – – – – 2 ± 2 – – –
Ciliophora
Tintinnopsis beroideam# – – – – – – 1 ± 1 2 ± 2 – – – – – – 2 ± 2 0.7 ± 0.7
Tintinnopsis uruguayensism# – – – – – – – – – 1 ± 1 – – – – – – 1 ± 1 – – –
Tintinnopsis sp.m – – – – – – – – – 0.5 ± 0.5 – – – – – – – – – 0.5 ± 0.5
Codonellopsis ostenfeldim – – – – – – – – – 3 ± 3 – – – – – – 3 ± 3 – – –
Stenosemella sp.m – – – 3 ± 3 – – – – – – 3 ± 3 – – – – – –
Vorticella sp.m 1 ± 1 – – – 1 ± 1 1 ± 1 1 ± 1 – – – 0.5 ± 0.5 2 ± 2
Rotifera
Anuraeopsis fissaf# – – – – – – 0.3 ± 0.3 – – – – – – – – – 0.2 ± 0.2 – – –
Anuraeopsis sp.f 17 ± 13 4 ± 2 3 ± 3 4 ± 3 15 ± 12 5 ± 4 3 ± 3 4 ± 3
Brachionus angularisf# 3 ± 3 – – – – – – – – – – – – 4 ± 4 – – – – – –
Brachionus bidentatusf 11 ± 8 – – – 0.3 ± 0.3 – – – 10 ± 8 – – – 0.2 ± 0.2 – – –
Brachionus caudatusf – – – – – – 1 ± 1 – – – – – – – – – – – – 1 ± 1
Brachionus falcatusf 8 ± 5 8 ± 6 – – – 2 ± 1 7 ± 6 9 ± 5 1 ± 1 0.4 ± 0.4
Brachionus rubensf 38 ± 15 27 ± 21 12 ± 9 25 ± 12 23 ± 11 45 ± 25 19 ± 9 19 ± 12
Brachionus sp.f 26 ± 25 17 ± 9 2 ± 1 5 ± 3 34 ± 23 6 ± 5 5 ± 3 1 ± 1
Keratella cochlearisf# 1 ± 1 – – – 1 ± 1 – – – 1 ± 1 – – – 0.7 ± 0.7 – – –
Asplanchna brightwellif 4 ± 4 35 ± 22 – – – – – – 0.2 ± 0.2 43 ± 24 – – – – – –
Asplanchna sp.f 46 ± 21 77 ± 77 0.4 ± 0.4 1 ± 1 113 ± 71 1 ± 1 0.4 ± 0.4 1 ± 1
Lecane sp.f 5 ± 5 – – – – – – 0.3 ± 0.3 5 ± 5 – – – 0.3 ± 0.3 – – –
Lepadella sp.mf – – – – – – – – – 1 ± 1 – – – – – – – – – 2 ± 2
Colurella sulcataf 1 ± 1 – – – – – – – – – 1 ± 1 – – – – – – – – –
Polyarthra vulgarisf 4 ± 3 – – – 1 ± 1 3 ± 2 – – – 4 ± 4 3 ± 2 2 ± 2
Trichocerca jenningsif – – – – – – – – – 0.37 ± 0.37 – – – – – – – – – 0.4 ± 0.4
Trichocerca longisetaf 4 ± 4 1 ± 1 – – – 1 ± 1 3 ± 3 2 ± 2 0.8 ± 0.8 – – –
Trichocerca sp.f 3 ± 3 – – – – – – – – – 2 ± 2 – – – – – – – – –
Hexarthra miraf – – – – – – 0.1 ± 0.1 2 ± 2 – – – – – – 2 ± 2 0.4 ± 0.4
Testudinella sp.mbf – – – 12 ± 9 – – – 8 ± 5 11 ± 9 – – – 5 ± 4 3 ± 3
Hydrozoa
Aglaura hemistomam – – – – – – 0.1 ± 0.1 – – – – – – – – – – – – 0.1 ± 0.1
Obelia sp.m – – – – – – 4 ± 3 – – – – – – – – – 3 ± 3 1 ± 0.9
Phialella quadratam – – – – – – 4 ± 3 – – – – – – – – – 2 ± 2 1 ± 0.9
Ctenophora
Beroe sp.m – – – – – – 0.05 ± 0.05 – – – – – – – – – – – – 0.05 ± 0.5
Gastropoda
Atlanta sp.m – – – – – – 3 ± 3 – – – – – – – – – 0.2 ± 0.2 3 ± 3
Janthina sp.m – – – – – – 16 ± 15 0.7 ± 0.5 – – – – – – 1 ± 1 17 ± 16
Creseis aciculam – – – – – – 14 ± 6  0.3 ± 0.3  – – – – – – 8 ± 5 6 ± 4
Heliconoides inflatusm – – – – – – 2 ± 2 – – – – – – – – – – – – 2 ± 2
Cladocera
Pseudevadne tergestinam – – – – – – 1 ± 1 – – – – – – – – – – – – 1 ± 1
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Table 1   (continued)

