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Abstract —

The ciliate community together with physical-chemical variables was investigated in a subtropical,

eutrophic bay of the South China Sea from January 7-10 (dry season) and April 27-30 (wet season), 2012. Both
temperature and salinity exhibited typical seasonality. A total of 27 species of ciliates belonging to 19 genera were
identified, and the dominant species were Strombidium globosaneum in January and Codonella rapa in April. The
composition and abundance exhibited spatial and temporal fluctuations, with total mean abundance of ciliates in April
(1219 + 919 ind 17"), was much higher than that in January (283 + 137 ind 1-"). Spatially, high species numbers were
found mainly near the mouth of the estuary, and the abundance decreased from inside to the mouth of the bay. Statistical
analysis showed that ciliate assemblages were closely related to the environmental variables. The distribution patterns
of salinity and chlorophyll a concentration were similar, suggesting that, prey abundance may correlate significantly
with ciliate abundance, and salinity may not be the main factor explaining the spatial variation in the ciliate community

in the study area.
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Introduction

Ciliates are globally distributed and episodically domi-
nate ciliate microzooplankton community. Both theoretical
and field studies of oceanic food-web dynamics indicate that
they are capable of consuming a significant proportion of pri-
mary production (Dolan and Gallegos 2001), especially pi-
coplankton (e.g., bacteria, Prochlorococcus and Synechococ-
cus) and nanoplankton (Chen et al. 2010). The consumption
of ciliates comprises about 30% of the daily carbon rations of
many copepod species (Calbet and Saiz 2005). Therefore cil-
iates are a major tropic link between the microbial food web
and grazing food chain (Pierce and Turner 1992).

Many factors can affect the composition and abundance of
ciliates either directly or indirectly such as copepods by their
predatory feeding. Jyothibabu et al. (2006) and Urrutxurtu
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(2004) demonstrated that salinity is an important factor that
controls the distribution of ciliates in Indian estuaries and the
Nervion River estuary. Riverine runoff can trigger a shift of
phytoplankton abundance and composition, and thereby affect
the ciliates as food concentration and quality change (Dolan
and Gallegos 2001).

Despite the importance of ciliates in global marine micro-
bial food webs and grazing food chains, studies of the ciliates
of the South China Sea (SCS) were started only in recent years
(Tan et al. 2010; Liu et al. 2013), and the understanding of their
distribution and variation in the SCS and adjacent area is mini-
mal, in particular in the estuarine and bays. Therefore, the aim
of this study was to investigate the spatio-temporal variations
of the ciliates in a subtropical bay and to evaluate the impact
of both human-caused eutrophication and natural runoff on the
ciliate community in the SCS adjacent area, gaining insight
about the regulating mechanisms of ciliate community struc-
ture under eutrophic conditions.
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Fig. 1. The location of sampling sites in the Maowei Sea. MLR
(Maoling Jiang River), QR (Qin Jiang River).

Materials and methods
Study area

The Maowei Sea (MWS) is a semi-enclosed shallow bay,
with an area of about 135 km? and a water depth of less
than 10 m. It is located in the northwestern part of the SCS
and receives freshwater inflow from the Qinjiang River and
Maoling River, which characterizes this bay as a typical estu-
ary (Fig. 1). As a subtropical area, the area is significantly in-
fluenced by South-west monsoons in summer and North-east
monsoons in January, with nearly 20% of river discharge oc-
curring during January and 80% during summer. In addition,
the rapid economic development around this area has brought
about environmental stressors (e.g., anthropogenic drainage
and oyster aquaculture in excess) on this bay ecosystem, re-
sulting in eutrophication and frequent harmful algal blooms
(Lan et al. 2014).

Field sampling and data analyses

From January 7—10 (dry season) and April 27-30 (wet sea-
son), 2012, field sampling was conducted at 16 sites (Fig. 1).
Seawater samples in the surface layer (0.5 m depth) were
collected using a 5.0-L GO FLO bottle, and Secchi disk
depth (SD) was measured. Temperature and salinity were mea-
sured using a YSI 6600 multi-parameter water quality mon-
itor (Yellow Aprils Inc.) at each sampling site. After collec-
tion, seawater samples for dissolved inorganic nutrient (i.e.,
nitrate, nitrite, ammonia, phosphate and silicate) determination
were filtered through 0.45 ym cellulose filters and preserved at
—20 °C in the dark before further processing in the laboratory

The nutrient concentrations were determined according to the
method described in Yin et al. (2004). Seawater samples for
total chlorophyll a (Chl @ = mg m~*) were filtered through
0.45 ym GFJF filters, and the concentrations were measured
by a Turner Designs 10-AU fluorometer according to Parsons
et al. (1984).

To enumerate ciliates, one liter of seawater was fixed with
Lugol’s solution (neutral) and stored in darkness for later anal-
yses. Each sample was concentrated to 20-30 mL using the
Utermohl method (1958), and the ciliates were identified under
a microscope referring to Kofoid and Campbell (1929 1939),
Carey (1992) for tintinnids and Maeda and Carey (1985), and
Lynn et al. (1991) for aloricate ciliates.

