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Abstract

Planktonic ciliate composition and distribution together with physicochemical variables were investigated in a shallow hyper-
saline lagoon, Pulicat, India, during three seasons, i.e., pre-monsoon (PRM), monsoon (MON), and post-monsoon (POM). The
low freshwater inflow, evaporation, and closure of the lake mouth were the main factors for the hypersaline conditions in Pulicat
Lake. The average depth and salinity were 1.8 £0.12 m (0.8 to 2.8 m) and 35.3£1.68 (12.5 to 61), respectively. A total of 29
ciliate taxa belonging to 18 genera and five classes were identified. Strombidium conicum (24%) was the dominant species
followed by Euplotes sp. (10.7%) and Stenosomella sp. (7.02%). Spirotrichea (84%) was the dominant class followed by
Oligohymenophorea (9.6%) and Heterotrichea (5.8%). Fabrea salina, a typical species in hypersaline systems, was abundant
at locations where the salinity was more than 35. Multivariate analysis using the Bray—Curtis similarity, followed by SIMPROF
(Similarity Percentage Analysis), on ciliate abundance data revealed three ciliate assemblages characterizing south, central, and
north of the lake at 40% similarity (SIMPROF, cophenetic correlation = 0.622, P = 5%). Both ciliate abundance and chlorophyll-
a were positively correlated with salinity. Species richness and evenness were higher in the south sector when compared with
those in the other two sectors. Biotic-environmental interaction through canonical correspondence analysis (CCA) inferred that
the combined effects of salinity, chlorophyll-a, and nutrient levels are the key factors responsible for the distribution of the ciliate
species, suggesting that ciliates can be considered to be potential bioindicators of water quality.
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Introduction in coastal waters, have been initiated in the last few decades.

Several such studies have reported the abundance, community

Planktonic ciliates are a part of the microzooplankton (MZP)
and most are in the size range from 20 to 200 um. They play
an important role in aquatic environments by mediating the
transfer of energy between the trophic levels of the microbial
food web (Azam et al. 1983). Numerous studies on the ecol-
ogy and distribution of MZP, particularly ciliated protozoans
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structure, and diversity of ciliates with respect to changing
environmental conditions in both temperate (Modenutti et al.
2000; Queimalifios et al. 1999) and tropical (Jyothibabu et al.
2006; Sahu et al. 2016) regions. Most of these studies have
indicated the ecological importance of planktonic ciliates, par-
ticularly their grazing of phytoplankton in coastal waters
(Landry and Calbet 2004; Schmoker et al. 2013). Although
ciliates are important grazers of phytoplankton and serve as a
food source for mesozooplankton in hypersaline systems
(Sanders and Wickham 1993; Brown et al. 2002), information
on their species composition and diversity are limited from
such environments (Elloumi et al. 2006).

In general, environmental factors such as salinity, temper-
ature, and availability of food control the ciliate community
structure (Nche-Fambo et al. 2016; Pineda et al. 2019). The
ecological and environmental variabilities generally influence
the community attributes such as species richness which
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decreases with an increase in salinity (Pedrds-Alio et al.
2000). Ciliates require a basic source of energy for survival,
and they can exist actively even in extreme conditions (Lynn
2008) such as anaerobic conditions, high temperatures, alka-
linity, and hypersalinity (Hu 2014). A few organisms such as
Artemia salina (crustacean), Dunaliella salina (microalgae),
and Fabrea salina (ciliate) have been reported as common in
hypersaline habitats (Elloumi et al. 2006). Fabrea salina, a
typical hypersaline heterotrichous ciliate, can tolerate salinity
concentrations higher than 60 (Giordano et al. 1994).
Anaerobic ciliates are mostly present in the fresh and marine
water sediments (Fenchel and Jergensen 1977; Xu et al.
2011). Chilodon, Tetrahymena, Folliculopsis, etc. are some
examples of ciliate genera, which can survive in temperatures
higher than 40 °C (Corliss 1973; Kahan 1969, 1972; Noland
and Gojdics 1967). Finlay et al. (1987) investigated alkaline—
saline water bodies of East African Lakes (Lake Nakuru and
Lake Simbi) and reported the occurrence of Frontonia sp.,
Spathidium sp., and Holophyra sp. Studies on ciliates occur-
ring in hypersaline systems have mainly dealt with biomass
contribution (Pandey et al. 2008; Elloumi et al. 2006; Lei et al.
2009; Nche-Fambo et al. 2016). Recent studies have consid-
ered ciliates as bioindicators because of their rapid responses
to change in water quality (Zhang et al. 2012; Jiang et al.
2013; Wang and Xu 2015; Sikder et al. 2019). However, stud-
ies characterizing the spatiotemporal variations in ciliate com-
munity distribution in hypersaline systems, particularly from
the Indian subcontinent, are lacking.