Upper estuary Lower estuary Upper estuary Lower estuary

Zooplankton taxa High tide Low tide High tide Low tide Day Night Day Night

Diaphanosoma sp.mbf 4 ± 4 – – – – – – 1 ± 1 3 ± 3 – – – – – – 2 ± 2
Bosminopsis deitersif 11 ± 5 15 ± 6 – – – 2 ± 1 6 ± 4 21 ± 6 – – – 2 ± 2
Moina micrurabf 47 ± 21 55 ± 21 3 ± 3 14 ± 5 26 ± 11 81 ± 27 5 ± 3 12 ± 6
Copepoda
Acartia danaem 25 ± 15 5 ± 3 7 ± 4 8 ± 5 3 ± 3 29 ± 16 8 ± 5 7 ± 4
Acartia erythraeam 1 ± 1 – – – 40 ± 18 2 ± 2 1 ± 1 – – – 20 ± 15 21 ± 13
Acartia spinicaudam – – – – – – 8 ± 6 2 ± 2 – – – – – – 2 ± 2 9 ± 6
Acartia sp.m 4 ± 4 3 ± 2 – – – – – – 0.2 ± 0.2 7 ± 4 – – – – – –
Candacia sp.m – – – – – – 0.1 ± 0.1 – – – – – – – – – 0.1 ± 0.1 – – –
Centropages furcatusm – – – – – – 6 ± 3 – – – – – – – – – 2 ± 2 3 ± 3
Centropages tenuiremism 3 ± 3 – – – 6 ± 4 – – – – – – 4 ± 4 5 ± 4 1 ± 1
Labidocera acutam – – – – – – 1 ± 1 – – – – – – – – – 1 ± 1 – – –
Labidocera sp.m 2 ± 2 – – – 1 ± 1 – – – 2 ± 2 – – – 1 ± 1 – – –
Canthocalanus pauperm – – – – – – – – – 1 ± 1 – – – – – – 1 ± 1 – – –
Acrocalanus gibberm – – – – – – 3 ± 2 3 ± 2 – – – – – – 3 ± 2 4 ± 2
Acrocalanus longicornism 4 ± 4 3 ± 3 72 ± 26 6 ± 2 3 ± 3 4 ± 4 33 ± 17 47 ± 25
Paracalanus aculeatusm – – – – – – 5 ± 3 1 ± 0.5 – – – – – – 4 ± 3 1 ± 1
Paracalanus parvusm – – – – – – 2 ± 1 – – – – – – – – – 1 ± 0.4 1 ± 1
Eucalanus sp.m – – – – – – 5 ± 3 2 ± 1 – – – – – – 2 ± 2 5 ± 3
Subeucalanus subcrassusm – – – – – – 12 ± 4 – – – – – – – – – 3 ± 2 10 ± 4
Pseudodiaptomus annandaleimbf – – – 2 ± 2 – – – – – – – – – 3 ± 3 – – – – – –
Pseudodiaptomus aurivillimb 23 ± 17 – – – 2 ± 2 – – – 7 ± 7 17 ± 17 2 ± 2 – – –
Pseudodiaptomus serricauda-

tusmb
293 ± 239 16 ± 11 – – – 10 ± 7 26 ± 23 306 ± 261 7 ± 7 3 ± 2

Pseudodiaptomus sp.mbf 95 ± 58 81 ± 39 – – – 3 ± 3 35 ± 13 150 ± 70 3 ± 3 – – –
Heliodiaptomus sp.f 14 ± 14 4 ± 3 – – – 1 ± 1 – – – 20 ± 15 – – – 1 ± 1
Oithona brevicornismb – – – – – – 1 ± 1 3 ± 1 – – – – – – 1 ± 1 3 ± 2
Oithona nanambf – – – – – – 12 ± 12 – – – – – – – – – – – – 13 ± 13
Oithona sp.mbf 4 ± 3 1 ± 1 1 ± 1 1 ± 1  4 ± 3 1 ± 1 1 ± 1 1 ± 1
Mesocyclops sp.f 235 ± 53 226 ± 70 1 ± 1 28 ± 10 127 ± 30 353 ± 72 5 ± 2 25 ± 11
Thermocyclops sp.f 10 ± 4 16 ± 6 – – – 13 ± 6 13 ± 5 12 ± 6 1 ± 1 13 ± 6
Microsetella norvegicamb – – – – – – 0.1 ± 0.1 – – – – – – – – – 0.1 ± 0.1 – – –
Euterpina acutifronsmb – – – – – – 2 ± 2 1 ± 0.5 – – – – – – 1 ± 0.4 3 ± 2
Corycaeus andrewsimb 3 ± 3 1 ± 1 9 ± 4 1 ± 1 – – – 5 ± 4 5 ± 2 5 ± 4
Corycaeus catusmb – – – – – – 2 ± 2 – – – – – – – – – 2 ± 2 – – –
Corycaeus sp.mb 1 ± 1 – – – – – – – – – 1 ± 1 – – – – – – – – –
Ostracoda
Cypris sp.f  – – – 2 ± 2 – – – – – – 2 ± 2 1 ± 1 – – – – – –
Malacostraca
Hyperia sp.m 0.01 ± 0.01 – – – 0.1 ± 0.1 – – – – – – 0.02 ± 0.02 – – – 0.1 ± 0.1
Lucifer hansenimb 1 ± 1 – – – 20 ± 13 1 ± 0.4 – – – 1 ± 1 3 ± 2 19 ± 14
Chaetognatha
Sagitta enflatam – – – – – – 2 ± 1 – – – – – – – – – 1 ± 1 1 ± 1
Sagitta sp.m – – – – – – 8 ± 6 0.03 ± 0.01 – – – – – – 7 ± 5 0.1 ± 0.1
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1997). In order to determine the degree of similarity, 
NMDS was applied to the zooplankton abundance. 
NMDS technique has been proved to be useful in eco-
logical studies of plankton in identifying spatial het-
erogeneity (Alfonso et  al., 2010; Anandavelu et  al., 
2020; Connelly et al., 2020). NMDS prominently dif-
ferentiated zooplankton abundance at E1 and E2 with 
respect to tides demonstrating spatial heterogeneity in 
zooplankton distribution (Fig. 4).

