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Abstract Monsoonal estuaries, located along the coastline of
the Indian subcontinent, differ from other estuaries by their
time dependence on the salinity characteristics. Effective sus-
tenance and retention of the mesozooplankton community in
the estuarine habitats is often determined by their dominant
behavioral patterns: diel vertical migration (DVM) and tidal
vertical migration (TVM). The modes of these endogenous
rhythms often vary among estuaries based on the river runoff
and tidal characteristics. The present study is a pioneering
attempt to depict the vertical migration pattern of zooplankton
along a diel and tidal scale in a tropical, microtidal, monsoonal
estuary. We observed that in spite of the prominent asymmetry
in the magnitude of the river runoff between the seasons, most
of the zooplankton groups exhibited strong DVM, with a
clear increase in biomass and abundance in surface waters
during night. The peak increase in biomass and abundance
at night always synchronized with the slack periods in the
tidal cycles, which differed from the general concepts of
downward migration during ebb tide and upward migration
during flood tide in estuarine systems. The weak currents during
the slack period might have favored the effective vertical mi-
gration of the mesozooplankton community in this monsoonal
estuarine system.
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Introduction

Mesozooplankton have pivotal roles in estuaries as an inter-
mediate link in the plankton food web and a major player in
nutrient recycling (Madhupratap 1987; Sterner et al. 1992).
They occupy a key position in the plankton food web by
transferring organic carbon from phytoplankton and bacteria
to higher trophic levels (Azam et al. 1983). Estuarine zoo-
plankton are enabled with several adaptive mechanisms to
survive in their environment, where they have to cope with
downstream drift (Speirs and Gurney 2001) and large fluctu-
ations in salinity (Madhupratap 1987) induced by tidal incur-
sion and high river runoff. This is particularly relevant in
monsoonal estuaries, where large variations in salinity occur
in short spatial and temporal scales. The monsoonal estuaries
separate themselves from other estuaries in the world by the
unsteady state of the salinity characteristics influenced by the
Indian summer monsoon (June — September) (Vijith et al.
2009). In these estuaries, the balance between the salinity
ingress and egress experience time-dependent changes con-
trolled by the variability in the tidal incursion and seasonality
in river influx. These estuaries are characterized by total runoff
that is many times higher than its volume and thus points out
the chance of total wash-over during monsoon. This
dynamicity in the estuarine features thus signifies the need
to study the fate and the behavior of the mesozooplankton
community inhabiting this estuarine system.

Vertical migration is a common behavioral pattern among
zooplankton in freshwater, estuarine, and marine environ-
ments (Lampert 1989; Hays 2003). In shallow, poorly strati-
fied estuaries, the most common pattern of zooplankton mi-
gration is the diel vertical migration (DVM), where most of
the individuals remain near the bottom during the day and
migrate to the surface waters during the night (Hutchinson
1967; Fancett and Kimmerer 1985). The well-accepted
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benefits of this behavior are the reduction of light-
dependent mortality by predator avoidance (Zaret and
Suffern 1976; Bollens and Frost 1991) and protection of
damage from both visible and ultraviolet rays (Hairston
1976, 1979; Ringelberg et al. 1984; Williamson et al.
2011). Though DVM is a well-known migration behavior
of zooplankton in estuaries (Hutchinson 1967; Haney
1988), the actual mechanisms that structure and sustain
the process in monsoonal estuaries are mostly unknown.

Zooplankton have limited ability for horizontal move-
ment, and therefore their survival in the estuarine envi-
ronment depends on their adaptive strategies against tid-
al flows and turbulence (Wooldridge and Erasmus 1980;
Kimmerer and Mckinnon 1987). In many macrotidal
estuaries, tidal vertical migration (TVM) is an effective
mechanism adopted by the estuarine plankton for
retaining their favorable estuarine habitats (Wooldridge
1976; Kimmerer et al. 1998, 2002). The efficiency of
retention in the estuarine environments varies in organ-
isms, which basically depends on the swimming capa-
bility of different zooplankton and the magnitude of
physical factors in the system (Hill 1991; Kimmerer
et al. 2002). TVM is an endogenous rhythm of organ-
isms (Cronin and Forward 1979) and has been widely
reported in Copepoda (Kimmerer and McKinnon 1987)
Mysidacea (Kimmerer et al. 1998), Decapod larvae
(Forward and Cronin 1980), and several other zooplank-
ton taxa (Laprise and Dodson 1989; Bennett et al.
2002). Thus, a comprehensive study on the TVM of
zooplankton is a prerequisite for the better understand-
ing of the vertical migration pattern of the zooplankton
community of monsoonal estuaries characterized by the
time-dependent unsteady state of salinity and large run-
oft (Vijith et al. 2009).

