Ecological Indicators 129 (2021) 107914

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/ecolind

Contents lists available at ScienceDirect

ECOLOGICAL
INDICATORS

Ecological Indicators

Seasonal oceanographic phenomenon promotes hitchhiking among the

Check for

updates

plankton in a coastal marine ecosystem: A tropical perspective

Alfisa Siddique?, Aishee Bhowal ?, Jasmine Purushothaman® ", Rakhesh Madhusoodhanan ®,
Chelladurai Raghunathan ®, Kailash Chandra®

& Protozoology Section, Zoological Survey of India, Kolkata 700053, India
Y Ecosystem Based Management of Marine Resources, Environment & Life Sciences Research Centre, Kuwait Institute for Scientific Research, Salmiya 22017, Kuwait

ARTICLE INFO

Keywords:

Epibiont

Thermal inversion
Winter monsoon
Ocean stratification
Bay of Bengal
Tropical waters

ABSTRACT

Epibiosis among plankton communities and the role of environmental forcing therein are discussed in this study.
We hypothesized that a sub-surface thermal inversion phenomenon and associated hydrographical changes
during winter monsoon promoted group/species-specific epibiosis among the plankton in the western Bay of
Bengal. Plankton samples were collected from discrete depths along five transects placed perpendicular to the
coast. Water column profiling revealed thermal inversion below the mixed layer depth along three southern
transects (APB, APV and APK) and its absence along the two northern transects (ODP and ODG). Multivariate
analysis revealed a significant difference in hydrographical properties between these areas. The warmer, highly
saline waters of the thermal inversion layer, sandwiched at 10-20 m, between the colder, less saline waters of
surface and bottom, supported higher density and diversity of epibionts on copepods and diatoms. The density of
epibionts and intensity of epibiosis were significantly lower outside the thermal inversion layer and in the
northern transects. Epibionts preferred copepods over diatoms and carnivorous/omnivorous copepods over
herbivorous copepods of comparable size. These results suggest that hydrographical variability associated with
thermal inversion during winter monsoon support epibiosis among the plankton in the coastal waters of the
western Bay of Bengal (BoB). The present investigation is the first-ever study from a coastal marine ecosystem
connecting hydrographical features with epibiosis among the plankton. Further studies are warranted to explore
the higher frequency of epibiosis in the thermal inversion layer, the nutrient preference and indicator properties
of epibionts, and their ecological role in the coastal and open ocean ecosystems.

1. Introduction

ways, like assisted transport to new territories and hosts, defence from
predators, and an opportunity to obtain nutrients in a nutrient-rich

Epibiosis is an ecological commensal association between sessile
phases of an organism (epibiont) attached to another living organism
(basibiont), without trophic dependence on it (Wahl, 2009). This rela-
tionship is inter-specific and observed in marine and freshwater envi-
ronments (Fernandez-Leborans, 2009). The most common epibionts are
bacteria, algae, protozoans and small metazoans, whereas the basibionts
include various plankton, benthos and meiobenthos (Gutt and Schickan,
1998; Fernandez-Leborans, 2004; Susetiono, 2006; Ghosh and Mandal,
2019; Purushothaman et al., 2020).

Several studies (Green and Shiel, 2000; Gilbert and Schroder, 2003;
Purushothaman et al., 2020) have suggested host specificity of epibionts,
with factors like water pollution boosting such relationships (Henebry
and Ridgeway, 1979). Epibiosis is favourable for the epibiont in many
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environment (Wahl, 1989; Abell6 et al., 1990; Gili et al., 1993). The
detrimental effects reported on basibionts include decreased growth rate,
restriction in movement and activity, increase in energy utilization,
quicker sinking rate, and competition for food and resources (Henebry
and Ridgeway, 1979; Wahl, 1989; Regali-Seleghim and Godinho, 2004;
Nanajkar et al., 2019). Epibionts may affect the physiological functions of
the basibiont by occupying crucial organs like eyes and gills (Mikac et al.,
2019). Even though some epibionts may prove to be disadvantageous to
basibionts, they benefit basibionts by making them less vulnerable to
their predators (Fernandez-Leborans and Gabilondo, 2007).

Epibiosis is ubiquitous in global oceans (Pane et al., 2014). Study on
epibiosis in the Antarctic (Gutt and Schickan,1998) suggest that epi-
bionts are species-specific and prefer high mineral substratum since the
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suspension-feeding behaviour of epibionts benefit from a raised sub-
strate. Mikac et al. (2019) are the first to report an association between
ciliates and polychaetes, where the ciliates benefit due to abundant food
availability. The diversity and community structure of epibenthos and
multi-level epibiosis from the White Sea was analyzed by Mikhaylova
et al. (2019). From Indian waters, several studies are available on epi-
biosis, such as a symbiotic association of suctorian epibiont with marine
nematodes (Matla estuary, Sundarbans, India; Ghosh and Mandal,
2019), the response of epibionts to habitat heterogeneity and anthro-
pogenic disturbances (from a mangrove ecosystem; Ansari and Bhadury,
2017), and species-specific epibiont-basibiont association (from the
west coast of India; Nanajkar et al., 2019). Despite their prevalence in
eutrophic waters, the proliferation of epibionts concerning hydro-
graphical variability is not yet fully understood (Manca et al., 1996). In
the present study, epibiosis has been studied in plankton collected from
the coastal waters of the northwestern Bay of Bengal (BoB) during the
winter monsoon season, when the region reported a sub-surface thermal
inversion phenomenon.

The BoB that constitutes the northeastern part of the Indian Ocean
is a tropical semi-enclosed basin exposed to the seasonal reversal of
monsoonal winds. South-westerly winds characterize the summer
monsoon, and north-easterly winds the winter monsoon. Thermal
inversion occurs during winter in the western BoB (Thadathil et al.,
2002). When the sea surface temperature (SST) drops, a sub-surface
warmer layer sandwiched between colder waters above and below is
formed. Since the warmer layer is confined to the seasonal halocline,
the salinity gain in the subsurface warmer layer maintains the stability
of the water column. The sandwiched warmer layer limiting the ver-
tical mixing and controlling the SST to alter the heat exchange with the
atmosphere is referred to as the ‘thermal inversion layer’. The major
causes of thermal inversion are freshwater influx, surface heat flux and
advection, seasonal winds, internal waves and currents (Shetye et al.,
1996; Girishkumar et al., 2013). River runoff dilutes the upper oceanic
layer and contributes to near-surface salinity stratification (Gir-
ishkumar et al., 2011). In turn, the salinity stratification improves the
vertical stability of the upper water column and aids in maintaining a
narrow-mixed layer (Thadathil et al., 2007; Girishkumar et al., 2013).
The salinity stratification also facilitates the formation of a barrier
layer below the mixed layer (Lukas and Lindstrom, 1991). The barrier
layer is formed in the BoB during fall and attains a peak during winter
(Rao and Sivakumar, 2003). Warming of the thermal inversion layer
can be attributed to the narrow-mixed surface layer that allows
shortwave radiations to penetrate the water column (Mignot et al.,
2012). Furthermore, winter cooling leads to surface heat loss (Has-
tenrath and Lamb, 1979), resulting in convection currents in the thin
surface layer.