The zooplankton abundance varied in response to 
tidal oscillations at both E1 and E2. The zooplankton 
abundance was relatively higher during high tide (avg. 
1430 org m−3) in comparison to low tide (avg. 718 org 
m−3) at E1 (Fig. 5). Similarly, E2 also showed a higher 
abundance of zooplankton during high tide (avg. 456 
org m−3) as compared to low tide (avg. 401 org m−3) 
(Fig. 5). However, there was no statistically significant 
variation between the tides at both E1 (p = 0.28) and E2 
(p = 0.61). The higher abundances during high tide, irre-
spective of sites, could be attributed to the high inflow 
of seawater from the adjacent Bay of Bengal. Similarly, 
higher abundances of zooplankton at high tide have 

been reported earlier from the Han River Estuary (Youn 
& Choi, 2008). In terms of the different forms of zoo-
plankton, according to the habitat, at E1, a higher abun-
dance of marine, fresh, marine-brackish, and marine-
brackish-fresh species was observed during high tide, 
while a higher abundance of brackish-fresh species 
was observed during low tide (Fig. 6). At E2, relatively 
larger proportions of marine, marine-brackish, and 
marine-brackish-fresh were observed during high tide, 
while fresh, brackish-fresh, and marine-fresh dominated 
mostly during low tide (Fig. 6).

A distinct variation in the abundance of different 
zooplankton groups was evident at the tidal scale 
in the Mahanadi Estuary. Prominent increment of 
Copepoda and planktonic larvae abundances was 
observed during high tide at E1 (Fig. 7). This pattern 
could be attributed to the migration of non-resident 
species of Copepoda and planktonic larvae from sea 
to E1. This observation is in agreement with previ-
ous studies in tropical coastal waters that reported 
the higher abundance of Copepoda during high tide 
(Robertson et al., 1988). In addition, the presence of 

Table 1   (continued)

Upper estuary Lower estuary Upper estuary Lower estuary

Zooplankton taxa High tide Low tide High tide Low tide Day Night Day Night

Chordata
Oikopleura dioicamb – – – – – – 5 ± 3 – – – – – – – – – 2 ± 2 3 ± 3
Thalia democraticam – – – – – – 1 ± 1 – – – – – – – – – – – – 1 ± 1
Salpa fusiformism – – – – – – 1 ± 1 – – – – – – – – – – – – 1 ± 1
Planktonic larvae
Bivalvia veligers 10 ± 5 6 ± 3 24 ± 8 1 ± 1 6 ± 3 11 ± 5 8 ± 4 17 ± 9
Brachyura megalopa larvae 4 ± 4 0.01 ± 0.01 – – – – – – 0.1 ± 0.1 5 ± 4 – – – 0.01 ± 0.01
Brachyura zoea larvae 6 ± 4 12 ± 6 21 ± 13 115 ± 52 2 ± 1 17 ± 7 40 ± 17 101 ± 57
Caridean larvae 7 ± 4 5 ± 4 18 ± 7 74 ± 30 5 ± 4 6 ± 4 18 ± 6 79 ± 32
Cirripede cypris – – – 1 ± 1 1 ± 1 – – – – – – 2 ± 2 1 ± 1 – – –
Cirripede nauplii – – – – – – 4 ± 3 – – – – – – – – – 1 ± 1 3 ± 3
Copepoda nauplii 0.3 ± 0.3 1 ± 1 3 ± 2 4 ± 2 0.2 ± 0.2 2 ± 2 3 ± 1 4 ± 2
Cyphonautes larvae – – – – – – 1 ± 1 – – – – – – – – – 1 ± 1 – – –
Echinodermata larvae – – – – – – 2 ± 2 0.2 ± 0.2 – – – – – – 2 ± 2 0.1 ± 0.1
Fish egg – – – – – – 4 ± 3 – – – – – – – – – 3 ± 2 – – –
Fish larvae 0.03 ± 0.02 0.01 ± 0.01 1 ± 1 4 ± 1 – – – 0.04 ± 0.02 1 ± 0.6 3 ± 2
Gastropoda veligers 449 ± 349 76 ± 36 14 ± 4 27 ± 9 80 ± 24 478 ± 383 26 ± 9 15 ± 5
Polychaeta larvae – – – – – – 10 ± 3 8 ± 7  – – – – – – 9 ± 7 9 ± 4
Protozoea of Lucifer – – – 0.5 ± 0.5 53 ± 16 2 ± 1 – – – 0.5 ± 0.5 21 ± 11 34 ± 17