In monsoonal estuaries, there is a general lack of data
on DVM of mesozooplankton with respect to the tidal
rhythm. In Cochin Backwaters Wetland (CBW), where
salinity is taken as the major limiting factor governing
the planktonic standing stock and abundance (George
1958; Nair and Tranter 1971; Menon et al. 1971;
Madhupratap 1987; Madhu et al. 2007), our aim was to
study in detail the patterns of vertical migration and to
find out whether the wide variation in the magnitude of
river runoff among seasons affects the migration behav-
iors (both DVM and TVM). This study will also help to
describe the fate of the zooplankton community in mon-
soonal estuaries in relation to the high seasonal runoff
associated with the Indian summer monsoon. This study,
by exhibiting high-resolution data on tidal and diurnal
rhythms of the estuarine mesozooplankton community,
will be relevant for the better understanding of the plank-
ton dynamics that are active in tropical monsoonal
estuaries.
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Materials and Methods
Study Area

The CBW, a monsoonal estuary (Vijith et al. 2009) located
between Lat. 9° 30'-10° 10" N and Long.76° 15'-76° 25'E, is
the second largest wetland in India (Revichandran et al. 2012).
It is connected to the Arabian Sea through two barmouths; one
at Cochin (450 m) and the other at Azheekkodu (250 m)
(Fig. 1). It forms the largest estuary (area 231 km?) along the
west coast of India and experiences a regular intrusion of
seawater from the Arabian Sea by tidal incursion. Seasonal
hydrography of CBW is mainly influenced by monsoonal
rainfall, as the annual precipitation in the Cochin area is
around 320 cm, of which more than 70 % occurs during the
summer monsoon period (June — September) (Qasim 2003).
The northern limb of CBW receives runoff from two rivers
(Periyar and Chalakudy) and the southern limb from five
rivers (Muvattupuzha, Pamba, Manimala, Meenachil, and
Achancoil)—thus, altogether an annual freshwater influx
of 22,000x10° m® (Revichandran et al. 2012). The asym-
metry in the balance between the freshwater influx and
tidal incursion brings about tidal and seasonal variations
in the estuarine characteristics of CBW.
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Fig. 1 Station locations
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Sampling and Methods

Five sampling locations were selected along the salinity gra-
dients in the CBW, covering a distance of~60 km (Fig. 1).
Locations 1 and 3 represented the barmouths in Azheekkodu
and Cochin, respectively, location 2 represented the mid-point
between the two barmouths, and locations 4 and 5 were in
the southern upstream part of the estuary. Sampling of
mesozooplankton and associated environmental factors
was carried out at 3-h intervals for 24 h over both spring
(when sun, moon, and earth come in a line) and neap phase
(sun and moon are at right angles with earth), covering two
seasons: dry season - pre-monsoon (February — March, 2010)
and wet season - summer monsoon (September, 2009).

The SBE 26 plus SEAGAUGE wave and tide recorders
were deployed in all locations to collect tidal information ev-
ery 10 min. A current meter (Aanderaa RCM-9), deployed
near the main barmouth (location 3) was used to measure
the surface currents. Surface water temperature was measured
using a bucket thermometer. Water samples were collected
from the surface (0.5 m) using Niskin samplers for salinity,
pH, dissolved oxygen (DO), and chlorophyll a. Salinity was
measured using a digital salinometer (DIGI — AUTO, 3G
Tsurumi seiki, Japan, accuracy+0.001) and pH was measured
using a pH meter (ELICO LI610, accuracy+0.01). Estimation
of DO was carried out following Winkler’s method (Grasshoff
1983). Chlorophyll a was measured flourimetrically by filter-
ing phytoplankton present in 500 ml water on GF/F filter
papers (pore size 0.7 um), and its extraction occurred in
10 ml 90 % acetone (Strickland and Parsons 1972).

Zooplankton samples were collected from 5 locations
using a WP net (mesh size 200 pm, mouth area 0.28 m?).
The net was towed horizontally just below the surface (speed
~1 knot) for 10 min. A digital flow meter (Hydro Bios, Model-
438110) was attached across the mouth of the net to estimate
the amount of water filtered. A total of 180 zooplankton sam-
ples (90 in each season) were collected accordingly, and the
biomass was measured following the displacement volume
method after removing large detrital particles (Hagen 2000).
The samples were then preserved in 4 % formaldehyde solu-
tion (Harris et al. 2000) and stored for further analyses. Later,
various zooplankton groups were sorted, identified, and
counted for their abundance, expressed in individuals/cubic
meter (ind. m ).