Pulicat Lake, a hypersaline lagoon and the second largest
lagoon in India after Chilika Lake, shows a wide range of
salinity varying from 2 to 55 during monsoon and post-mon-
soon, respectively (Radhakrishnan 1976). Earlier studies have
reported the topography and hydrological conditions of
Pulicat Lake and suggested that the broad variations in salinity
might be due to the low freshwater inflow, high residence
time, evaporation (summer), and closure of the lake mouth
due to siltation (Dhinamala et al. 2015). The present study
aimed to illustrate the composition and distribution of ciliates
in Pulicat Lake using various univariate and multivariate bio-
diversity models. The environmental gradients structured
through spatiotemporal changes determine the community
structure and diversity of planktonic ciliates. Therefore, we
hypothesize that monsoon and shallow environment along
with local dynamics and salinity regimes are the key factors
to differentiate ciliate assemblages.

Materials and methods
Study area

Pulicat Lake is located between 13°26'—13° 43’ N latitude and
80° 03'-80° 18’ E longitude, parallel to the coastline of Bay of
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Bengal is 60 km long, and has a maximum width of about
20 km. The water-spread area during the monsoon period is
460 km?, whereas during the dry period, it is 250 km?
(Coulthard 2008). The average depth is about 1.8 m. It is
separated from the Bay of Bengal by an inland spit called
Sriharikota Island. The main freshwater sources for Pulicat
Lake are the Arani River in the south and Kalangi and
Swarnamukhi rivers at the mid-western and northern regions,
respectively. These rivers discharge freshwater into the lake
only during the rainy season, i.e., Northeast monsoon.

Environmental variables

Altogether, 39 samples were collected from thirteen GPS
fixed sampling stations to cover the entire lake (Fig. 1).
Sampling was carried out once in a month during September
2018, November 2018, and January 2019 representing the
tropical climatic conditions such as pre-monsoon (PRM)
(rainfall 47.3 mm; avg. 18 days), monsoon (MON) (rainfall,
449.6 mm; avg. 24 days), and post-monsoon (POM) (rainfall
3.1 mm; avg. 7 days), respectively (https://www.
worldweatheronline.com/pulicat-weather-averages/tamil-
nadw/in.aspx). Depth and water temperature were measured
by using portable Citadel CTD-NV. Salinity (Knudsen’s
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Fig. 1 Study area of Pulicat Lake showing the sampling locations
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method), total suspended matter (TSM), dissolved oxygen
(DO) (Winkler’s method), nitrate—nitrogen (NO3 "), nitrite—
nitrogen (NO, ), ammonium-nitrogen (NH, "), reactive phos-
phate (PO, ), reactive silicate (SiO4 ), total nitrogen (TN),
and total phosphorus (TP) were estimated by following stan-
dard protocols (Grasshoff et al. 1999) and using a multi-
chemistry AutoAnalyzer unit (SEAL Analytical, model AA3
HR). For phytoplankton biomass (chlorophyll-a), a known
volume of the water was filtered through the GF/F filter with
a gentle vacuum (of <80 mmHg) and then, the filter was
wrapped with an aluminum foil and frozen until analysis.
The filter was extracted with 90% acetone at 4 °C in dark
for 24 h, and the pigment concentration was measured using
a spectrophotometer (UV1800, Shimadzu) (Strickland and
Parsons 1972).

Ciliate enumeration

One liter of subsurface water was collected with a Niskin’s
water sampler and fixed with 2% acid Lugol’s iodine and
stored in a cool dark place (UNESCO 1978). The fixed sample
was allowed to stand for 48 h, and then, the supernatant was
siphoned leaving 100 ml as the final volume (Utermdhl 1958).
An aliquot of the sample (1 ml) was placed in a Sedgewick
Rafter counting chamber, and ciliates were enumerated under
ZEISS Axioscope-Al upright microscope at x 100—x 400.
Taxonomic identification and species description were made
following the taxonomic keys of Kofoid and Campbell
(1929), Corliss (1979), Curds (1982), Lynn (2008), and Gao
et al. (2016). To measure the biovolume of each taxon, linear
dimensions such as length, width, and diameter were mea-
sured for 15 to 20 cells per taxon by using the AxioVision
Rel 4.8 software which was configured with AxioCam MRC,
Carl Zeiss camera along with calibrated ocular micrometer
and fitted into geometric models (Vadrucci et al. 2007). The
total biovolume per taxon per liter was obtained by multiply-
ing the mean cell biovolume by its abundance and converted
to carbon biomass (pg C 17") by applying the conversion factor
(C: vol ratio of 0.19) proposed by Putt and Stoecker (1989)
due to cell shrinking in Lugol’s iodine. For tintinnids, cell
volume was considered Y the lorica volume, and after mea-
suring the lorica volume (LV) of'the identified taxa, the carbon
content was estimated using the conversion factor:

pg C =LV (um’) x 0.053 +444.5

(Verity and Langdon 1984).

Statistical analyses

A series of multivariate analysis was adopted to address the

spatial distribution of ciliate species in Pulicat Lake. Ciliate
abundance data were subjected to the D’ Agostino and Pearson

omnibus normality test and revealed a non-normal distribution
pattern. Hence, we used a non-parametric technique called
PERMANOVA, with a pseudo-F statistic, and P value obtain-
ed from 999 random permutations on the resemblance matrix
(Anderson 2001). Bray—Curtis similarity—based cluster analy-
sis was performed on the square root-transformed ciliate
abundance data (which contributed up to 86% of the total
abundance) through group average linking for classifying
the ciliate assemblages according to the standard protocols
(Clarke and Green 1988; Clarke and Warwick 2001; Clarke
and Gorley 2006). The contribution of each species and spatial
differences in ciliate assemblages were summarized using
SIMPROF (Similarity Percentage Analysis) (Clarke and
Gorley 2006) and submodule CAP (canonical analysis of
principal coordinates) of PERMANOVA+, respectively, to
test statistical difference between sample clouds which were
separated by two CAP axes (Anderson et al. 2008; Jiang et al.
2013).