The present study, keeping the ecological importance of sub-surface
thermal inversion in view, investigates the influence of seasonal
hydrographical variability supporting epibiosis in the coastal waters of
the western BoB. Phytoplankton (diatoms) and zooplankton (ciliates and
copepods) are the predominant taxa focussed here. Their roles as epi-
bionts and basibionts and connecting their prevalence to hydrographical
features are discussed for the first time from Indian waters.

2. Material and methods
2.1. Study area

As part of an investigation on the seasonal dynamics of micro-
zooplankton, the present study was carried out during the winter
monsoon along the coastal waters of the northwestern BoB. The lowest
SST characterizes winter monsoon (or northeast monsoon) in the BoB
due to net heat loss from the sea surface, stratified upper water column
due to freshwater aided dilution of surface layers, and prevalence of
cyclonic gyres (Babu and Rao, 2011; Chen et al., 2013). The impact of
the northeast monsoon is more robust in the south than in the north of
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the northwestern Bay (Ramage, 1971), making the surface water in the
south less saline, which promotes the development of thermal inversion
layer. Moreover, freshwater input along the coast generates estuarine
features and attenuate exchange between the surface and deeper waters
due to stratification. Although nutrients brought by the rivers enhance
primary production in the coastal waters (Madhupratap et al., 2003),
stratification due to low SST and sea surface salinity (SSS) prevents
vertical mixing of nutrients in the water column. The stratification in-
fluences the coastal ecosystem function (Jyothibabu et al., 2004)
when weak winds predominate the coastal waters during the winter
monsoon. Chlorophyll a concentration (with Chl a maxima at 20 m
depth) and average surface primary production during winter monsoon
match the values in summer (0.17 & 0.14 mg/m?>; 16.1 + 18.4 mgCm >
d'! respectively). The presence of a mature cyclonic eddy during winter
monsoon has been reported between 16°-20°E latitude (Sabu et al.,
2015). Two forces held responsible for the generation of eddy currents
in this region are 1) wind forcing and unstable local baroclinicity and 2)
Kelvin waves along the coast and westward-moving Rossby waves.

Several industries are located along the northeast coast releasing
volumes of industrial effluents into the coastal Bay of Bengal. The
coastal state of Andhra Pradesh alone accounts for one-third of the total
pharmaceuticals production in India, and the city of Visakhapatnam is
one of the central manufacturing hubs. A considerable amount of
pharmaceutical effluents are discharged into the coastal waters of
Visakhapatnam, which may affect the hydrography and biology of the
coastal ecosystem (Shaik et al., 2017). Industrial activities in urban cities
like Visakhapatnam and Kakinada have led to moderate to high trace
metal enrichment in the coastal waters. Moreover, numerous fertilizer
industries located close to and around the Kakinada Bay area can affect
coastal water quality (Rao, 1999; Shaik et al., 2015). Agricultural runoff
and water pollution due to other anthropogenic activities also affect the
Mahanadi River-estuarine system of the coastal state of Odisha (Sun-
daray et al., 2006), the site of our northern transects. However, coastal
eutrophication is prominent and widespread along Andhra Pradesh (AP)
coast due to the dominance of industrial sectors in AP.

2.2. Sampling and sample processing

Water samples were collected from the surface (0 m), 10 m, 20 m
and 30 m depths of five different transects (Tr), two northern, and
three southern transects, designed perpendicularly to the coast [Tr A:
Paradip (ODP); Tr B: Gopalpur (ODG); Tr C: Bheemunipatnam (APB);
Tr D: Visakhapatnam (APV) and Tr E: Kakinada (APK)] (Fig. 1).

Temperature, salinity, light flux (PAR), and Chlorophyll fluores-
cence were measured by a Portable CTD (SBE Seabird). Meso-
zooplankton samples were collected using a WP (Working Party)
plankton net with 200 um mesh size, equipped with a digital flow
meter (GENERAL OCEANICS). Seawater samples were collected by
Niskin sampler (5 L) from discrete depths for dissolved oxygen (DO),
nutrients, Chl a, phytoplankton and microzooplankton taxonomic
enumeration. Microzooplankton samples were collected from water
samples filtered through a plankton net of 200 ym and retained on 20
um mesh size.

Dissolved Oxygen (DO) was measured following the modified Win-
kler procedure (Grasshoff et al., 1999). Chl a was analyzed spectro-
photometrically at wavelengths 750, 664, 647 and 630 nm (Strickland
and Parsons, 1972). Nutrients (nitrate, nitrite, ammonium, silicate, and
phosphate) were analyzed spectrophotometrically following Grasshoff
et al. (1999). Phytoplankton and microzooplankton samples for taxo-
nomic enumeration were preserved in 1-2% acidic Lugol’s Iodine,
whereas mesozooplankton samples were preserved in 5% buffered
formaldehyde. In the laboratory, zooplankton biomass (mg/m>) and
abundance (ind./m>) were calculated by taking account of the volume of
water filtered through the net.

The phytoplankton and microzooplankton taxa were enumerated
under an inverted microscope (Leica MC-120) using a Sedgewick-Rafter
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Fig. 1. Map of the study area along the coastal waters of the Bay of Bengal. Blue dots indicate non-thermal inversion stations, and brown dots signify thermal

inversion stations.

counting chamber at 100-200X magnification. Mesozooplankton taxa
were identified using a stereo zoom microscope (Leica M125C). Epi-
bionts were imaged using an inverted microscope (Leica MC-120)
equipped with a digital camera and imaging software (LAS 4.12.0). An
upright microscope (Nikon Eclipse Ni-U) was also used in the process.
Plankton specimens, including epibionts and basibionts, were identified
up to species level using standard taxonomic literature (Noble, 1929;
Kahl, 1934; Krasske, 1941; Nagasawa and Warren, 1996; Fernandez-
Leborans, 2011). All species names were verified for current taxo-
nomic status using the online taxonomy verification platform, World
Register of Marine Species (WoRMS, www.marinespecies.org).

2.3. Statistical analysis

The difference in environmental conditions between the areas
showing the presence and absence of thermal inversion phenomenon
was investigated using non-metric multivariate statistical procedures.
For this purpose, data on environmental variables (water temperature,
salinity, DO, PAR, and dissolved inorganic nutrients) and chlorophyll a
were log-transformed and normalized before being used for the con-
struction of a Euclidean distance-based similarity matrix for Agglom-
erative Hierarchical Cluster Analysis (AHCA), One-Way Analysis of
Similarity (One-way ANOSIM), and Linkage Tree (LINKTREE) analyses.
The One-way ANOSIM Global R-test checked for the significance of
hydrographic assemblage patterns as revealed by the AHCA. LINKTREE
analysis (powered with Similarity Profile test (SIMPROF; Pi statistics)
and B statistics) is a non-metric, constrained divisive clustering pro-
cedure used to probe how abiotic variables explain particular sample
clustering in a high-dimensional biotic/abiotic space. Here, the divisive
binary clustering is performed to explain inequality (larger or smaller)
on at least one of the abiotic variables used in the analysis. SIMPROF
analysis helps search for new divisions until the probability level asso-
ciated with the Pi value goes above the set significance level (P: 0.05).
The best split is defined as that maximizes the ANOSIM R statistics be-
tween the groups. Here, the B% is the average of between-group rank
dissimilarities, scaled to take 100% if the first division is a perfect split (i.
e., R = 1) (Clarke et al., 2014). All the non-metric procedures were
performed using the ecological statistical software PRIMER v.7.0.13
from PRIMER-E Ltd (Plymouth, UK). The Box-Whisker plots describing
environmental variables, chlorophyll a, and plankton (with and without
epibionts) were constructed using the statistical software GraphPad
PRISM v. 5.01 (GraphPad Software Inc., UK).