Data Analysis

In order to understand the spatial and temporal variations in
zooplankton biomass and abundance on a diel scale, two-way
analysis of variance without replication was used. The analy-
sis was carried out separately for spring and neap tides of both
seasons. Variations in biotic and abiotic parameters due to
tidal forcing over spring and neap tides were analyzed,

adopting Wilcoxon matched pair test using Graph Pad Prism
(version 5.01). This paired test was done as a nonparametric
test, not assuming Gaussian distributions, with two-tailed P-
values and 95 % confidence interval. A #-test was also carried
out for the statistical analysis of abiotic and biotic parameters
between pre-monsoon and summer monsoon to analyze the
seasonal variation. To check the similarity among the sam-
pling periods during day and night, a non-metric multi-dimen-
sional scaling (NMDS) plot was created based on the fourth
root transformed data of the abundance of different zooplank-
ton taxa during the study and was done separately for both
seasons. The discriminating zooplankton taxa between day
and night periods were identified using the similarity percent-
ages routine (SIMPER) implemented in PRIMER (Clarke and
Gorley 2006). For this purpose, we considered all those taxa
whose average dissimilarity was higher than its standard de-
viation, at least by a factor of one. For both NMDS plot and
SIMPER analysis, the abundance values of 6 am (dawn) and
6 pm (dusk) were not considered since they cannot be properly
categorized either as day or night. Principal component anal-
ysis (PCA) was carried out using the statistical program PAST,
version 2.02 (Hammer et al. 2001), to understand the relation-
ship between the biotic and abiotic variables. The biotic var-
iables chlorophyll @, zooplankton biomass, and zooplankton
abundance and the abiotic variables temperature, salinity, pH,
DO, and tidal height were used for this purpose. For tidal
height, the absolute value was used for both high tide and
low tide phases. The mean temporal abundance of the major
plankton groups during diel cycle and seasons were plotted
using the same statistical program. Considering the total abun-
dance of a particular taxon within a diel scale as 100 %, the
percentage contribution of each taxon was plotted to see how
its percentage abundance varied with time.

Results
Hydrography

The surface temperature profile exhibited a diel variation, with
higher values during the day than night (Fig. 2a). During the
pre-monsoon, the temperature in the spring phase was slightly
higher (av. 32+1.2 °C) than the neap phase (av. 31.5+1.1 °C).
During the summer monsoon, the temperature exhibited rela-
tively less variation over both spring (av. 30.1+1.1 °C) and
neap phases (av. 29.84+0.9 °C), and the difference was statis-
tically insignificant (P>0.05), whereas the temperature distri-
bution between two seasons was found to be significantly
different (P<0.05) (Table 1).

Surface salinity in CBW showed spatial and temporal var-
iations (Fig. 2b). The seasonal picture was a prominently high
saline condition during the pre-monsoon (av. 20.5+8.1 and
19.54+7.8 psu in spring and neap phases, respectively) and
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low saline condition during the summer monsoon (av. 3.8+£6.2
and 1+1 psu in spring and neap phases, respectively), and the
difference in salinity between the seasons was statistically sig-
nificant (P<0.05). During the pre-monsoon, the inlet locations
(1 and 3) had evidently higher salinity (>25 psu in spring phase
and >20 psu in neap phase) compared to the locations upstream
of the estuary (locations 2, 4, and 5), which had medium salinity
(=10 psu). There was no significant variation in salinity between
spring and neap phases during the pre-monsoon, but the varia-
tion was significant during the summer monsoon (Table 1).

During the summer monsoon, as a result of heavy freshwa-
ter influx, a marked decline in salinity was well evident in the
CBW (Fig. 2b). This salinity decline was pronounced, even in
the barmouth region, as the salinity in these locations was
considerably lower (av. 5.445.3 psu in Cochin barmouth
and 4.8+7.3 psu in Azheekkodu barmouth) as compared to
the pre-monsoon period (av. 20.5+8.1 and 19.5+7.8 psu in
spring and neap phases, respectively). All other locations in
the CBW behaved as a freshwater-dominant region during the
summer monsoon with salinity<2 psu (Fig. 2b). Locations 4
and 5 in the upstream of the CBW were completely occupied
with freshwater, where the tidal influence was less (Fig. 2b).