The species—environmental relationship matrix between
each dominant species (selected 15 species) and environmen-
tal variables was presented in a tabular format with statistical
regression and probability strength obtained through paired
Spearman’s rank correlations. Subsequently, a multivariate
correlation test using the submodule biotic—environmental in-
teractions (BIOENV) through the Spearman rank correlation—
based permutation Mantel coefficient test (RELATE) protocol
was employed to identify a potential relationship between the
datasets (Clarke and Gorley 2006). The square root—
transformed ciliate abundance data was used for the biotic—
abiotic interaction study performed by using the unimodal
canonical correspondence analysis (CCA) to explain varia-
tions in ciliate composition, as described by measured envi-
ronmental gradients ter Braak (1986). The Monte Carlo ran-
domization test (499 permutations under the reduced model
with inter-species distance matrix) was carried out to assess
the best probability of the observed patterns (ter Braak and
Verdonschot 1995).

In order to emphasize the patterns of ciliate diversity
across the assemblages, alpha (species number S,
Margalef’s richness index d, Shannon—Weiner diversity
H', and Pielou’s evenness index J'), species turnover, beta
(beta diversity index, beta dissimilarity based on Bray—
Curtis), and total number of species, gamma diversity in-
dices were measured following the proposed protocols
(Whittaker 1960, 1972; Wilson and Shmida 1984; Koleff
et al. 2003). A Venn diagram was used to represent the
ciliate species turnover across different ciliate assem-
blages, and the numerical values in the diagram denote
the number of species.

PRIMER v6.1 software package was used for all the uni-
variate and multivariate procedures outlined above (Clarke
and Gorley 2006). CANOCO v4.5 (ter Braak and Smilauer
2002) was used for canonical correspondence analysis (CCA).
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The box plots were built by using Origin v8. Microsoft Excel
2007 was used for data analysis including linear regression.

Results and discussion
Environmental variables

The environmental and biological variables recorded in the
three sectors of the lake are presented with average values
and standard errors in Table 1. The lake is shallow with an
average depth of about 1.8 m. Secchi disc transparency ranged
from 0.3 m (central) to 1.8 m (south) with an average of 0.7 m.
Water temperature was a maximum of 32.8 °C during the
PRM and a minimum of 26 °C in MON. Salinity differed
significantly between the seasons ranging from 12.5 to 61

Table 1

(mean + SE, 35.3 +1.63), while the maximum (avg. 41.3 +
4.3) was recorded in the month of September 2018 (PRM)
followed by January 2019 (POM; avg. 36.9+1.3) and
November 2018 (MON; avg. 29.5 £2.3).

The comprehensive salinity-based classification (Venice
System 1959) for coastal water bodies indicated that during
the PRM and POM, the salinity of the lake was between meta-
haline and hyperhaline, whereas during the MON, the lake
exhibited mesohaline to meta-haline conditions due to consid-
erable inputs of freshwater in the form of rainfall and in-
creased river flow (Fig. 2). The salinity trends indicated no
significant spatial disparity. Nevertheless, the spatial hetero-
geneity in salinity within the north sector was higher when
compared with that of the other two regions. Earlier findings
correlated the extreme salinity and temperature in Pulicat
Lake, to the low rainfall, insufficient river water inflow, and

Summarized information on environmental characteristics, abundance, and biomass of ciliate community in between the three sectors of