3. Results
3.1. Hydrography

In the northern transects, sea surface temperature (SST) ranged be-
tween 23.58 and 24.60 °C (ca. 23.94 °C; CV: 0.02) off Paradip (ODP).
Below 10 m depth (ca. 23.57 °C; CV: 0.0015), the temperature showed a
gradual decrease up to 0.73 °C, reaching a minimum of 22.84 °C at 20 m.
However, beneath 20 m, the temperature steadily increased and stabi-
lized at 23 °C at 30 m depth. Similarly, the sea surface salinity (SSS)
ranged from 27.16 to 27.66 (ca. 27.46; CV: 0.009), with a gradual in-
crease, reaching a maximum of 28.61 at 30 m. The mean salinity
gradient was 1.14 from the surface to 30 m depth (Fig. 2a).

Off Gopalpur (ODG), SST varied from 23.19 to 23.25 °C (ca.
23.21 °C; CV: 0.0012). The temperature increased with depth, reaching
the highest at 30 m (23.89 °C). The SSS varied from 27.61 to 27.63 (ca.
27.62; CV: 0.001). Maximum salinity was noticed at 20 m (28.04). The
salinity gradient made a difference of 0.42 between the surface and 20 m
depth (Fig. 2b).

The SST varied between 25.92 and 26.10 °C (ca. 26.01 °C; CV: 0.003)
off Bheemunipatnam (APB) in the southern transects. Beneath 10 m, the
temperature increased from 26.03 °C to 26.53 °C up to 13 m. Below that,
the temperature gradually decreased, reaching a minimum of 26.30 °C
at 30 m. The change in temperature in the thermal inversion layer was
0.50 °C. SSS varied from 30.23 to 31.56 (ca. 30.89; CV: 0.022). Salinity
slightly increased between 10 m (31.20) up to 13 m (32.77). Beyond 20
m, salinity (32.8) stabilized at 30 m depth. The salinity gradient recor-
ded between 10 m and 13 m was 1.57. The initial increase in tempera-
ture and salinity below the surface mixed layer, followed by a gradual
decrease below 20 m until a steady state is reached at 30 m, indicates the
development of a thermal inversion layer off Bheemunipatnam (Fig. 2c).

Off Visakhapatnam (APV), SST varied from 25.69 to 25.94 °C (ca.
25.78 °C; CV: 0.005). Beyond 10 m, the temperature increased from
26.19 °C to 26.61 °C until 16 m. Below 16 m, the temperature decreased
with depth, reaching 26.37 °C at 30 m. Salinity varied from 31.08 to
31.25 at the surface (ca. 31.16; CV: 0.003) and showed a steady increase
from 8 m (31.61) up to 15 m (32.88). Salinity changes stabilized (at
32.6) at 30 m depth. The thermal inversion layer recorded a temperature
gradient of 0.42 °C (between 10 m and 16 m) and a salinity gradient of
1.27 (Fig. 2d).

Off Kakinada (APK), SST varied from 25.46 to 26.43 °C (ca. 26 °C;
CV: 0.019). Beyond 6 m, the temperature increased from 25.30 °C to
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Fig. 2. Temperature and salinity profiles in the water column (a) ODP (b) ODG (c) APB (d) APV (e) APK.

26.26 °C until 11 m depth. Below this depth, the temperature decreased
to 26.08 °C at 30 m depth. SSS varied from 29.85 to 29.95 (ca. 29.89;
CV: 0.0012), and exhibited a steady increase from 7 m (30.09) up to 10
m (32.25). Beyond 11 m, salinity stabilized at 31.2. The temperature and
salinity gradients observed in the thermal inversion layer were 0.95 °C
and 2.16, respectively (Fig. 2e).

These observations suggested that at the time of sampling, southern
waters off APB, APV and APK, experienced a sub-surface thermal
inversion, which promoted the formation of a thermal barrier between
the surface and deeper waters at 10-20 m depth (in APK, sub-surface
thermal inversion was induced above 10 m). However, the thermal
inversion phenomenon was absent in the northern transects off ODP and
ODG.

High chlorophyll a (Chl a) was observed in the surface waters of
southern (thermal inversion region) and northern (non-thermal inver-
sion region) transects. In the northern waters, Chl a was homogeneously
distributed in the upper 10 m (surface Chl a ca. 0.27 pg/1; CV: 0.13 off
ODP, and ca. 0.23 pg/1; CV: 0.09 off ODG). The Chl a reduced to 0.22 pg/
1 (ODP) and 0.09 pg/1 (ODG) at 30 m depth. In the surface waters of
southern transects, Chl a concentration (surface Chl a ca. 0.11 pg/1, CV:
0.07 off APB; ca. 0.15 ug/1, CV: 0.13 off APV, and ca. 0.16 pg/1, CV: 0.09
off APK) were comparatively lower but exhibited consistent values. In
the thermal inversion layer (10-20 m), Chl a ranged from 0.05 to 0.15
pg/l. At 30 m, the levels decreased substantially to 0.04-0.05 ug/1. Chl a
concentration was higher in the northern transect than in the southern
transect.

Dissolved oxygen (DO) was the highest in surface waters and
decreased with an increase in depth in all stations. In the northern
transects, the surface and deep (30 m) waters recorded mean DO
concentration of 6.77 ml/1 and 5.76 ml/] respectively (surface DO ca.
6.77 ml/1, CV: 0.003 off ODP; ca. 6.77 ml/1, CV: 0.03 off ODG). In the
southern transects, the highest DO was reported in the surface waters
off Visakhapatnam and the lowest off Bheemunipatnam (ca. 6.17 ml/l,
CV: 0.02 off APB; ca. 7.30 ml/1, CV: 0.04 off APV, and ca. 6.32 ml/I,
CV: 0.02 off APK). In the thermal inversion layer (10-20 m), mean DO
levels decreased from 6.01 ml/1 to 5.58 ml/I.