The spatial variation of pH was found to be negligible in
the CBW (Fig. 2¢), and it did not show any significant varia-
tion over tidal phases during either season (P>0.05). The av-
erage values were relatively higher during the pre-monsoon
(av. 7.25+0.25 and 7.34+0.31 during spring and neap, respec-
tively) than the summer monsoon (av. 7.21£0.36 and 7.06+
0.31 during spring and neap, respectively), and these seasonal
differences were found to be significant (Table 1). DO values
showed insignificant (P>0.05) variation between the pre-
monsoon (av. 5£1.1 and 5.6+1.3 mg "' during spring and
neap, respectively) and the summer monsoon (av. 5.4+0.7 and
5.6%1, spring and neap, respectively). Along the diel scale, a
noticeable change in the DO value was observed in most of
the locations (Fig. 2d).

Tides and Currents

Mixed semidiurnal tides were predominant in the study area.
But, during the spring phase of the pre-monsoon, semidiurnal
tides were also found in a few locations (Figs. 3 and 4). The
tidal amplitude progressively decreased, and the time lag in
propagation of tide increased from the mouth to the head of
the CBW. In the pre-monsoon, the tidal range in the barmouth
was~1 m in spring and~0.8 m in neap, and the tidal activity
was dominant throughout the study area (~0.6 m) (Fig. 3).
During the summer monsoon, variation in tidal ranges were
well marked in the barmouth region, with a prominently
higher tidal height during the spring phase (~1 m) compared
to the neap phase (~0.5 m) and this spring-neap variability was
in agreement with the earlier observation in the CBW (Qasim
and Gopinathan 1969). The current meter data from the
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Fig. 2 Distribution of physicochemical parameters and chlorophyll a P>
over two tidal phases during pre-monsoon and summer monsoon (a —
Temperature, b — Salinity, c — pH, d — Dissolved oxygen, e - chlorophyll @)

barmouth showed a marked variation in the current speed
during different tidal phases (Fig. 5). The highest current
speed was during the peak ebb and flood tide periods, and
the lowest was during the slack period between ebb and flood
tide which was similar to the earlier observation in the CBW
(Srinivas et al. 2003).

Phytoplankton Biomass (Chlorophyll a)

The concentration of chlorophyll @ in the CBW was found to
be >2 mg m > throughout the observation, with noticeable
temporal and spatial variations (Fig. 2e). The highest chloro-
phyll a from the entire observations was recorded at location
2. A daytime increase in chlorophyll a was also evident in
most of the locations (Fig. 2¢). During the pre-monsoon, chlo-
rophyll a was higher in the spring phase (av. 8.2+6.2 mgm )
compared to the neap phase (av. 5.9+3.3 mg m "), and these
changes were significantly different (P<0.05). It was vice
versa during the monsoon period, with higher chlorophyll a
in the neap phase (av. 7.4+5.6 mg m ) compared to spring
phase (av. 6.6+6.3 mg m >), but the variation due to the tidal
influence was insignificant (Table 1). Similarly, the seasonal
influence in the chlorophyll a value was also found to be
insignificant (P>0.05).

Mesozooplankton Biomass and Abundance

The biomass and abundance values were generally high dur-
ing the pre-monsoon (Biomass: av. 0.17£0.19 and 0.22+
0.33 ml m_3; Abundance: av. 8625+12,257 and 11,412+19,
465 ind. m > during spring and neap phase, respectively), with
significant spatial variation (Table 2), and relatively high
values were observed in the upstream region (Fig. 6). With
the onset of the summer monsoon, there was a drastic drop in
biomass and abundance throughout the study area, with a
prominent decline in the upstream locations (Biomass: av.
0.06+0.09 and 0.02+0.05 ml m >; Abundance av. 980+
1515 and 418+990 ind. m ™ during spring and neap phase,
respectively), and this seasonal variation in biomass and abun-
dance values was found to be significant (P<0.05).
Mesozooplankton biomass and abundance always showed a
clear indication of DVM in all locations, irrespective of tidal
phases and seasons (Figs. 3 and 4). Though the occurrence of
peak biomass and abundance accumulation in the surface wa-
ters varied spatially and seasonally, the highest values were
observed consistently at night time during both seasons.
Based on the abundance of different zooplankton taxa along
the diel scale, the two dimensional plot of NMDS (stress 0.01)
exhibited two distinct groups of the day and night time
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Table 1  Wilcoxon matched pair test for biotic and abiotic parameters