Pulicat Lake

Parameters South sector (st. 1, 2, 3) Central sector (st. 4, 5, 6,7, 9) North sector (St. 8, 10, 11, 12, 13)
Min  Max Mean + SE ~ Min Max Mean + SE Min Max Mean + SE
Environmental
Depth (m) 0.8 2.8 2+0.1 0.8 1.7 1.2+0.1 1.0 3.0 2.1+0.2
Secchi disc (m) 0.6 1.8 1.3 +0.1 0.3 0.6 04+0.1 0.3 1.5 0.8+0.1
Temperature (°C) 252 303 27.8 £0.2 26.1 30.5 27.8+04 25.8 32.8 28.2+0.7
Salinity 27.8 357 31.8 £0.1 30.4 494 37.6+1.7 12.6 61.1 35.6+3.8
pH 8.0 8.8 82+0.2 8.1 8.5 83+0.1 7.9 8.5 82+0.1
Dissolved oxygen (mg 1) 2.7 7.5 54+03 3.6 73 59+04 33 7.8 5.6+0.4
Total suspended solids (mg I™")  29.1  160.0 61.5+0.6 80.1 700.0 237.4+50.9 30.0 200.0 99.8+17.1
Chlorophyll-a (mg m ) 0.6 14.9 6.4+5.1 6.1 24.2 13.4+1.8 33 106.8 274+94
Nitrite (LM) 0.0 0.3 0.1+0.1 0.1 0.7 02+0.1 0.0 0.2 0.1+0.1
Nitrate (M) 0.3 1.7 09+1.8 0.1 49 1.1+0.5 0.1 0.8 0.5+0.1
Ammonia (uM) 49 334 147 £ 0.1 6.0 16.7 9+0.9 6.0 27.5 16.6+1.7
Phosphate (LM) 0.2 2.0 0.7 +0.1 0.3 1.0 0.5+0.1 0.2 1.5 0.7+0.2
Silicate (LM) 3.7 44.6 21 +£1 30.1 78.2 52+4.8 8.9 80.1 41.7+5.6
TN (uM) 185 60.3 371+ 1.7 49.3 76.2 613+24 214 91.7 62.9+53
TP (uM) 0.7 4.6 19+£02 0.7 52 1.8+0.4 0.8 8.6 29+0.6
Biological
Ciliate abundance (ind. 1)
Heterotrichea 33 200 61 £22 37 124.5 26.9+4 30 300 73.4+647
Litostomatea 360 400 845+ 19 2 2 02+4 0 0 0+0
Oligohymenophorea 16 410 59.4 + 10 7 162.5 25.1+4 90 730 65.9+13.8
Prostomatea 300 2160 1933 £52 100 50 42+4 0 100 72+1.92
Spirotrichea 8 12,597 190 + 69 5 1175 254+7 11 933 132+18
Ciliate biomass (ug C )
Heterotrichea 1.07 6.5 198 £1 325 491 1.75+1 0.97 19.50 4.09+2
Litostomatea 1.16 1.3 03 +0.1 - 0.01 - - - -
Oligohymenophorea 004 1.71 120+ 0 0.14 2.01 0.18+0 0.13 5.34 0.33+0
Prostomatea 436 425 34+2 - 1.45 0.06+0 - 2.9 0.1+0
Spirotrichea 0.08 4522 38+2 0.03 48.5 09+0 0.03 6.8 02+0
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closure of the lake mouth (Padma and Periakali 1999;
Coulthard 2008). No significant spatial and seasonal trends
in pH were seen, while the maximum pH (8.7) was noticed
during the monsoon period. The total suspended matter dif-
fered significantly among the regions, being highest (237 =
50.9 mg1™") in the central sector followed by the north (99.8 +
17.1 mg 171) and south (61.5+0.6 mg 171) sectors.

The linear relationship between TSM, salinity, and chloro-
phyll-a was positively correlated (Supplementary Fig. 1a—d).
Similar observations were reported by Pérez-Ruzafa et al.
(2019) in Mar Menor, a hypersaline lagoon in the semi-arid
region of Mediterranean Sea. In Bahia de los Angeles, Gulf of
California, wind-induced vertical and horizontal circulation
patterns were the factors that regulated phytoplankton bio-
mass and productivity (Mufloz-Barbosa et al. 1991).
Additionally, the above relationship between TSM, salinity,
and chlorophyll-a could be due to the high salinity that tends
to decompose the organisms followed by the breakdown of
organic matter may be the reason for the increase in TSM
along with salinity (Shadrin and Anufriieva 2018). However,
in tropical coastal lagoons, e.g., Chilika Lake, nutrient avail-
ability and phytoplankton production generally depend on the
denitrification, remineralization, and sediment—water cou-
pling processes (Kanuri et al. 2013; Muduli et al. 2013;
Ganguly et al. 2015). Although the ciliate abundance in-
creased with an increase in salinity (Supplementary Fig. 1d),
it was not significant. The regression analysis (moving aver-
age) (Supplementary Fig. 1e) between the biomass of ciliates
and phytoplankton indicated that the ciliate biomass was high
when chlorophyll was low and vice versa, suggesting the
commonly observed top-down control of ciliates on phyto-
plankton (Landry and Calbet 2004).

The monthly averages of dissolved nutrient concentrations
for the three regions are presented in Table 1. Nitrite, ammo-
nium, silicate, and total nitrogen exhibited significant spatial
trends across the three regions of the lake. The maximum
concentrations of nitrite (0.7 M), nitrate (4.9 uM), and phos-
phate (2 uM) were detected during the PRM. Silicate concen-
tration was high (80.1 uM) during the MON and low
(3.6 uM) in the POM. Total nitrogen levels ranged between
18.5 uM (POM) and 91.7 uM (PRM). Total phosphorus was
high during the PRM (3.2 + 0.42 uM) followed by MON (2.8
+0.6 uM) and POM (0.93 £0.09 uM). Ammonium (4.9—

33.3 uM), phosphate (0.1-2.0 uM), and silicate (3.6—
80.1 uM) showed significant seasonal variations.
Chlorophyll-a varied from 0.6 mg m > (PRM) to
106.8 mg m > (MON) (Table 1). These results support the
general conclusion that the seasonal variability in freshwater
runoff and temperature are the key factors that regulate the
physicochemical conditions in shallow hypersaline systems
(Padma and Periakali 1999; Modassir and Ansari 2011).