f fresh, m marine, mbf marine-brackish-fresh, mb marine-brackish, mf  marine-fresh,  bf  brackish-fresh, # species-indicators of 
eutrophication (Karabin, 1985; Sivasankar et al., 2018)
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marine zooplankton taxa belonging to Malacostraca 
at E1 during high tide revealed tidal migration. At 
E2, Gastropoda, Copepoda, and Malacostraca showed 
prominent differences in abundances with higher val-
ues during high tide. On the other hand, Rotifera, Cla-
docera, and planktonic larvae dominated during low 
tide (Fig. 7). Zooplankton groups, namely, Radiozoa, 

Hydrozoa, Ctenophora, Chaetognatha, and Chordata 
were encountered only at high tide, which could be 
related to their high-saline condition affinity and 
intrusion from the adjacent Bay of Bengal.

In terms of species composition, zooplankton 
showed pronounced changes across tidal scale in the 
Mahanadi Estuary (Table 1). At E1, the most abundant 

Fig. 3   Tidal and diurnal variation of zooplankton species diversity indices in the upper (E1) and lower (E2) Mahanadi Estuary (HT: 
high tide, LT: low tide). Vertical lines with cap above each bar represent standard deviation

Fig. 4   Non-metric multi-dimensional scaling (NMDS) show-
ing tidal (left panel) and diurnal (right panel) similarity based 
on zooplankton species abundance at the upper and lower 

Mahanadi Estuary. Larger distance between the symbols 
denotes lesser similarity (E1: upper estuary, E2: lower estuary, 
HT: high tide, LT: low tide, D: day, N: night)
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zooplankton taxa were Asplanchna brightwelli, 
Asplanchna sp., Moina micrura, Pseudodiaptomus ser-
ricaudatus, Pseudodiaptomus sp., Mesocyclops sp., 
and Gastropoda veligers. The occurrence of large num-
bers of P. serricaudatus and Pseudodiaptomus sp. at 
high tide could have resulted from strong downstream 
flushing. However, these species were also observed 
during low tide with lower abundances than during 
high tide. This type of observation could be attributed 
to the retention mechanism of these species which were 
imported into E1 during high tide and possibly sank 
towards bottom preventing horizontal export out of E1 
during low tide (Krumme & Liang, 2004). Literature 

also suggests that P. annandalei of the family Pseu-
dodiaptomidae exhibits rheotaxis abilities to resist 
water currents and maintain its position in the estuary 
against the net seaward flow by adopting mechanisms 
like vertical migration and attachment to the bottom 
sediments (Shang et al., 2008). Other high saline pre-
ferring taxa such as Acartia danae, Acrocalanus lon-
gicornis, Oithona sp., and Corycaeus andrewsi were 
also observed during high tide. This was in agreement 
with studies which have shown that zooplankton taxa 
belonging to order Calanoida and Poecilostomatoida 
were maximum during high tide (Ali et al., 2011). The 
freshwater zooplankton species such as Asplanchna 

Fig. 5   Tidal and diurnal variation of zooplankton abundance in the upper (E1) and lower (E2) Mahanadi Estuary. D1 to D7 denote 
the sampling dates as mentioned in Fig. 2
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brightwelli, Asplanchna sp., and Moina micrura were 
abundant during low tide in comparison to high tide 
and could be sourced from river discharge.

At E2, a prominent variation in species composi-
tion was evident. Zooplankton taxa such as Acar-
tia erythraea, Acrocalanus longicornis, Bivalvia 
veligers, and protozoea of Lucifer were more abun-
dant during high tide, which could be attributed to 
the intrusion of marine taxa to the estuary. Brachio-
nus rubens, Mesocyclops sp., Brachyura zoea lar-
vae, and caridean larvae were observed with higher 
abundances during low tide. In addition, maximum 
Bivalvia veligers abundance coincided with high 
tide at E2, indicating its coastal origin. The more 
frequent presence of B. rubens and Mesocyclops sp. 
during low tide in comparison to high tide might have 
resulted from the strong riverine freshwater influx, 
which brings limnetic zooplankton species.