In the northern transects, despite a general decrease with depth,
dissolved inorganic nitrogen and phosphorous concentrations were
higher in the surface (off ODP: nitrate ca. 2.51 pM, CV: 0.08; nitrite ca.
0.73 uM, CV: 0.55; phosphate ca. 0.73 pM, CV: 0.27 and off ODG: nitrate
ca. 2.44 puM, CV: 0.05; nitrite ca. 0.86 uM, CV: 0.09; phosphate ca. 0.63
uM, CV: 0.04) and in deeper layers (30 m) (off ODP nitrate: 2.74 uM,
nitrite: 0.86 uM, phosphate: 0.91 uM, silicate: 17.29 uM and ammonium:
0.64 uM; off ODG nitrate: 2.69 uM, nitrite: 0.95 pM, phosphate: 0.90 uM,
silicate: 17.22 pM and ammonium: 0.73 uM). Between 10 m and 20 m,
nitrate levels did not vary much (2.29 pM to 2.43 pM). Silicate had the
lowest concentration at the surface and the highest concentration in
deeper waters. Conversely, in the southern transects, nitrate levels were
comparatively lower in the surface waters (ca. 1.97 uM; CV: 0.317). In

the thermal inversion layer, mean nitrate concentration ranged from
2.56 uM and 3.24 uM, higher than that recorded from the same depths at
non-thermal inversion locations in the north. The highest concentration
of nitrate was observed at 30 m depth (nitrate ca. 3.64 uM). Nitrite and
phosphate showed a trend similar to nitrate. Silicate concentrations
increased with increase in depth; the levels were higher in the northern
transects (ca. 14.45 uM; CV: 0.27 at the surface to ca. 17.25 uM; CV:
0.003 at 30 m) when compared to southern transects (silicate ca. 3.64
uM; CV: 0.31 at the surface to ca. 7.34 pM; CV: 0.15 at 30 m). Ammo-
nium levels recorded a similar trend, with the highest concentrations in
deeper waters (30 m).

Compared to northern transects, thermal inversion induced stratifi-
cation of the water column in southern transects prevented vertical
mixing of nutrients, thus attenuating the infusion of nutrients into the
euphotic zone resulting in low nutrient concentration in the surface
waters.

3.2. Phytoplankton and zooplankton distribution

Phytoplankton abundance in the southern transects was higher than
that recorded from the northern locations. Their mean cell density at
surface (0 m), 10 m, 20 m and 30 m depths of northern (and southern)
transects were 25.83 x10> cells/L (30.56 x10° x 10° cells/L), 25.5 x 10°
cells/L (32.44 x 10° cells/L), 25.75 x 10° cells/L (22.17 x 10° cells/L),
and 19 x 10° cells/L (20 x 10> cells/L) respectively. The highest
phytoplankton abundance was recorded from 10 m depth off APV in the
south. Conversely, zooplankton distribution (biomass and abundance)
exhibited an inverse trend with the maximum stock at 30 m depth (mean:
2681.82 mg m_s; 4161.41 ind. m_3) and minimum at the surface (mean:
338.42 mg m~3; 1151.56 ind. m~>) along the southern transects. In the
thermal inversion layer, zooplankton biomass (and abundance) increased
from 1051.44 mg. m~3 (1856.72 ind. m~>) at 10 m depth to 2590.83 mg
m—3 (3540.47 ind. m’3) at 20 m. On the contrary, in the northern tran-
sects, where thermal inversion was absent, zooplankton stock was higher
in the surface (mean: 1374.88 mg m’3; 18936.64 ind. m>) and 10 m
depth (mean: 1408.56 mg m’3; 10693.19 ind. m’3) and decreased sub-
stantially at 20 m (mean: 961.27 mg m’3; 6080.54 ind. m ) and 30 m
depths (mean: 652.97 mg m™>; 5440.73 ind. m~3). Thus, zooplankton
distribution in the water column exhibited contrasting trends in thermal
inversion regions and non-thermal inversion regions.

3.3. Spatial trends in epibiont distribution

Epibiosis and epibiont abundance and diversity were higher
throughout the water column in southern waters, while in the north, a
single species represented the epibionts. The number of epibionts
associated with individual copepod varied from 2 to 12 cells off APK
and from 1 to 16 cells off APV in the southern transects. Likewise,
epibiont density per phytoplankton cell ranged from 1 to 4 cells in the
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north and 1-10 cells in the south. Off APB and APV, epibionts mainly
were found attached to plankton collected from above (surface-10 m)
the thermal inversion layer (at 10-20 m). Off APK, their maximal as-
sociation with phytoplankton was noticed at surface-10 m, and on
copepods at the surface layers (0.2 m) and again at 20 m.

In the northern transects, the epibiont-basibiont association was
species-specific between the chained centric diatom Chaetoceros coarc-
tatus (basibiont) and the peritrichous ciliate, Vorticella oceanica (epi-
biont). The highest abundance of V. oceanica was recorded off ODP at
the surface and 10 m depths. Whenever epibiosis was recorded, a single
diatom cell of C. coarctatus supported at least three cells of V. oceanica.
Off ODG, epibiosis was observed only at 20 m depth. Unlike northern
transects, the diversity of epibionts and basibionts were significantly
higher in the south. Peritrichous ciliates (V. oceanica), suctorian ciliates
(Ephelota plana, Ephelota gigantea and Ephelota gemmipara), and a species
of epizoic pennate diatom (Pseudohimantidium pacificum) were the major
epibionts, while calanoid and cyclopoid copepods were the major
basibionts. Like northern waters, V. oceanica was associated with the
chained centric diatom C. coarctatus only (mean density: 3 epibionts.
cell ™).

Off APB, each cell of C. coarctatus hosted an average of five cells of
V. oceanica (Fig. 3a). The maximal epibiont-basibiont association was
observed at the surface and 10 m depth. Off APV, the occurrence of
epibionts on phytoplankton was lower than that reported off APB and
northern transects. Only one out of eight cells of C. coarctatus possessed
epibionts at a density of 3 cells.cell !, The marine stalked epizoic
diatom, P. pacificum, was attached to the cyclopoid copepod Ditricho-
corycaeus asiaticus (mean: 16 cells.ind!) with the help of a mucilaginous
stalk arising from the end of its frustules (Fig. 3b). Their association was
observed only in the surface waters. Conversely, the suctorian ciliates
were epibiotic on calanoid copepods only. Ephelota plana cells were
associated with Centropages orsinii (6 cells.ind'l), Euchaeta concinna (2
cells.ind'l) and Labidocera bengalensis (2 cells.ind’l) at 10 m and 30 m
depths (Fig. 3c). Ephelota gemmipara was epibiotic on Canthocalanus
pauper (1 cell.ind'l) and Centropages orsinii (1 cell.ind™") at 0 m and 30 m
depths (Fig. 3d). In comparison, Ephelota gigantea was exclusively
associated with Euchaeta concinna (1 cell.ind™) at 30 m depth (Fig. 3e,
Table 1).

In the southernmost transect off APK, each C. coarctatus cell
possessed an average of six cells of V. oceanica throughout the water
column. P. pacificum was found attached to the urosome of the copepod
D. asiaticus (9 cells. ind) in the surface waters. Cells of the suctorian
ciliate E. plana were reported from the surface and 20 m depths,
adhering to the calanoid copepods Labidocera kroyeri (1 cell. ind?) and
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E. concinna (2 cells. ind'l), while E. gigantea associated exclusively with
Euchaeta concinna at 20 m depth with a frequency of one cell per
copepod (Table 1).