Biological variables
Ciliate community structure and distribution

A total of 29 taxa belonging to 18 genera and five classes,
namely Heterotrichea, Litostomatea, Oligohymenophorea,
Prostomatea, and Spirotrichea (Choreotrichea, Hypotrichea,
and Oligotrichea), were identified. The Bray—Curtis similari-
ty—based cluster analysis on ciliate species abundance data
revealed three main species associations at 26% similarity
level (Fig. 3). The group I represents a set of 16 species, group
II with 11 species, and the other two species formed as group
II. Overall, 19 species were identified as common to all the
sectors (south, central, and north) of Pulicat Lake, out of
which 16 species belonged to Spirotrichea. In general, the
composition and abundance of ciliates are regulated by salin-
ity, food availability, and grazing activities (Al-Yamani et al.
2019). However, it is noteworthy that salinity was identified as
an important factor that controls the distribution of ciliates
(Jyothibabu et al. 2006; Urrutxurt et al. 2003).

Most of the species from group I were found in all the three
sectors except Strombidium oculatum and Leprotintinnus
nordgqvistii. Group II was divided into two subgroups with
Strombidium conicum, Tintinnopsis tocantinensis,
Strobilidium sp., Coleps sp., and Strombidium elongata as a
major subgroup. Oligotrichs and choreotrichs were dominant
when the salinity ranged from 27 to 35, which is close to that
of general marine environments (Elloumi et al. 2006; Nche-
Fambo et al. 2016). Fabrea salina was the only representative
of the class Heterotrichea and appeared dominant in both the
pre-monsoon and post-monsoon periods, particularly the lo-
cations where the salinity was higher than 40. Elloumi et al.
(2006) reported that Fabrea salina has a wide tolerance of
salinity and contributed to high ciliate biomass in the
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Fig. 3 Ciliate taxon distribution
using group average clustering
through the Bray—Curtis similari-
ty for the presence/absence of
each species in each sector
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hypersaline salt works of Sfax, Tunisia. The second subgroup
of group II comprised five species, i.e., Mesodinium sp.,
Favella ehrenbergii, Prorodon sp., Holosticha sp., and
Epistylis sp., of which only Favella ehrenbergii was common.
Amphirellopsis sp. and Tintinnopsis beroidea representing
group IIT were restricted to the south and central sectors.

Ciliate assemblages, composition, and diversity

Multivariate techniques have proven to be the best for charac-
terizing changes in planktonic communities and to explain
their variations along with environmental gradients (Jiang
et al. 2011). Henceforth, the Bray—Curtis similarity analysis
was performed on the square root—transformed mean abun-
dance data for 15 ciliate species which contributed to more
than 2% of the total abundance (cumulative, 86%), namely
Strombidium conicum (24.04%), Euplotes sp. (10.7%),
Stenosomella sp. (7.02%), Strobilidium sp. (5.65%),
Euplotes crassus (5.36%), Eutintinnus sp. (4.9%),
Strombidium elongate (4.32%), Tintinnopsis tocantinensis
(4.12%), Strombidium oculatum (3.6%), Fabrea salina
(3.8%), Strombidium acutum (3.24%), Uronema sp. (2.7%),
Prorodon sp. (2.5%), Tintinnopsis cylindrica (2.1%), and
Strombidium spiralis (2%) (Plate 1). In contrast, three species
contributed more than 50% of the ciliate biomass, i.e., Favella
ehrenbergii (38.3%), Strombidium conicum (10.9%), and
Eutintinnus sp. (8.03%). The dendrogram revealed three cili-
ate assemblages representing south (st. 1-3), central (st. 47,
9), and north (st. 8, 10—13) locations at 40% similarity
(SIMPROF, cophenetic correlation=0.622, P=5%)
(Fig. 4a). The resemblance matrix of the Bray—Curtis similar-
ity was used to plot the canonical analysis of principal coor-
dinates (CAP), and it revealed a similar spatial pattern to that
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of the ciliate communities (Fig. 4b). The first canonical axis
separated the ciliate assemblages of the south sector from the
other two groups at R=0.941, P=0.001, and the second ca-
nonical axis discriminated groups 2 (central sector) and 3
(north sector) from the south sector (R=0.743 at P=0.01).
PERMANOVA test demonstrated a significant difference be-
tween each pair of groups (F=3.96, P <0.002).

Overall, the ciliate community was numerically dominated
by Spirotrichea (84.4%) comprising three subclasses, namely
Choreotrichea (22.9%), Oligotrichea (54.4%), and
Hypotrichea (22.7%) (Fig. 5). The dominance of spirotrichous
ciliates has been reported in many areas such as Western
Mediterranean (Balkis 2004), Baltic Sea (Johansson et al.
2004), Cochin backwaters (Jyothibabu et al. 2006), and Gulf
of Gabes (Kchaou et al. 2009). This group generally inhabits
brackish environments and are filter feeders (Fenchel 1980;
Lynn 2008; Esteban and Finlay 2003). Similar observations
were reported from other hypersaline systems, for example
salt works of Sfax, and Gulf of Gabes, Tunisia (Elloumi
et al. 2006; Kchaou et al. 2009), where the ciliate abundance
was largely dominated by Spirotrichea when salinity was low
and Heterotrichea (mainly Fabrea salina) were dominated
when the salinity was high (> 50). Regardless, Biswas et al.
(2013) and Sivasankar et al. (2018) reported tintinnids as
bioindicators in the wetlands and estuarine coastal waters of
India depending on their abundance towards the upstream
freshwater regions. In the South sector, Spirotrichea (87.5%)
was largely represented by Strombidium conicum (54.3%),
Euplotes crassus (11.5%), and T. tocantinensis (9.13%),
whereas in the central sector, Spirotrichea was dominated by
Euplotes sp. (22.5%) followed by Stenosomella sp. (16.5%)
and Eutintinnus sp. (12%). Similarly, in the north sector,
Spirotrichea (71.3%) > Heterotrichea (13.6%) >
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Oligohymenophorea (13%) were represented by Strobilidium
sp., Fabrea salina, and Uronema sp., respectively.