Interestingly, when larvae of Brachyura (zoea 
and megalopa) and Gastropoda veligers were ana-
lyzed at E1 and E2, prominent variations were 

evident at the tidal scale. Brachyura zoea larvae 
were significantly abundant during low tide in 
comparison to high tide at both E1 and E2. In con-
trast, the abundance of Brachyura megalopa larvae 
was higher during high tide at both sites. It is well 
known that the early larval stages of Brachyura crab 
such as zoea migrates seaward to spend most of 
their time in the sea to avoid high osmotic-thermal 
stress and intense pelagic predation in the estuarine 
environment (Anger et al., 1998; Hovel & Morgan, 
1997; Lopez-Duarte et al., 2011). In addition, it has 
been shown in previous studies that low tide may 
effectively transport zoea of estuarine crabs to the 
sea. While megalopa is transported into the estuary 
during high tide attributed to their weak swimming 
relative to the current speed (Dittel & Epifanio, 
1990; Oishi & Saigusa, 1997; Paula et  al., 2004). 
In the present study, E2 showed five times greater 
abundance of Brachyura zoea larvae during low 
tide (avg. 115 org m−3) than high tide (avg. 21 org 
m−3). Gastropoda veligers abundance during high 

Fig. 6   Tidal and diurnal variation of zooplankton species habitat in the upper (E1) and lower (E2) Mahanadi Estuary. (M marine, F 
fresh, B-F brackish-fresh, M-F marine-fresh, M-B marine-brackish, M-B-F marine-brackish-fresh)
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tide (avg. 449 org m−3) was six times greater than 
low tide (avg. 76 org m−3) at E1. In contrast, Gas-
tropoda veligers were more abundant during low 
tide than high tide at E2. The distribution pattern of 
Gastropoda veligers in response to the tidal rhythm 
indicated that it is the resident zooplankton taxa in 
the Mahanadi Estuary.

In order to find out the discriminating species 
among a biological community, SIMPER analy-
sis has been proved very useful (Vineetha et  al., 
2015). SIMPER analysis based on the Bray Curtis 
dissimilarity between groups revealed species that 
contribute to the maximum dissimilarity between 
the assemblages. The SIMPER analysis identified 
the discriminating species between high tide and 
low tide at both E1 and E2 (Fig.  8). The overall 
average dissimilarity between high tide and low 
tide were 73.8 and 88.0 at E1 and E2, respectively. 
The species responsible for the maximum dissimi-
larity on the tidal scale at E1 were Mesocyclops 

sp., Gastropoda veligers, Pseudodiaptomus sp., 
Asplanchna sp., Pseudodiaptomus serricaudatus, 
Brachionus rubens, Moina micrura, Brachionus 
sp., Asplanchna brightwelli, and Anuraeopsis sp. 
While Brachyura zoea larvae, caridean larvae, 
Acrocalanus longicornis, Mesocyclops sp., Bra-
chionus rubens, protozoea of Lucifer, Acartia 
erythraea, Gastropoda veligers, Bivalvia veligers, 
and Lucifer hanseni displayed dissimilarity in 
their abundance on the tidal scale at E2.

Zooplankton abundance and community structure in 
response to diurnal cycle

NMDS based on zooplankton abundance signifi-
cantly differentiated E1 and E2 with respect to the 
diurnal cycle (Fig.  4). Accordingly, zooplankton 
abundance also showed a prominent diurnal pattern 
at E1, with higher abundance during the night (avg. 
1654 org m−3) and lower abundance during the 

Fig. 7   Bubble plot showing tidal (left panel) and diurnal (right panel) variability of the zooplankton group abundance at the upper 
(E1) and lower (E2) Mahanadi Estuary
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day (avg. 583 org m−3). However, diurnal differ-
ences in zooplankton abundances were not statisti-
cally significant which could be due to the dynamic 
variability. At E2, significant variation (p < 0.01) 

in zooplankton was evident at diurnal scale with 
higher abundance during the night (avg. 550 
org m−3) than during the day (avg. 326 org m−3) 
(Fig. 5). Similar diurnal vertical migration has also 

Fig. 8   Similarity percentage (SIMPER) analysis based on the 
Bray–Curtis dissimilarity of zooplankton taxa between (a) high 
and low tide in upper estuary (E1), (b) high and low tide in 
lower estuary (E2), (c) day and night in upper estuary (E1), 
and (d) day and night in lower estuary (E2). MES Mesocyclops 
sp., GAV Gastropoda veligers, PSP Pseudodiaptomus sp., PSS 
Pseudodiaptomus serricaudatus, ASS Asplanchna sp., MOM 

Moina micrura, BRR Brachionus rubens, ASB Asplanchna 
brightwelli, BRS Brachionus sp., ACD Acartia danae, ACE 
Acartia erythraea, ACL Acrocalanus longicornis, ANS Anu-
raeopsis sp., BIV Bivalvia veligers, BZL Brachyura zoea lar-
vae, CAL Caridean larvae, LUH Lucifer hanseni, PRL Proto-
zoea of Lucifer 
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been reported earlier from other tropical estuaries 
(Vineetha et al., 2015). The reason for this vertical 
migration could be attributed to adaptive behavior 
to avoid visual predators (Loose & Dawidowicz,  
1994; Vineetha et al., 2015; Williamson et al., 2011). 
In addition, all forms of holoplankton communi-
ties such as marine, fresh, brackish-fresh, marine-
fresh, marine-brackish, and marine-brackish-fresh  
were higher during the night at both E1 and E2 
(Fig. 6).