As observed in our study, the ciliate species V. oceanica was the most
abundant epibiont on phytoplankton, especially on chained centric di-
atoms like C. coarctatus. Such diatoms have better morphological mod-
ifications (in the form of adaptations suited for a symbiotic lifestyle) and
higher substrate area (for epibiont attachment) compared to non-chain
forming phytoplankton without much morphological complexity (like
Ceratocorys horrida and Pleurosigma diversestriatum). Coastal waters off
APK reported the highest occurrence of V. oceanica on phytoplankton.
Conversely, carnivorous copepods were the most preferred hosts for the
epizoic pennate diatom P. pacificum. Off APV and APK, P. pacificum was
associated with copepods. The basibiont copepods made up 5-13% of
total copepod density off APV and 9-15% off APK. In comparison,
10-18% of microphytoplankton stock (cell density-based) off APB and
6-22% of microphytoplankton off APK sustained the peritrichous ciliate
V. oceanica. These results suggest a species-specific association of epi-
bionts with microphytoplankton and copepods.

More epibionts were attached to phytoplankton and copepods in
the southern transects’ warmer, highly saline waters, characterized by
lower copepod density but higher phytoplankton, nitrate + nitrite and
phosphate levels. Conversely, silicate and ammonium were higher in
the colder, low-saline waters of the northern transects, where signa-
tures of sub-surface thermal inversion were absent at the time of
sampling. Multivariate analysis revealed significant differences in
water quality between southern and northern transects and the envi-
ronmental variables responsible for that disparity (Fig. 4).

In this study, the highest copepod density was reported from the
northern transects. Despite the dominance of carnivores (49-64%; ca.
57%), the small herbivorous copepod Bestiolina similis was the single most
abundant species. Likewise, the dinoflagellate Tripos furca was the pre-
dominant phytoplankton taxon. Although present in low abundance on
phytoplankton, epibionts were absent on copepods in the north and off
APB. Despite the lower copepod density, more epibionts were associated
with copepods off APV and APK, especially on carnivorous taxa like
Ditrichocorycaeus asiaticus (off APV) and Euchaeta concinna (off APK). Off
APV and APK, the carnivorous taxa constituted 63-73% (ca. 68%) of total
copepod density, whereas off APB, their relative abundance has reduced
to 19-34% (ca. 26%). Off APK, all the basibiont copepods were pre-
dominantly carnivorous (Centropages orsinii, Ditrichocorycaeus asiaticus,
Euchaeta concinna, Labidocera bengalensis and Labidocera kroyeri) with
mean epibiont density ranging from 0.1 to 8.3 cells per copepod.
Together, these species contributed 85-90% (ca. 96%) of the total

(b) 200 pm

Fig. 3. Light micrograph (LM) of epibiontic species (a) V. oceanica on C. coarctatuts. Scale bar: 200 pm, 200 X magnification (b) P. pacificum on D. asiaticus. Scale bar:
200 um, 200 X magnification (c) E. plana on C. orsinii. Scale bar: 100 pm, 200 X magnification (d) E. gemmipara on C. pauper. Scale bar: 200 pm, 400 X magnification

(e) E. gigantea on E.concinna. Scale bar: 100 ym, 200 X magnification.



Table 1

Copepod with different feeding guilds (Ad- Acartia danae, Al- Acrocalanus longicornis, Bs- Bestiolina similis, Cp- Canthocalanus pauper, Cf- Centropages furcatus, Co— Centropages orsinii, Da- Ditrichocorycaeus asiaticus,

DI - Ditrichocorycaeus lubbocki, Ec- Euchaeta concinna, Er- Euchaeta rimana, Lb- Labidocera bengalensis, Lk- Labidocera kroyeri, Lm- Labidocera minuta, On- Oithona nana, Oa-Onychocorycaeus agilis, Pi- Paracalanus
indicus,v Sn- Sapphirina nigromaculata, Ss- Subeucalanus subcrassus; NE- number of epibionts; H/O — Herbivorous or Omnivorous; H — Herbivorous; C — Carnivorous; O/C- Omnivorous or Carnivorous) in the
sampling stations.

Feeding H/O H H H H H 0/C C C C C C C (0] C H C H
guilds /0 /0 /C
Station  Depth (m)