Temperature Salinity pH DO Chl. a Zoo. biomass Zoo. density
Pre-monsoon (spring and neap) P<0.05 P>0.05 P>0.05 P<0.05 P<0.05 P>0.05 P>0.05
Summer Monsoon (spring and neap) P>0.05 P<0.05 P>0.05 P<0.05 P>0.05 P<0.05 P<0.05
Total (Premonsoon and summer monsoon) P<0.05 P<0.05 P<0.05 P>0.05 P>0.05 P<0.05 P<0.05

sampling periods during both seasons (Fig. 7). The zooplank-
ton biomass and abundance accumulation in the surface wa-
ters were found to be either during the high water slack or low
water slack during night (Figs. 3 and 4). In a few locations, a
secondary peak in zooplankton biomass was also observed
during night, corresponding to another slack period. The only

contradiction to the pattern above was at the upstream most
location (station 5) during the flood tide of the summer mon-
soonal spring phase (Figs. 4 and 5). During the premonsoon
period, the biomass and abundance values did not show sig-
nificant variation between two tidal phases (P>0.05); during
the summer monsoon, the variation was significant (Table 1).
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Fig. 3 Observed mesozooplankton biomass, abundance and tidal height, at five sampling locations (1-5) during pre-monsoon. The circle denotes the
primary peak and the square denote the secondary peak of highest zooplankton biomass and abundance
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Fig. 4 Observed mesozooplankton biomass, abundance and tidal height, at five sampling locations (1-5) during summer monsoon. The circle denotes
the primary peak and the square denote the secondary peak of highest zooplankton biomass and abundance

The results of the spatio-temporal analysis of biomass and
abundance within the diel scale revealed a significant varia-
tion in both spatial and temporal scale at both tidal phases
during the premonsoon (Table 2). During the summer mon-
soon, the temporal variation in abundance was significant dur-
ing both tidal phases, whereas the spatial variation was signif-
icant only during the spring phase (Table 2).

The results of the PCA of the biotic and abiotic variables
(excluding the diurnal factor) added insight towards the inter-
relation existing between them. During the summer monsoon,
biomass and abundance values were found to be positively
related to salinity and tidal height (Fig. 8). As the tidal height
reaches the maximum values during the tidal slack period, the
association of higher biomass and abundance with the higher

tidal height validates the surface accumulation of zooplankton
biomass and abundance during the slack period. However,
during the pre-monsoon, these two biotic parameters did not
show any close relation with any abiotic and biotic parameters

(Fig. 8).
Mesozooplankton Distribution

The mesozooplankton community was composed of 20
taxonomic groups, of which 13 belonged to holoplankton
and seven to meroplankton (Table 3). Among the holoplankton,
Copepoda, Cladocera, Luciferidae, and Mysidacea were the
major contributors to the total abundance. Based on abundance,
Copepoda was the most dominant group during both the pre-
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Fig. 5 Observed surface current (a) 120 — 06
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Table2 Two-way ANOVA showing temporal and spatial variation (in
parenthesis) of mesozooplankton biomass and density within diel scale

Season Parameters ~ Lunar df P-value
phase
Pre-monsoon  Biomass Spring 8 (4)  0.007% (0.00003)*
Neap  8(4) 0.037°(2.28x10°%)?
Abundance  Spring 8 (4)  0.001* (0.004)
Neap 8(4)  0.004%(6.4x107%)?
Summer Biomass Spring 8 (4)  0.022% (0.139)
monsoon Neap 8(4) 0.138 (0.055)
Abundance  Spring 8 (4)  0.003" (0.0003)*
Neap 8(4) 0.772(0.042)"

Degree of freedom (df), and probability (P). (*” significant at 0.05 level)
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Time

mmm Surface current  mmm Tidal height

monsoon (98 % in spring 90 % in neap) and summer monsoon
periods (77 % in spring and 94 % in neap). During both sca-
sons, a clear diel variation was noticed in their abundance, with
higher abundance in surface waters during night time (Fig. 9).
Luciferidae was present during both seasons, but its abundance
peaked during the pre-monsoon period (0.3 and 0.1 %, spring
and neap phase, respectively). On a diel scale, except for sum-
mer monsoon-neap, the abundance of Luciferidae was relative-
ly higher during the night. Similarly, Mysidacea was also pres-
ent during both seasons, with little seasonal preference
(Table 3), and showed a clear diel pattern with higher abun-
dance in surface waters during the night (Fig. 9). Cladocera
were found only during the summer monsoon period in the
lower estuary. Contrasting Cladocera, gelatinous zooplankton
(Hydromedusae, Ctenophora, and Thaliacea) was present only
during the pre-monsoon, and their abundance was clearly high
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Fig. 6 The mean (a)
mesozooplankton biomass and

abundance over two tidal phases

during pre-monsoon and summer

monsoon periods
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during night. Several other holoplankton (Polychaeta, Isopoda
and Amphipoda) also exhibited a clear diel pattern in abun-
dance, with higher peaks in the surface waters during night
(not shown in Figure).