The zooplankton group composition in the Maha-
nadi Estuary appeared to be largely influenced by the 
diurnal cycle (Fig. 7). For instance, the abundance of 
Copepoda, Cladocera, and planktonic larvae was rela-
tively higher during the night as compared to the day 
at E1. In contrast, Ciliophora, Rotifera, and Ostracoda 
did not exhibit diurnal vertical migration. At E2, hol-
oplanktonic groups such as Gastropoda, Cladocera, 
Copepoda, Malacostraca, and Chordata exhibited a 
clear diurnal pattern in abundance, with higher peaks 
during the night. Similarly, planktonic larvae showed 
a prominent diurnal pattern, with higher abundance 
during the night. However, higher densities of some 
groups (Radiozoa, Ciliophora, Rotifera, Hydrozoa, 
Chaetognatha) were observed during the day. On 
the contrary, only one group, i.e., Ctenophora was 
observed only during the night. The observed verti-
cal migration rhythm of copepods could be attributed 
to their swimming speed as they can migrate with a 
speed of 20–30 m per hour (Hattori, 1989).

With regard to species composition, the dominant 
holoplankton taxa such as Moina micrura, Pseudo-
diaptomus serricaudatus, Pseudodiaptomus sp., and 
Mesocyclops sp. were clearly more abundant during 
the night, while Asplanchna sp. and Brachionus sp. 
were more abundant during the day at E1 (Table 1). 
Several other holoplankton species (Brachionus 
rubens, Bosminopsis deitersi, Acartia danae, Heliodi-
aptomus sp., Pseudodiaptomus aurivilli, P. annanda-
lei, and Lucifer hanseni) also exhibited a clear diurnal 
pattern in abundance, with higher peaks during the 
night. This type of nocturnal migration of Pseudodi-
aptomus has been reported in many tropical estuarine 
ecosystems (Kouassi et al., 2001). Literature also sug-
gests that Pseudodiaptomus are predominantly epi-
benthic and exhibits diurnal upward migration (Hart 
& Allanson, 1976; Walter, 1987). Furthermore, a 
laboratory study has shown vertical migration of P. 
annandalei and their attachment to the bottom (Shang 

et al., 2008). Chew et al. (2015) have also observed a 
clear diurnal pattern of Acartia in the Matang Estu-
ary (Malaysia). The nocturnal migration tendency 
of Lucifer hanseni has been observed many times in 
the Cochin backwaters (India) (Madhupratap & Rao, 
1979; Vineetha et al., 2015). In the present study, all 
planktonic larvae (Bivalvia veligers, Brachyura mega-
lopa larvae, Brachyura zoea larvae, caridean larvae, 
cirripede cypris, Copepoda nauplii, fish larvae, Gas-
tropoda veligers, protozoea of Lucifer) showed the 
diurnal pattern, with higher abundances during the 
night. However, Gastropoda veligers and Brachyura 
zoea larvae were the main planktonic larvae in terms 
of abundance during the night in comparison to the 
day.

At E2, the most abundant zooplankton taxa that 
exhibited upward migration during the night were 
Acrocalanus longicornis, Mesocyclops sp., Brachyura 
zoea larvae, caridean larvae, and protozoea of Luci-
fer. In addition, some other holoplanktonic species 
such as Janthina sp., Moina micrura, Subeucalanus 
subcrassus, Thermocyclops sp., Oithona nana, and 
Lucifer hanseni also showed upward migration dur-
ing the night. A similar diurnal pattern of Oithona 
sp., with higher abundance during the night, was 
also reported earlier from the Moreton Bay (Jacoby 
& Greenwood, 1989). In concomitant to the present 
study, a higher abundance of Thermocyclops during 
the night has been reported from other tropical sys-
tems (Arcifa et  al., 2016). In general, marked pig-
mentation reduces the photo-damage to Subeucalanus 
and makes them easily visible to predators (Raymont, 
1983). The reason for the higher abundance of Subeu-
calanus subcrassus during the night could be related 
to the avoidance from visual predators during the day. 
It has been also reported that Calanoida are the most 
targeted prey in the Indian Ocean (Ali, 2015; Ali 
et al., 2019).

The prominent dissimilarity between the day and 
night abundance of several zooplankton taxa evi-
denced through the SIMPER analysis supported the 
premise of diurnal variability of the zooplankton 
community at E1 (overall average dissimilarity 75.2) 
and E2 (overall average dissimilarity 82.5) (Fig.  8). 
At E2, zooplankton taxa such as caridean larvae, 
Acrocalanus longicornis, Mesocyclops sp., Brach-
yura zoea larvae, protozoea of Lucifer, Brachionus 
rubens, Acartia erythraea, Bivalvia veligers, Lucifer 
hanseni, and Gastropoda veligers were characteristic 
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species on the diurnal scale. Furthermore, SIMPER 
analysis revealed prominent variation of Mesocyclops 
sp., Gastropoda veligers, Pseudodiaptomus sp., Pseu-
dodiaptomus serricaudatus, Asplanchna sp., Moina 
micrura, Brachionus rubens, Asplanchna brightwelli, 
Brachionus sp., and Acartia danae on the diurnal 
scale at E1.