Ad NE Al NE Bs NE Cp NE Cf NE Co NE Da NE Dl NE Ec NE Er NE ILb NE Lk NE Lm NE On NE Oa NE Pi NE Sn NE Ss NE
ODP1 0.2 900 0 400 O 1200 O 510 0 800 0 O 0 1250 0 800 0 400 O 0 0 0 0 0 0 260 0 500 O 350 O 470 O 400 O 800 O
ODP1 10 700 O 450 O 978 0 400 0 650 0 O 0 800 O 480 0 250 O 0 0O O 0 0 0 170 0 460 O 280 O 330 0 250 0 602 O
ODP2 0.2 850 0 420 0 1250 0 490 0 760 0 O 0 1209 0 830 0 440 O 0 0 o0 0 0 0 290 0 550 O 400 O 410 O 325 0 775 O
ODP2 10 650 0 500 O 900 O 480 0 645 0 O 0 826 0 520 0 310 O 0 0 0 0 0 0 135 0 420 0 250 O 374 0 209 0 569 O
ODP2 20 49 0 350 0 700 O 360 0 600 0 O 0 640 O 400 0 300 O 0 0 0 0 0 0 100 0 292 0 80 0 150 O 180 0 560 O
ODP3 0.2 920 0 430 0 1050 O 470 0 840 0 O 0 1175 0 885 0 498 0O 0 0 0 0 0 0 316 0 542 0 530 0 462 0 314 0 797 O
ODP3 10 620 0 570 0 816 0 450 0 675 0 O 0 890 O 580 0 340 O 0 0 o0 0 0 0 123 0 404 0 239 0 382 0 221 0 566 O
ODP3 20 520 0 354 0 715 0 343 0 690 0 O 0 627 0 517 0 390 O 0 0 0 0 0 0 128 0 247 0 152 0 137 0 195 0 530 O
ODP3 30 350 0 270 0 600 O 400 0 700 0 O 0 600 O 500 0 400 O 0 0 0 0 0 0 75 0 160 0 110 0 50 0 130 0 200 O
ODG1 0 1400 0 2200 O 2800 O 1100 0 950 0 1650 0 2100 0 0 0 2380 O 0 0 1500 O 900 O 800 0O 1100 O 900 O 800 O 58 0 O 0
ODG1 10 750 0 1050 0 1200 O 650 0 450 0 800 O 900 O 0 0 1200 O 0 0 750 O 400 O 300 0 400 O 500 O 330 O 400 O O 0
ODG2 0 1300 0 2100 0 2950 O 1205 0 750 0 1450 0O 2200 0 0 0 2250 O 0 0 1750 O 1100 0 760 0 980 O 1020 0 980 0O 405 0 O 0
ODG2 10 650 0 950 O 1300 O 750 0 550 0 750 O 840 O 0 0 1310 O 0 0 720 O 500 O 348 0 421 0 430 0 364 0 417 0 O 0
ODG2 20 320 0 200 0 500 O 517 0 600 0 360 O 700 O 0 0 350 O 0 0 170 © 200 O 110 0 105 0O 58 0 30 0 100 0 O 0
ODG3 0 1250 0 1800 O 2570 O 1104 0 850 0 1250 O 2500 O 0 0 2650 0O 0 0 1980 0O 900 O 980 0 850 O 1130 O 1084 0 365 0 O 0
ODG3 10 750 0 870 O 1230 0 850 0 510 0 780 O 740 0 0 0 1260 O 0 0 820 O 630 O 379 0 436 0 462 0 350 0 413 0 O 0
ODG3 20 380 0 250 O 480 O 530 0 605 0 373 0 719 0 0 0 38 0 0 0 128 0 150 0 80 0 138 0 44 0 50 0 70 0 O 0
ODG3 30 340 0 180 O 440 O 470 0 550 0 380 O 630 O 0 0 200 O 0 0 160 O 180 O 120 0 100 O 150 O 140 0 120 0 O 0
APB1 0.2 0 0 20 0 0 0 28.7624 0 0 0 0 0 0 0 45 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 35 0 0 0 44 0
APB1 10 0 0 273 0 O 0 140 0 0 0 0 0 0 0 410 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 197 0 O 0O 180 O
APB2 0.2 0 0 28 0 0 0 226848 0 0 0 0 0 0 0 39 0 o0 0 0 0 0 0 0 0 0 0 0 0 0 0 41 0 0 0 54 0
APB2 10 0 0 259 0 O 0 125 0 0 0 O 0 0 0 400 0 O 0 0 0O O 0 0 0 0 0 O 0o o0 0 180 0O 0 0 220 O
APB2 19.8 0 0 516 0 O 0 59 0 0 0 0 0 0 0 890 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 1020 0 O 0 580 O
APB3 0.2 0 0 22 0 0 0 18 0 0 0 0 0 0 0 34 0 o0 0 0 0 0 0 0 0 0 0o 0 0 0 0 53 0 0 0 56 0
APB3 10 0 0O 228 0 O 0 285 0 0 0O 0 0 0 0 302 0 O 0 0 0O O 0 0 0 0 0 0 0o o0 0 1514 0 O 0 198 0
APB3 20 0 0 582 0 O 0 751 0 0 0 0 0 0 0 873 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 970 0 O 0 697 0
APB3 30 0 0 80 0 O 0 900 0 0 0 0 0 0 0 1000 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 700 0 O 0 1000 O
APV1 0.2 60 0 120 0 170 0 120 370 150 0 230 730 250 2560 0O 0 120 ©0 0 0 120 ©0 0 0 152 0 180 0 108 0O 75 0 105 0 O 0
APV1 10 90 0 110 0 200 O 130 0 160 0 250 484 270 O 0 0 110 70 O 0 110 70 O 0 160 0 223 0 82 0 80 0 105 0 O 0
APV2 0.2 70 0 146 0 155 0 165 7 220 0 180 7 220 799 O 0 103 O 0 0 100 O 0 0 131 0 163 0 131 0 90 0 158 0 O 0
APV2 10 150 0 160 0 140 0 75 0 130 0 280 535 280 O 0 0 180 117 0 0 170 118 0 0 142 0 206 0 95 0 64 0 128 0 O 0
APV2 20 80 0 120 0 250 O 160 0 180 0 270 O 260 O 0 0 170 O 0 0 120 O 0 0 170 0 215 0 94 0 85 0 150 0 O 0
APV3 0.2 60 0 160 0 179 0 150 5 210 0 160 5 190 499 0 0 127 0 0 0 130 O 0 0 104 0 128 0 142 0 110 O 186 0 O 0
APV3 10 140 0 180 0 210 0O 106 0 150 0 220 400 210 O 0 0 110 72 0 0 167 100 O 0 160 0 238 0 165 0 78 0 154 0 © 0
APV3 20 155 0 112 0 270 O 143 0 165 0 220 O 248 O 0 0 139 0 0 0 104 O 0 0 141 0 202 O 137 0 125 0 182 0 O 0
APV3 30 170 0 180 0 290 0 250 65 225 0 220 35 190 O 0 0 190 30 O 0 180 22 0 0 240 0 260 0 270 0 266 0 161 0 O 0
APK1 0.2 0 0 0 0 110 0 84 0 0 0 0 0 90 750 0 0 120 64 25 0 O 0 79 70 0 0 0 0 68 0 0 0 0 0 0 0
APK1 10 0 0 0 0 19 0 170 0 0 0 0 0 170 0 0 0 253 0 60 0 O 0 102 0 0 0 0 0 95 0 0 0 0 0 0 0
APK2 0.2 0 0 0 0 95 0 126 0 0 0 0 0 130 1054 0 0 70 9 15 0 0 0 65 6 0 0 0 0 92 0 0 0o 0 0 o0 0
APK2 10 0 0 0 0 213 0 154 0 0 0 0 0 185 0 0 0 160 O 95 0 0 0 146 0 0 0 0 0 135 0 O 0 0 0 0 0
APK2 19.6 0 0 0 0 500 O 300 0 0 0 0 0 456 0 0 0 522 412 130 0 O 0 330 262 0 0 0 0 190 0 © 0o 0 0 0 0
APK3 0.2 0 0 0 0 84 0 110 0 0 0 0 0 145 422 0 0 90 43 28 0 O 0 38 17 0 0 0 0 55 0 0 0o 0 0 0 0
APK3 10 0 0 0 0 235 0 145 0 0 0 0 0 172 0 0 0 140 O 74 0 0 0 175 0 0 0 0 0O 180 0 O 0o 0 0 0 0
APK3 20 0 0 0 0 410 0 277 0 0 0 0 0 471 0 0 0 540 280 150 0 O 0 360 144 0 0 0 0 215 0 O 0o 0 0 0 0
APK3 30 0 0 0 0 450 0 320 0 0 0 0 0 500 O 0 0 478 0 165 0 0 0 350 0 0 0 0 0 231 0 O 0o 0 0 0 0

0 32 anbippis Y
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Fig. 4. AHCA showing grouping of sampling locations based on their physicochemical and Chlorophyll-a characteristics. One-Way ANOSIM test revealed a sig-
nificant difference in water quality in the presence and absence of sub-surface thermal inversion phenomenon. LINKTREE analysis confirmed the ANOSIM results
with a SIMPROF test and B-statistics and accounted for variables mainly responsible for the grouping pattern. For each variable, values outside the parenthesis qualify

Gr. I, while that inside qualify Gr. II.

carnivorous copepod population. Off APV, they made up 52-61% (ca.
57%) of carnivorous copepods (with 0.03-10.2 epibionts per copepod).
The only calanoid copepod with epibionts was Canthocalanus pauper
(0.03-3.1 epibionts per copepod). These findings suggest that the same
epibiont species prefers carnivorous copepods over herbivorous ones of
comparable size (Fig. 5, Fig. 6, Table 1).

4. Discussion

The frequency of epibiosis and diversity and spatial structuring of
epibionts in winter plankton samples stirred our interest in background
factors and oceanographic features supporting such successful consortia
of plankton in coastal waters. The study revealed active epibiosis among
the plankton in sub-surface thermal inversion layers in the coastal wa-
ters of the western Bay of Bengal under winter-monsoon conditions.
Epibiosis was absent or sparse in the surface and deep waters and in
areas where thermal inversion was not noticeable.