The alpha diversity indices measured based on abun-
dance data for the three sectors were presented in the form
of box plots (Fig. 6). Only the species number (S) exhib-
ited significant spatial differences between the sectors

100
80 [ Spirotrichea
H Prostomatea
60
& Oligohymenophorea
40 O Litostomatea
£ Heterotrichea
20
0

South Central North

Fig. 5 Ciliate composition based on group abundance data

(P=0.05). Seasonally, the species number/richness ()
(1-15, 7.17+3.23), abundance (N) (96-25,546, 2242 +
677 ind. 1Y), and Margalef’s richness (d') (0.17-1.91,
0.87+0.42) did not change significantly. In contrast, the
Pielou (J) (0.44-0.96, 0.75+0.14) and Shannon—Wiener
evenness (H') (1.0-2.21, 1.41+0.08) showed significant
differences between the seasons at P<0.02 and P <0.04,
respectively. In general, species richness and evenness are
used to estimate water quality status; i.e., less polluted
areas are usually associated with high values of species
richness and evenness, and vice versa (Jiang et al. 2011).
In this study, the species richness and evenness were high
in the south sector when compared with that in the other
two sectors, suggesting the ecological importance of
ciliates to assess water quality. Similar findings were
reported from Daya Bay, China, by Wu et al. (2016) and
Sikder et al. (2019). In addition to alpha diversity, beta
and gamma diversity (total number of species, 29) were
also investigated on ciliate species using beta dissimilarity

@ Springer



18310

Environ Sci Pollut Res (2020) 27:18303-18316

Fig. 6 Box plots representing the 26 ) 51
ciliate diversity indices between 24 - £
the three sectors. Lower and 22] K]
. — []
upper whiskers denote the (23 20 c
minimum, maximum value, 2 . 5 4
respectively; dot indicates the _qé 18 _g’
megn;.lower and upper quartile 2 16+ = .
deviations are 25 and 75%, @ 14 > $
. — (%)
respectively § 12] § 3+ ;
P 10 g
e}
8- <
6 T T T 2 T T T
South Central North South Central North
~ 3.0- 0.95-
i
(]
0 —
Q 2.5+ = 0.90
< [}
O 0
== i [
'g 2.0 5 0.85
3 T ke
7y T o
o 15 \:Fl 3 0.80- .
k] °
g o
g 1.0 0.75 l
05 . : . 0.70 . ; .
South Central North South Central North
2.6-
—~ 2.4
<
g
5 221 «
3
< . L
S 2.0-
c .
©
% 181 l
1.6
So'uth Cen'tral No'rth
Zonel & 11
(based on the Bray—Curtis dissimilarity) and beta diversity
index, 3. The (-dissimilarity index was a maximum of South e
i Zonel
65.42% in the .so.uth and central s.ectors (sectors/zones 1 Total No. of sp. : 29 ( ?zr; ) ) _
and II) and a minimum of 62.57% in the central and north i‘ D'DV; 0-?; -
. ve. Dis. 65.
sectors (sectors/zones II and III). In contrast, the beta di- Zonell& I
. . one
versity index ranged from 0.84 (south and north sectors,
sectors/zones I and III) to 0.86 (south and central sectors,
sectors/zones I and II) (Fig. 7). The beta diversity mea-
sures revealed a gradient distribution of species turnover B Div.085
between the assemblages; however, the difference was not Ave.Dis.62.57
noticeable. The turnover rates may be due to various en- Zonel &1l
vironmental factors such as the salinity gradients, nutri- (Z'\:;r:?") Lontral
. . en
ents, and chlorophyll-a. It is observed that the species (23) (Zonell)
richness patterns of plankton are mostly driven by the (24) T
. DIv. 0.

influence of environmental heterogeneity (Jackson and
Blois 2015; Rakhesh et al. 2015).