Tidal‑diurnal interactions among zooplankton taxa

In general, zooplankton communities were highly 
variable, and their clustering appeared to be governed 
by many factors such as distance, site-specific envi-
ronmental variables (e.g., salinity), tide (high and 
low), and photoperiod (day and night). Thus, based 
on the abundance of major zooplankton species on 
the diurnal and tidal scale, four clusters were identi-
fied (Fig. 9). The zooplankton taxa (Moina micrura, 
Pseudodiaptomus sp., Gastropoda veligers, and Mes-
ocyclops sp.) that had higher abundance during the 
night at E1 were grouped in a single cluster (Cluster 
I). The zooplankton taxa such as caridean larvae and 
Brachionus rubens showed higher similarities with 
each other and were clustered (Cluster II) together 
in one group. The reason for this clustering could be 

related to their higher abundance during low tide as 
compared to high tide, especially at E2. Cluster III 
consisted of zooplankton species such as Pseudodi-
aptomus serricaudatus and Brachionus sp. The sim-
ilarity in the distribution of these two species at E1 
was observed to be controlled by the effect of high 
tide. Cluster IV was represented by five zooplankton 
taxa, namely, Acartia erytharea, Acrocalanus longi-
cornis, protozoea of Lucifer, Lucifer hanseni, and 
Bivalvia veligers. This cluster could be related to the 
noticeably higher abundance of these species dur-
ing high tide at E2. The cluster analysis also clearly 
showed that Brachyura zoea larvae were well sepa-
rated from other taxa and did not form a distinct clus-
ter. This observation might be related to the synchro-
nization of peak Brachyura zoea larvae accumulation 
in the surface waters with the low tide period and 
nighttime.

Dominant zooplankton taxa in relation to 
hydro‑biological variables

Zooplankton dynamics in estuarine ecosystems are 
greatly influenced by the hydrological conditions. 
Among the most important hydrological variables, 

Fig. 9   Group average 
Bray–Curtis dendrogram of 
dominant zooplankton taxa 
in the Mahanadi Estuary
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salinity showed very low fluctuations at lower 
magnitude irrespective of the tidal influence at E1. 
Therefore, E1 can be considered as a low saline 
regime (Table  2; Baliarsingh et  al., 2021a). In 
contrast, variation in salinity levels were observed 
with rising and fall during high and low tides, 
respectively at E2. The average water temperature 

was similar between the tides at E1, whereas rela-
tively higher during low tide at E2 (Table 2). DO 
concentrations were higher at E1 in comparison 
to E2 during low tide. During high tide, DO con-
centrations at both stations were almost similar. 
The average concentration of BOD was similar at 
both reaches of the estuary over the tidal cycle. 

Table 2   Variability of hydro-biological parameters in upper and lower Mahanadi Estuary. The number against each parameter repre-
sents average values with standard deviation

Region →  Upper estuary (E1) Lower estuary (E2)

Tide →  High tide Low tide High tide Low tide

Salinity (PSU) 0.92 ± 0.75 0.13 ± 0.13 15.57 ± 5.42 4.80 ± 1.92
Water temperature (°C) 32.32 ± 2.07 32.79 ± 1.03 31.25 ± 0.62 32.43 ± 0.43
Dissolved oxygen (mg l−1) 6.88 ± 0.85 7.13 ± 0.52 6.90 ± 0.56 6.32 ± 0.68
Biochemical oxygen demand (mg l−1) 2.27 ± 0.69 2.51 ± 0.48 2.17 ± 0.75 2.29 ± 0.37
Colored dissolved organic matter (ppb) 7.36 ± 0.90 7.62 ± 0.73 6.39 ± 1.49 7.54 ± 0.43
Total suspended matter (mg l−1) 15.21 ± 6.35 16.90 ± 5.47 10.17 ± 4.68 15.58 ± 5.92
Chlorophyll-a (mg m−3) 8.18 ± 3.19 9.01 ± 3.04 4.54 ± 4.20 7.22 ± 1.65
Phytoplankton abundance (104 cells l−1) 37.67 ± 16.16 31.01 ± 15.64 20.83 ± 16.86 24.97 ± 15.80

Fig. 10   Canonical correspondence analysis (CCA) ordination 
of water quality parameters and dominant zooplankton taxa in 
the upper (E1) and lower (E2) Mahanadi Estuary. (WT water 
temperature, TSM total suspended matter, DO dissolved oxy-
gen, BOD biochemical oxygen demand, Chl chlorophyll-a, PA 
phytoplankton abundance, CDOM colored dissolved organic 
matter, ASB Asplanchna brightwelli, ASS Asplanchna sp., 