The coastal waters off Kakinada (i.e., off APK) experience significant
hydrographical changes due to the increased freshwater influx and
mangrove outwelling during monsoon periods. During summer and
winter monsoon, freshwater from river Godavari that flows through the
mangroves brings a large flux of nutrients causing significant changes in
nutrient and plankton community dynamics in the Kakinada Bay and
adjacent coastal waters. The geomorphological changes and breaches in
the sand spit that separates the semi-enclosed Bay from the coastal
waters mask the winter salinity changes inside the Bay (Prof. A. V.
Raman, Andhra University, Visakhapatnam, India- personal communi-
cation). Apart from mangrove outwelling, cold-core eddy induced up-
welling enriches the coastal waters and causes significant changes in
plankton community characteristics off Kakinada in spring inter-
monsoon (Rakhesh et al., 2008). The effect of eddy pumping on the
plankton community is also reported off Visakhapatnam (Bhavanar-
ayana, 1974). Moreover, numerous fertilizer factories, food and oil
processing units, and pharmaceutical industries are located along the

coasts of Kakinada and Visakhapatnam (Shaik et al., 2015). These
studies suggest that the coastal waters off Andhra Pradesh (correspond
to transects APB, APV, and APK) are subjected to different allochthonous
and autochthonous fluxes on a seasonal basis. Thus, the exceptional
hydrographical settings off Visakhapatnam and Kakinada seem to have
promoted the formation of a sub-surface thermal inversion layer in the
southern transects, as reported in this study.

The coastal environment of the western BoB, in general, is influenced
by freshwater influx from major east draining rivers, causing a lowering
of salinity during monsoon periods (Thadathil et al., 2002). From Indian
waters, Nanajkar et al. (2019) reported the occurrence of epibiosis under
specific environmental conditions at estuarine mouths. In agreement
with the observations made by Thadathil et al. (2002), we have docu-
mented the formation of a sub-surface thermal inversion layer under
winter conditions in the southern areas of the northwestern BoB. Winter
surface cooling and salinity stratification are vital drivers in forming and
maintaining the thermal inversion layer. Advection of cold, low saline
waters over warm, high saline waters can also contribute to developing
the thermal inversion layer (Thadathil et al., 2016). As observed in this
study, a three-dimensional model simulation by Babu and Rao (2011)
suggested thermal inversion at 10-20 m depth in the western BoB.

Chlorophyll a concentration was higher in the surface water but
showed a marked decrease with depth. In the northern transects where
thermal inversion was not apparent, the Chl a concentration was higher
than that reported from the south where thermal inversion was present.
The thermal inversion layer prevents entrainment and vertical mixing of
cold, nutrient-rich deeper waters with the nutrient-deficient mixed layer
(De Boyer Montégut et al., 2007). Accordingly, we have noticed that the
thermal inversion aided sub-surface stratification, and a barrier layer
formation limited nutrient supply from the deep to the surface, causing a
decrease in Chl a levels in the south. A contemporary study by Prasanna
Kumar et al. (2010) reported stratification of the water column and
diminished wind mixing, causing low Chl a and primary productivity in
the western BoB.
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Fig. 5. Distribution of environmental variables across coastal transects sampled during the winter monsoon in the western Bay of Bengal. In the box-whisker plot, the
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This study has revealed a higher concentration of nitrate, nitrite and
phosphate below the thermal inversion layer and deeper layers of
southern transects. In contrast, in the north, surface waters were
repleted of nutrients. Here, the absence of sub-surface thermal inver-
sion helped the mixing of nutrients, especially silicate and ammonium,
from the deep with the mixed layer. Zooplankton can increase the

ammonium levels in the water column (Biggs, 1977). Their biomass and
abundance in southern transects were lower than that reported from
the north. Higher ammonium levels recorded in the northern transects
corroborate well with this observation. Riverine supply and eutrophi-
cation also increase the silicate and ammonium levels in coastal waters.
High nitrate, nitrite and phosphate levels in the sub-surface layers of
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Fig. 6. Distribution of biotic variables in the coastal waters. (A) Chlorophyll a (B) Phytoplankton density (C) Density of phytoplankton with epibionts (D) Density of
epibionts on phytoplankton (E) Total mesozooplankton (F) Copepods density (G) Density of copepods with epibionts (H) Density of epibionts on copepods.

southern waters must have promoted the growth of phytoplankton,
including epizoic diatoms. A recent study by Sahu et al. (2015) suggests
an increased abundance of epibiotic diatoms in nutrient replete coastal
waters.

In the deeper waters of the south, sub-surface Chl a maxima (at 20
m depth, Madhu et al., 2006) promoted zooplankton build-up; how-
ever, their relationship was not statistically significant (P > 0.1).
Fernandes and Ramaiah (2009) reported a similar trend, even when
zooplankton biomass was five times higher and density eighteen times
greater in the sub-surface waters where cold-core eddies existed. Sabu

et al. (2015) also report the influence of cold-core eddy on meso-
zooplankton community during winter monsoon from the central BoB.
Therefore, while cold-core eddies help stimulate plankton production
in winter monsoon in the coastal BoB, water column stratification due
to sub-surface thermal inversion hinders nutrient induction to the
surface layers. Such a scenario would favour tiny phytoplankton in the
surface waters that would eventually support a less efficient trophic
flow where microzooplankton play a key role (Jyothibabu et al., 2008).
Conversely, higher mesozooplankton stock in the thermal inversion
layer and deeper waters, where nutrients and Chl a were higher,
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suggests the dominance of the classical, more efficient phytoplankton-
mesozooplankton food chain. Thus, the discrepancy observed between
the northern and southern transects in the present study suggests that
the sub-surface thermal inversion controls the nutrient dynamics, the
plankton distribution patterns, and availability of basibionts, most of
which prefer species-specific association with diatoms and copepods.

The present findings on the species-specific association of the peri-
trichous ciliate Vorticella oceanica and the chained centric diatom Chae-
toceros coarctatus are supported by earlier studies of Karsten (1907); Cupp
(1943); Nagasawa and Warren (1996); Garate-Lizarraga and Muneton-
Gomez (2009); Purushothaman et al. (2020); Gomez (2020). The rela-
tionship between V. oceanica and C. coarctatus is obligatory since
C. coarctatus provides a favourable substratum for the growth of the
ciliate and protects it from predators using diatom setae, forming a cage-
like configuration (Gomez, 2020). A tremendous survival advantage has
been attributed to the ciliate’s association with C. coarctatus since the
epibiont can rapidly detach and re-attach to the basibiont and attain
efficient feeding rates, which is not possible for epibionts adhering to
crustaceans (Nanajkar et al., 2019; Gomez, 2020). Such an association is
beneficial for the basibiont, as the movement of the attached V. oceanica
alters the buoyancy of the diatom chain and helps with its horizontal
displacement in less turbulent waters (Gomez, 2020). The epibiont-
basibiont partnership thus exhibits mutualism rather than commen-
salism. In this study, the abundance and density of V. oceanica on
C. coarctatus was higher (>5 cells/Cell) at the thermal inversion layer.
The reports of Vorticella being attached to copepods (Fernandez-Leborans
and Tato-Porto, 2000) is restricted to freshwater copepods only.