@ Springer

Ave.Dis.63.67

Fig. 7 Venn diagram showing beta diversity measures



18311

Environ Sci Pollut Res (2020) 27:18303-18316

(1000°0>d s ‘100> d % ‘SO'0>d+) SI[QELIEA [BIUSWIUOIIAUD puE $3100ds dJeI[I0 9} USIM)Iq UONR[ILIOD JUBIYIUSIS

1ST0— YLEO £9€°0 #€790  06£0— €SP0 TTl0- $SE°0 SI€0 9820 STI0 0870 - 070 - sypA1dS WnIpIquIoss
S€0°0— $ST0 #7650 ves0  ISH0-— €810 0I€0- 01€0 0500 - P10 0£T0-— PPI0—  %+00L70— vaLpun > sisdouunuy]
870 €9Y0—  6£00-— 9710 L8E0 €9Y0—  SSI0- LIE0 60€°0 - Y610 $ST1°0 SLTO 01€°0 ds uopo.ouq
901°0— 0F00—  161°0— %2090 — LEEO PE00—  9€10—  ILbO- 90070 — 0 12350 L6T0 8570 ds pwauo.y)
TIo- 8910—  LYTO- 1$€°0 SH0°0 010  PII0- Y10 99070 — S61°0 201°0 €v0°0 1L1°0 WNoD WNIPIqUIOLS
910 YTI0—  STO0—  4PSS0-— LTS0 6£€°0— €500  €100- #0SL0 1220 %190 20070 - 0150 DUIDS D2UGD ]
woo- 1150 v£0°0 YLTO  6STO-— SS1°0 9L£0  6S10— $60°0 — 8870  YE00- Sty 0— €LE0— WDINI0 WNIPIqUIOLS
#7090 %T650— €v0°0 YT0— #SLS'0  #xS9L°0—  ISTO—  LST'0—  #xSL9°0—  tPPO—  990°0— «C19°0 1p€0  sisuduyupooy sisdouuyui]
0200 €91°0— €01°0 L9T°0 110°0 0900  9LE£0-— $9€°0 500 — 8€0°0 192°0 L9070 6700 — D3OI WIPIqUIOLS
9500 — 890°0 S11°0 1660  SLI'0O— S91'0  LTTO- 24%0 SY1°0— 2020 9L0°0 ¥81°0— 78T0— ds snuununng
6L10  «b190—  €CTO— LOTO- 01€0 «86F0—  0TH0—  68€0—  #xSEL0— 0L00  €€T0— #879°0 0ST°0 ds wnipijiqos
S€0°0— #ST9°0 0T€0 LLYO  9pb0- 9v€0 6v€0 €€T0 LOTO 6920 W00 xT99°0— #6950 — ds pjjawosouarg
S9T0— veI'0  L900— PO T8E0- W60 L900— 5H°0 97€°0 125°0 1o =9%S0— LTTO— “ds sojopdnyy
80F0  +8L9°0— 1L00  #TPS0- P0S0  #xL690—  €EV0- ¥60°0 «TTH0—  SITO- 890°0 #8190 88€°0 WNDLLOD WIIPIqUIOLS
YOd OIS fON ON YHN NSL D-[UD Hd Ayurpeg oa dua, as pde sorvadg
SO[qELIEA [EJUSWIUIONAUD PUB SJRI[IO JUBUIWIOP UAYIJ JO 0UBPUNGE UdOMIOq UONB[OLI00 Yuel s ueueddS g djqel

pringer

Qs



Environ Sci Pollut Res (2020) 27:18303-18316

18312

€L0°0— 061°0 €9¢°0— vLS0— (M) sreydsoyq
881°0— wio- 6070 w80 (AM) aeorps
6LY0— ¥C1°0 01€0— L1¥°0 (M) oreniN
0€1°0— €0€°0 - LTS0— 6£S°0 (AM) anmN
L6T°0 981°0 880°0 690 — (M) eruowury
0€0°0 6LE0 €ST°0 6170 p-[ikydorory)
LOS'0— 6870 — Y970 — LS00 — Hd
wy0— €970 - LOE0 €LY0 Ayurjeg
8L1°0 $00°0 6%0°0 G870 (;_I Swr) ua3Ax0 paAjossIq
661°0— 7600 - 061°0 611°0— (Do) amyerpdway,
SI[qeLIBA [eJUSWUOIIAUY
060 m®2®>ﬁ®w_® [edraoue? [[e Jo wng
9001 mu_\:m\wﬁvwmo :m wo wng
S8 8'9L 879 v'oy (9) uonejel JuawLONAUL-sa102dS JO
9'9L 069 9§ €9¢ (%) eyep saads 30
doueLreA a3ejusdrod sAneNUND
€S6°0 60 €660 1660 SUoONe[dI0d ancob\rc?mvﬁooam
900'T 9L0°0 921°0 €070 S9€°0 son[eAudsIg
eroul [eJ0], t SIXV € sIxy TsIxy [ sIXy sonsLaleIey)

SO[QELIEA [EJUSWIUOIIAUD PUE SA10adS SJBI[IO AU} USIMIOQ SIN[EA UONB[ALI0D (VD)) SISA[eue 2ouopuodsariod [esruoue)) € ajqel

pringer

Qs



Environ Sci Pollut Res (2020) 27:18303-18316

18313

210

:':_North

Ur 0, sp

Salinity

Ammonia
ol.co
Ta,
Eicrsga 3-Str. gl
Tinftosf: §
South i~ c |
i2 H . Centra
P . “
Pro. sp. Nitrite, ™,
Phosphate
Nitrite ™,
7
-0.8 1.0

Fig. 8 Canonical correspondence analysis (CCA) showing triplot, with
biotic and abiotic factors which influence the ciliate assemblage patterns