BRR Brachionus rubens, BRS Brachionus sp., MOM Moina 
micrura, ACE Acartia erythraea, ACL Acrocalanus longi-
cornis, PSS Pseudodiaptomus serricaudatus, PSP Pseudo-
diaptomus sp., MES Mesocyclops sp., LUH Lucifer hanseni, 
BIV Bivalvia veligers, BZL Brachyura zoea larvae, CAL 
Caridean larvae, GAV Gastropoda veligers, PRL Protozoea of 
Lucifer 
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TSM concentration was higher during low tide at 
both E1 and E2. The variability of CDOM showed 
higher values during low tide suggesting riverine 
source and resuspension from the bottom (Menon 
et  al., 2011) (Table 2). There was no large differ-
ence in phytoplankton abundance between the 
tides at both stations. The average abundance of 
phytoplankton was relatively higher during high 
tide in comparison to low tide at E1, while E2 
showed the opposite pattern. The chl-a concentra-
tion increased during low tide and decreased dur-
ing high tide (Table 2).

In general, interpretation of large hydro-biological 
data requires appropriate statistical analysis to discern 
influencing factors. Multivariate statistical analysis 
such as CCA has been proved to yield satisfactory 
results in tracing out latent interrelationships among 
a large set of hydro-biological variables (Tackx et al., 
2004). CCA ordination delineated a cluster for E1 
showing close association of zooplankton taxa such as 
Mesocyclops sp., Asplanchna brightwelli, and Moina 
micrura indicating their tidal variability (Fig. 10). This 
is supported by the highest abundance of these species 
during low tide at night, while lowest abundance was 
observed during high tide in daytime at E1. In addi-
tion, species of the family Pseudodiaptomidae, i.e., 
Pseudodipatomus sp. showed a close association with 
TSM, which could be due to an advantage of detritiv-
orous feeding habits to higher TSM concentration at 
E1 during low tide. Literature also suggests that turbid 
condition helps to reduce visual ranges of predators 
(Grecay & Targett, 1996). In addition, higher turbidity 
linked to detritus and associated microbes provide an 
important source of energy for copepods, especially 
Pseudodiaptomus (Morgan et  al., 1997). The CCA 
ordination showed grouping of dominant zooplank-
ton taxa such as Acrocalanus longicornis, and Acar-
tia erythraea with salinity at E2, where tidal influence 
was relatively higher than at E1 (Fig. 10).

Conclusion

The estuarine zooplankton community distribution 
exhibited spatial, tidal, and diurnal patterns. How-
ever, diurnal and spatial variations of zooplankton 
were relatively prominent than variation due to tidal 
oscillation. Zooplankton assemblages exhibited a 
prominent diurnal upward migration pattern, with 

higher abundance during night irrespective of sites. 
Zooplankton also followed the tidally driven migra-
tion pattern with higher abundance during high tide at 
both sites. With regard to the nature of the habitat, the 
zooplankton communities were mainly comprised of 
marine, fresh, brackish-fresh, marine-fresh, marine-
brackish, and marine-brackish-fresh. Pseudodiapto-
mus serricaudatus, Pseudodiaptomus sp., Brachio-
nus rubens, Mesocyclops sp., Brachyura zoea larvae, 
and caridean larvae significantly varied in response 
to tidal oscillations. Pseudodiaptomus serricaudatus 
and Pseudodiaptomus sp. were the most abundant 
taxa during high tide at E1, while Brachionus rubens, 
Mesocyclops sp., Brachyura zoea larvae, and carid-
ean larvae contributed with larger proportions to the 
zooplankton community during low tide at E2. Over 
the diurnal scale, the abundance of zooplankton taxa 
such as Moina micrura, Pseudodiaptomus serricau-
datus, Pseudodiaptomus sp., and Mesocyclops sp. 
increased during the night compared to the day at E1, 
showing evidence of its upward movements. At E2, 
Acrocalanus longicornis, Mesocyclops sp., Brachyura 
zoea larvae, caridean larvae, and protozoea of Luci-
fer increased during the night, demonstrating upward 
migration. Diversity indices such as species diversity, 
richness, and evenness were higher during high tide 
at E2, indicating an intrusion of several marine spe-
cies from the adjacent Bay of Bengal. The occurrence 
of dominant detritivorous species Pseudodipatomus 
during low tide at E1 suggested a pivotal role of 
hydrological conditions, especially suspended mat-
ter, in its distribution. At E2, dominant zooplankton 
taxa such as Acrocalanus longicornis, and Acartia 
erythraea were driven mostly by salinity. This study 
reinforces the importance of tidal and diurnal cycles 
in understanding zooplankton community distribu-
tion in tropical estuaries. Therefore, future studies on 
zooplankton research in this ecologically important 
estuary should consider the entire tidal cycle ranging 
from highest high tide to lowest low tide in different 
seasons with an additional observation in the coastal 
waters to gain a better understanding of the zooplank-
ton migration pattern and population dynamics.
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