The dinoflagellate Tripos furca was the most dominant phyto-
plankton taxa throughout the study area, yet without any epibionts.
Though T. furca is chain-forming phytoplankton, no chains of T. furca
were observed in this study. The only chained basibiont phytoplankton
was C. coarctatus; the epibiont V. oceanica attached to it in areas where
thermal inversion was either present (in greater abundance) or absent
(in lesser abundance). Baek et al. (2009) propose that chain-forming
phytoplankton showcase diel vertical migration (DVM) between the
surface and sub-surface waters to evade strong sunlight and to utilize
nutrients efficiently from sub-surface waters at night. Photosynthetic
epibionts attached to chain-forming phytoplankton may thus be
benefited from such association and hitchhiking.

According to Hiromi et al. (1985), only five species of diatom show
epibiosis on marine copepods and the most frequently reported associ-
ation is between the epizoic diatom Pseudohimantidium pacificum and
corycaeid copepods. In this study, the association between P. pacificum
and the corycaeid copepod D. asiaticus was observed only in the surface
waters where a single basibiont copepod possessed an average of 12
diatoms near their thoracic and urosomal regions. Russell and Norris
(1971) reported similar site-specific adherence where these diatoms
attached to male copepods’ genital and anal segments. They proposed
that diatoms are translocated to other copepods during copulatory or
non-copulatory entwining. Comparable to our observations, Russell and
Norris (1971) reported seven to nine cells of P. pacificum per individual
of Corycaeus affinis. Thus, it can be inferred that P. pacificum consorts
mainly with a specific family of copepods, Corycaeidae. However, a
recent study from the coastal BoB has suggested their association with
the copepod family Tachidiidae (Sahu et al., 2015).

Most protozoan epibionts on marine copepods belong to the phylum
Ciliophora and are members of the subclasses Suctoria and Peritricha
(Carman and Dobbs, 1997). The density of epibionts per copepod ranges
from 1 to 8 cells/ind. (Bowman, 1977), which is within the observed
density of ciliate infestation per copepod in this study. Ciliates associ-
ation with copepods depend on gender, developmental stage (Marshall
and Orr, 1955), and relative size of the copepod (Weissman et al., 1993).
Also, ciliates anchor themselves on specific parts of the copepod
exoskeleton like caudal rami and the thoracic region (embedded into the
pedigerous somites), as observed in this study. According to Weissman
et al. (1993), seasonality contributes to such epibiotic association. In our
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study, the epibiotic ciliate E. plana flourished in the warmer thermal
inversion layer during the winter monsoon. Studies suggest that
E. gemmipara, a congeneric species, attains peak growth when the water
temperature reaches 22-25 °C and becomes dormant when the tem-
perature dwindle to 8-10 °C (Tazioli and Di Camillo, 2013). They also
proliferate in high saline waters (for example, E. gemmipara at salinity
31; Chen et al., 2008), as reported in this study.

Epibiosis was manifested on larger taxa with higher morphological
complexity, such as the chain-forming diatom C. coarctatus and carniv-
orous copepods like L. kroyeri, L. bengalensis, E. concinna, D. asiaticus,
C. orsinii, and predominantly herbivorous C. pauper. Bigger plankters are
easy targets for epibionts as they furnish a larger surface area for
anchorage (Regali-Seleghim and Godinho, 2004). In this study, the
majority of basibiont copepods were predominantly carnivorous.
Studies elsewhere suggest an exclusive association of suctorian ciliates
with carnivorous (for example, Pelagacineta hebensis with Paraeuchaeta
hebe; Gregori et al., 2016) and omnivorous copepods (for example,
Tokophrya sp. with Limnocalanus sp.; Evans et al., 1979). Since omnivory
is the most preferred feeding habit among planktonic ciliates, they gain
nourishment while adhering to carnivorous/omnivorous copepods that
prey on smaller zoo- and phytoplankton.

Horikami and Isii (1981) explained how an epibiont ciliate attaches
to a basibiont host. On encountering a basibiont, the ciliate immediately
attaches to the basibiont. The ciliate secretes a transparent viscous
compound that elicits a positive chemotactic response in other ciliates
facilitating their adherence on the same basibiont. The stalk of the ciliate
retracts in a coiled manner, and they penetrate the ribcage of setae when
a crustacean is a host (Gomez et al., 2018). Epibiosis on crustaceans is
sparse compared to diatoms since frequent moulting of the crustacean
carapace does not allow epibionts to form colonies and force them to
find new substratum (Utz and Coats, 2005). Therefore, for an epibiont,
the ideal basibiont will be an adult copepod or any other adult crusta-
cean that has completed its moulting stages. In coastal waters, ciliates
are the primary grazers of the bacterial community (Sherr and Sherr,
1987). As the death of basibionts seldom affects the existence of epi-
biotic ciliates (Utz and Coats, 2008), the ciliates become a part of the
microzooplankton community and lead a vital role in the biogeochem-
ical cycles in coastal ecosystems (Buitenhuis et al., 2010). Moreover,
when compared to their free-living counterparts, epibiotic species have
higher feeding efficiency (Fenchel, 1980). Their colony-forming
behaviour and a higher rate of bacterivory increase the nutrient remi-
neralization capabilities (Bickel et al., 2012) and generate a subsidiary
trophic pathway in the coastal waters (Sherr and Sherr, 1987).

Sawyer et al. (1976) proposed that ciliates are pollution tolerant and
can be helpful indicator species. Specific diatom assemblages are in-
dicators of river influx, estuarine state and salt-wedge conditions
(Rovira et al. 2012). Jiang et al. (2013) highlighted that pelagic ciliate
communities are robust bioindicators of climate change, whereas Wang
et al. (2016) considered the body-size spectrum of ciliates as a bio-
indicator of ecological changes and global bio-assessment. Ciliates ob-
tained in our study as epibionts were more abundant in the southern
transect, which experiences greater coastal eutrophication. Thus, it can
be suggested that the epibionts are potential indicators of pollution in
the coastal areas since they flourish in nutrient replete waters.

5. Conclusion

The present study on winter hydrography and plankton dynamics in
the northwestern BoB revealed winter cooling aided shallow mixed layer
formation and development of sub-surface thermal inversion layers in
the southern coastal waters. The resulting stratification of the water
column prevented the infusion of nutrient-rich bottom waters into the
surface layers. It resulted in significant spatial disparity in nutrient
availability between the southern (thermal inversion region) and
northern (non-thermal inversion region) transects. The warmer, high
saline waters with moderate nutrient availability promoted both
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basibionts and epibionts, leading to active species-specific epibiosis on
chained centric diatoms and carnivorous/omnivorous copepods in the
thermal inversion layer of the southern transects. Further studies are
required to explore the higher frequency of epibiosis in the thermal
inversion layer and compare the ecological significance of epibiosis in
the mesotrophic-eutrophic coastal waters and the oligotrophic open
ocean waters.
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