Meroplankton generally showed a prominent diel pattern,
with high abundance in the surface waters during night. They
consisted of Decapod larvae, Gastropod larvae, and Fish lar-
vae, of which Decapod larvae contributed to 1.5 % (during
summer monsoonal spring) to 9.2 % (during pre-monsoonal
neap) of the total zooplankton abundance. Both Decapod and
Gastropod larvae showed a prominent DVM, whereas it was
not clear in Fish larvae (Fig. 9). Though Fish larvae were
recorded in all sampling locations, they were concentrated
more towards the upstream locations, especially during the
pre-monsoon period.

The result of the SIMPER analysis further helped to iden-
tify the discriminating taxa between the day and night

Fig. 7 Bray-Curtis similarity (@
based non-metric multi-
dimensional scaling plot among

samplings (Table 4). During pre-monsoon eleven taxa of total
eighteen taxonomic groups and during monsoon ten out of
total 15 taxa displayed prominent variation in their abundance
between day and night period (Table 4).

Discussion

During the summer monsoon period, there is a high peak in
freshwater influx into the monsoonal estuary (Vijith et al.
2009). Due to heavy rainfall and associated river runoff during
the monsoon, a major part of the CBW was transformed into
freshwater zones. Revichandran et al. (2012) have demonstrated
that nearly 60 % of the total annual rainfall occurs during the
summer monsoon period and that 60 to 70 % of the annual river
runoff occurs during this period. This contention is significant
when considering the recent study on the flushing rate of the
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Fig. 8 PCA biplot showing the
internal relationships of abiotic
and biotic variables
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CBW. Shivaprasad et al. (2012) have shown that the flushing
time of the CBW is minimum during the summer monsoon
period (3 days) compared to the pre-monsoon period (13—
14 days). The monsoonal estuarine feature was clearly evident
in the present study, also, as the salinity values in loca-
tions within the estuary were found to be<2 psu during
the wet summer monsoon. On the other hand, the high
saline environment due to the low river influx and the
resultant high marine water incursion during the dry pre-
monsoon (av. 17.3+10.4 psu in spring and av. 16.5+9.9
psu in neap) supports the time-dependent unsteadiness of
salinity of the monsoonal estuary. The seasonal variation
in temperature might be due to its tropical nature, whereas
in case of pH (Table 1), it might be due to the differences
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with respect to river influx and saline water intrusion
(Saraladevi et al. 1983).

The mesozooplankton community in the CBW exhibits
strong seasonal patterns, with prominently high biomass and
abundance during the high-saline pre-monsoon period
(Madhupratap 1987). During the summer monsoon, due to
heavy rainfall and associated freshwater influx, the salinity
in the CBW declines drastically (Haridas et al. 1973).
During this time, the interaction between freshwater influx
and tidal action creates significant variation in salinity distri-
bution (Ramamirtham and Jayaraman 1963), especially in the
downstream regions. This was the reason for the prominent
difference in salinity values over the spring and neap phases
during the summer monsoon (Table 1). The higher biomass
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Table 3  Abundance (ind. m™) of different zooplankton taxa

Group PM spring PM neap MS spring MS neap

Holoplankton
Hydromedusae <1 1 0 0
Ctenophora <1 0 0 0
Polycheata <1 <1 <1 <1
Chaetognatha 2 5 1 0
Copepoda 8423 10,289 759 393
Cladocera 0 16 197 10
Mysidacea 1 6 1 2
Isopoda 0 <1 <1 <1
Amphipoda 4 6 3 2
Stomatopoda <1 <1 0 0
Cumacea 0 <1 0 0
Luciferidae 27 14 <1 <1
Thaliacea 0 <1 0 0

Meroplankton
Polychaete larvae 0 0 <1 0
Decapod larvae 130 1047 11 10
Cirriped larvae 0 <1 <1 <1
Gastropod larvae 29 2 0 <1
Lamellibranch larvae 0 0 <1 <1
Fish Eggs 6 23 5 <]
Fish larvae 3 3 2 1

PM pre-monsoon, MS summer monsoon

and abundance values of mesozooplankton during the sum-
mer monsoon were contributed to by the barmouth locations
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Fig. 9 The diel scale abundance of various zooplankton groups during
two tidal phases (a) pre-monsoon and (b) summer monsoon. The total
abundance of particular taxa within a tidal cycle was taken as 100 % and
the size of the bubble indicate the percentage of each group

(Fig. 4). Both biomass and abundance of mesozooplankton
were more closely coupled with salinity than other variables
(temperature, DO, pH, and chlorophyll a), signifying the
control of salinity on biotic parameters during the summer
monsoon (Fig. 8).