Biotic and abiotic relationships

The correlation between the ciliate abundance and environ-
mental data was examined through a multivariate biota—
environment (BIOENV) analysis. The best combination
(R=0.406, P=0.008) of environmental variables with ciliate
abundance was temperature, total suspended matter, silicate,
nitrite—nitrogen, and nitrate—nitrogen, and the second best
combination was offered by Secchi disc transparency, total
suspended matter, silicate, nitrite—nitrogen, and nitrate—
nitrogen (R = 0.404, P =0.008). Overall, total suspended mat-
ter, silicate, nitrite—nitrogen, and nitrate—nitrogen were the
most common variables included in the correlation.
Spearman’s correlation analysis (two-tailed and non-paramet-
ric) (Table 2) performed on select ciliate species (used for
cluster analysis) and environmental data revealed that the
overall dominant species i.e., Strombidium conicum,
Strobilidium sp., Euplotes crassus, and Tintinnopsis
tocantinensis, were positively correlated with Secchi disc
transparency and negatively correlated with salinity and total
suspended matter, whereas Fabrea salina showed a positive
relationship with temperature and salinity.

The canonical correspondence analysis (CCA) in this
study aimed at explaining the multiple linear relationships
between the species and environmental variables (Table 3
and Fig. 8). Canonical axis 1 showed the highest eigenvalue
of 0.365 representing the main environmental gradient in
the study area. On this axis, positive correlation existed

for water quality variables such as salinity, nitrite, nitrate,
and silicate, represented the central sector, whereas ammo-
nium and phosphate are separated the south sector with neg-
atively correlated axis values. The distributions of temper-
ature, dissolved oxygen, pH, and chlorophyll-a were rough-
ly homogenous between the three sectors during the study
period; consequently, the correlations did not vary much.
The variance of species—environment relationship was ob-
served high at axis 1 (40.4%) supported the ciliate species
such as Strombidium acutum, Euplotes sp., Eutintinnus sp.,
Tintinnopsis cylindrica, Strobilidium sp., Stenosomella sp.,
and Strombidium oculatum signifying the central sector. In
contrast, the distributions of Euplotes crassus, Tintinnopsis
tocantinensis, Prorodon sp., Strombidium elongatum,
Strombidium conicum, and Strombidium sp. with high cor-
relation values characterized the south sector of Pulicat
Lake. The classification of ciliate assemblages revealed
through the Bray—Curtis analysis was superimposed on
CCA. Overall, the first two axes together explained more
than the two-thirds of the spatial variation in ciliate commu-
nity, which was explained by the measured variables (i.e.,
62.8% of the total 89.9% constrained variability). Mieczan
(2008) and Liu et al. (2016) reported similar results on the
CCA of ciliate and environmental relationship from Lake
Piaseczno (84% variance for all four axes) and Maowei Sea
(72% for the first two axes), respectively. The influence of
canonical axis 1 showed more strength (F=1.147, P=
0.034) on the ciliate distribution, which was justified
through the Monte Carlo permutation test (499 permuta-
tions under the reduced model). The trace static test of sig-
nificance of all canonical axes revealed an overall relation-
ship (F=2.859, P=0.006) between the ciliate species and
environmental variables measured.

The biotic—abiotic relationship study conferred that the var-
iations in physicochemical parameters play an important role
in the abundance, distribution, and diversity of ciliates
(Amblard et al. 1993; Kchaou et al. 2009; Wu et al. 2016).
Several investigations demonstrated that the community struc-
ture and ecological patterns of ciliates mainly depend on water
quality (Zhang et al. 2012; Jiang et al. 2013; Wang and Xu
2015; Anjusha et al. 2018). The results emphasize that salinity,
chlorophyll-a, and dissolved nutrients are the key factors that
control the ciliate composition particularly the dominance of
Spirotrichea. Several authors also reported the dominance of
choreotrich, hypotrich, and oligotrich ciliates in terms of spe-
cies number, abundance, and biomass (Kchaou et al. 2009;
Santoferrara and Alder 2009; Jiang et al. 2011, 2012). The
present findings are consistent with the studies carried out
elsewhere, e.g., Kuwait Bay (Al-Yamani et al. 2019), St.
Lucia estuarine lake (Nche-Fambo et al. 2016), Daya Bay
(Wu et al. 2016), Gulf of Gabes (Kchaou et al. 2009), solar
salt works of Sfax, Tunisia (Elloumi et al. 2006), and the
Baltic Sea (Johansson et al. 2004).
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In conclusion, the present study offers an account of the
ecology and distribution of ciliates with respect to spatial and
seasonal changes in water quality of Pulicat Lake, situated on
the east coast of India. The spirotrichous ciliates mostly dom-
inated by oligotrichs were concentrated in the brackish and
nutrient-rich areas of the lake (central sector). The indicator
species, Fabrea salina, exhibited a positive correlation with
temperature indicating that the existence of high saline condi-
tions in Pulicat Lake (Padma and Periakali 1999) may be due
to the temperature-mediated evaporation (Sima et al. 2013).
Apart from salinity, food availability (chlorophyll-a) is anoth-
er key factor controlling the distribution of ciliate species
(Esteban and Finlay 2003; Elloumi et al. 2006; Pandey et al.
2008). Altogether, the biotic—abiotic interactions in the present
study suggest that the community organization of planktonic
ciliates accurately reflects the brackish to hypersaline condi-
tion in Pulicat Lake and ciliates can be considered to be
bioindicators for assessing the water quality.
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