During the pre-monsoon period, low freshwater influx and
high amount of saline water incursion from the Arabian Sea
caused an overall increase in salinity throughout the CBW. As
a result, temporal variations in salinity during both spring and
neap tidal phases were minor and insignificant during the pre-
monsoon period (Table 1). This minor change in salinity
might be one factor responsible for the insignificant difference
in zooplankton biomass and abundance between the tidal
phases during this period. The relatively lower spatial varia-
tion in salinity distribution during this period might have a role
in the inconspicuous relation between salinity and the biotic
components (zooplankton biomass and abundance) (Fig. 8).

The interesting feature observed during the present study
was the prominent night time increase of biomass and abun-
dance in the surface waters during both the pre-monsoon and
monsoon, in spite of the wide variation of the magnitude of the
river influx and flushing rate between these periods. The dis-
tinct groups of the day and night sampling periods observed
during both season clearly indicated the variability in their
abundance along the diel scale (Fig. 7). The prominent dis-
similarity in the day and night abundance of several zooplank-
ton taxa evidenced through the SIMPER analysis further sup-
ports the diel variability of the mesozooplankton community.
The evident DVM among the zooplankton community was
similar to the observation in many temperate estuaries charac-
terized with relatively less variation in seasonal salinity
(Sweatt and Forward 1985; Cuker and Watson 2002).

The euphotic column in the CBW is very shallow and
varies from a few centimeters to a few meters from the mon-
soon to pre-monsoon periods (Qasim 2003). Thus, the vertical
migration might provide many advantages to zooplankton, of
which the most important is the avoidance of mortality im-
posed by visually oriented predators, such as fishes (Bollens
and Frost 1991; Loose and Dawidowicz 1994), and protection
from ultraviolet rays (Williamson et al. 2011). These positive
advantages might have taken important roles in the mainte-
nance of their vertical migration behavior in the diurnal scale,
irrespective of the vast changes in hydrographic conditions
between the pre-monsoon and monsoon seasons.

The second important feature observed during the present
study was the synchronization of peak zooplankton biomass
accumulation in the surface waters, along with the tidal slack
period during night during both seasons. It is also evident that
the slack period varied temporally in the CBW, but irrespec-
tive of such changes, high zooplankton biomass had coincided
with the tidal slack (Figs. 3, 4 and 8). During the premonsoon,
apparently the biplot of the PCA showed no association of
tidal height with zooplankton biomass and abundance. This
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Table 4 Results of the SIMPER

analysis. For the analysis, fourth Species Day Ave. Night Ave. Ave. Diss Diss/SD Contrib% Cum.%

root transformed abundance data abundance abundance

were used

Pre —monsoon (day-night average dissimilarity=36.17)
Decapod larvae 2.12 6.03 8.02 9.03 22.18 22.18
Copepoda 7.60 11.26 7.48 426 20.69 42.87
Fish eggs 0.83 2.38 3.17 3.39 8.77 51.63
Mysidacea 0.22 1.65 2.96 3.81 8.17 59.80
Chaetognatha 0.37 1.64 2.63 6.20 727 67.07
Gastropod larvae 1.06 1.96 238 1.71 6.58 73.65
Luciferidae 1.15 2.02 1.78 2.78 491 78.57
Amphipoda 0.71 1.56 1.76 244 4.87 83.43
Polycheate larvae 0.13 0.68 1.14 3.53 3.15 86.59
Hydromedusae 0.38 0.47 1.05 1.54 2.90 89.49
Fish larvae 1.11 1.26 0.76 1.50 2.10 91.59
Summer monsoon (day-night average dissimilarity=41.13)

Cladocera 3.37 1.16 9.42 1.44 22.89 22.89
Copepoda 3.38 5.58 8.25 1.92 20.05 42.94
Mysidacea 0.23 1.47 4.64 420 11.27 54.22
Amphipoda 0.47 1.58 4.12 3.79 10.02 64.24
Fish Egg 0.44 0.80 228 1.28 5.54 69.78
Isopoda 0.15 0.53 1.79 1.36 435 74.13
Luciferidae 0.34 0.32 1.56 1.71 3.80 77.93
Decapod Larvae 1.54 1.93 1.54 1.41 3.75 81.68
Chaetognatha 0.23 0.35 1.40 1.15 3.40 85.08
Cirriped larvae 0.27 0.37 1.32 1.26 3.22 88.30

Ave average, Diss dissimilarity, Contrib contribution, cum cumulative contribution

might be due to the higher biomass and abundance in the
southern upstream part (Fig. 6), where tidal influence was
relatively less (Fig. 3). Excluding these locations, the output
of the biplot (not shown in figure) was much similar to that
observed during the monsoon period. As the ingress and
egress current velocities are generally higher in the surface
water during flood and ebb tide (Wooldridge and Erasmus
1980; Ueda et al. 2010) and decrease with depth mainly due
to bottom friction (Hill 1991), the estuarine zooplankton
might have avoided the surface waters during both flood and
ebb tide and might have congregated in the surface waters
during the tidal slack period, when the current velocity reaches
minimum (Fig. 5). This is in contrast to the observations in
macro tidal estuaries, where the zooplankton migrate to deeper
layers during ebb tide and to surface waters during flood tide
to escape from getting flushed out to the marine system
(Laprise and Dodson 1989; Ueda et al. 2010). Regarding es-
tuarine zooplankton, as it is difficult to recognize the flood and
ebb phases separately—as in both cases, water flow is accom-
panied by the changes within the water column brought about
by flow induced turbulence—the indigenous zooplankton in
this micro tidal estuary (~1 m) might have adapted to retain
their position by avoiding the higher velocity flow in surface

@ Springer

waters associated with flood and ebb phases of the tidal cycle.
This behavioral pattern of the estuarine zooplankton might pro-
vide ecological advantages against the challenge of getting
washed out from their preferable estuarine environment.
Though this was the general trend in vertical migration of zoo-
plankton in the CBW, this feature was absent in the most up-
stream location (station 5) during the summer monsoon, which
can be explained by the position-dependent vertical migration
behavior of estuarine zooplankton. TVM varies according to
the position of inhabitance of zooplankton in the estuary (Ueda
et al. 2010), as the retention efficiency should be higher in
organisms inhabiting the seaward side than those in the
upstream locations of the estuary. Station 5 had the maxi-
mum distance from the inlet station and thus experienced
the lowest tidal range (<0.4 m). Hence, the indigenous
estuarine fauna was capable of overcoming the low tidal
effect in this region and thus maintained higher population
during tidal flow.

Since the tidal slack periods in the CBW usually exist for
2-3 h, we verified whether this time period is sufficient for
zooplankton to carry out their vertical migration. In the CBW,
the abundant zooplankton taxa that exhibited upward migra-
tion during night included Copepoda, Luciferidae, Mysidacae,
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and Decapod larvae (Fig. 9). Copepods have the smallest size
among these groups, with less developed locomotory append-
ages compared to other groups. Since Copepods represented
77 to 98 % of the total zooplankton community in the CBW,
they contributed significantly to the vertical migration rhythm
observed in the system. Though the swimming speed of a
Copepod varies during different life stages, an adult
Copepod can migrate 2030 m h™' (Hattori 1989). With an
approximately 20 m h™' swimming speed, an adult Copepod
can move 5 m distance in 15 min. Considering the shallow-
ness of the CBW, it seems to be logical that the zooplankton
can effectively utilize the time period during the tidal slack
period to carry out effective vertical migration.

Conclusion

The present study is a pioneering attempt addressing the ver-
tical migration pattern of the zooplankton community in a
tropical monsoonal estuarine system. Though the Indian sum-
mer monsoon and associated river runoff play a crucial role in
the seasonal variability in zooplankton biomass and abun-
dance distribution, the vertical migration behavior (both
DVM and TVM) among the zooplankton community
remained similar in both dry (pre-monsoon) and wet
(monsoon) periods. The indigenous mesozooplankton com-
munity exhibited a clear DVM pattern, with higher biomass
and abundance in surface waters during night in both seasons.
They followed a tidally timed DVM, with peak ascension to
the surface waters during the slack period of the tidal cycle at
night, and it was prominent irrespective of seasons. This result
differs from the observations in macro tidal temperate estuar-
ies, where zooplankton are mostly reported to migrate towards
the lower layer on ebb tide and the upper layer on flood tide.
The observed TVM helped them to avoid surface currents
during the flood and ebb tide and also to retain their position
in the estuarine habitat. Thus, the present study depicting the
detailed vertical migration patterns of different zooplankton
taxa in response to the hydrography and tidal rhythms of this
estuarine system will be relevant for a better understanding of
the adaptive strategies adopted by the monsoonal estuarine
zooplankton community for their effective retention and sur-
vival in their preferable estuarine habitats.
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