Statistical analysis

The number of species and ciliate abundance were calcu-
lated for each sample. The ciliate community structure was
studied by calculating the species diversity (H’), evenness
(J”), and richness (d) of samples according to the following
formulas:

S
H = Z Pi(LnPi)
i=1

J' = H'/LnS
d=(S-1)/InN

where Pi is defined as the proportion of the total count arising
from theith species, S is the total number of species, 7;, is the
abundance of the ith species, and N, is the total number of
individuals.

Multivariate analyses of spatial variations in the cili-
ate communities were analyzed using the Primer v5.0 soft-
ware package. Bray-Curtis similarity matrices were com-
puted on fourth-root-transformed ciliate abundance data, and
the Euclidean distance matrix was computed on log(x + 1)-
transformed environmental data, including Chl a. A Spearman
correlation analysis between ciliates communities and environ-
mental factors was computed by the SPSS v20.0 statistical pro-
gram (Jiang et al. 2011). The abundance of species and the en-
vironmental factors were used and a canonical correspondence
analysis (CCA) analysis was performed using statistical pro-
gram CANOCO version 4.5 (Chen et al. 2011) to gain insight
into the spatial correspondence of the distribution of ciliates in
relation to environmental variables.

Results and discussion
Environmental factors

Sea surface temperature (T) and salinity (S) exhibited typ-
ical seasonality with the average temperature much higher in
April (25.40°) than in January (11.09°), while salinity was
higher in January (22.85) compared to April (16.15) (Table 1).
Influenced by freshwater inputs from the two rivers, the spa-
tial fluctuation of salinity (the maximum value minus the min-
imum value) reached about 10 and 18 in January and in April,
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Table 1. Comparison of environmental parameters in sea surface water between two seasons. (Data are spatial averaged with the range)

January April
Min Max Mean + sd Min max Mean =+ sd
DIN (umol 1-1) 1042 2299 1560 £3.76 2222 44,12 29.54 +£6.74
Phosphate (umol 17!)  0.37 4.37 1.37 £ 1.07 0.26 0.87 0.50 £ 0.18
SS (mg 1) 20.80 42.60 29.60 + 6.89 23 3480 27.33 +3.19
SD (m) 0.50 1.80 0.97 £ 0.43 0.50 1.50 1.01 £ 0.30

Parameters

Abbreviation: DIN (Dissolved inorganic nitrogen), Chl a (chlorophyll @), SS (suspended solids), SD (Secchi depth).
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Fig. 2. Spatial and temporal distributions of temperature (T) and salinity (S) in the MWS in April and January.

respectively (Fig. 2), indicating a sharper gradient in April  ary (e.g. stations S10 and S14). Temporally, the mean (+s.d.)
than in January. In winter, salinity at most stations was higher ~ concentration of DIN in April (29.54 + 6.74 umol 17') was
than 20, except at station S10 which is located near the MLR  higher than in January (15.60 + 3.76 umol 1-!), while that
mouth, while in April, salinity at half the sites was lower than  for phosphate concentrations showed an opposite trend with
16 (Fig. 2). April (0.50+0.18 umol 17!) significantly lower than in January

The Secchi depth (SD) in the MWS showed no substan-  (1.37 +1.07 umol 171). A temporal fluctuation of Chl a content
tial seasonal variation with values ranging between 0.5-1.8 m  was as obvious as that of spatial variation as the maximum Chl
in January and 0.5-1.5 m in April. The MWS was typically  a concentrations were all found near the river mouth in January
nutrient-rich with dissolved inorganic nitrogen (DIN) rang-  (station S10 near the MLR: 4.86 mg m~?) and in April (S14 at
ing from 10.42 to 44.12 pumol 1! and phosphate concen-  the QR: 3.68 mg m~2), whereas the minimum (0.61 and 1.39 in
trations ranging between 0.26 and 4.37 umol 17!, Spatially, ~ April and January, respectively) occurred near the bay mouth
high nutrient concentrations were usually found in the estu-  (Fig. 3).
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Fig. 3. Spatial and temporal distributions of total chlorophyll a (Chl a) and ciliate abundance (Abu) in the MWS in April and January.

Taxonomic structure and species distribution

A total of 27 ciliates species belonging to 19 genera
were identified during the study period (Table 2a), among
which 10 species were tintinnids. Tintinnids that have a lorica
into which the ciliate cell can withdraw, occur in the oceans
worldwide (Dolan and Gallegos 2001). The dominant species
were Codonella rapa, Mesodinium rubrum, Strombidium glo-
bosaneum, Strombidium. conicum and Tintinnopsis minuta. In
January, the ciliates were numerically dominated by strom-
bidiids (Figs. 4 and 5) including S. globosaneum (stations S4
and S10) and S. conicum (stations S14 and S15), and occasion-
ally by C. rapa at stations S5 and S8. The community in April
was primarily composed of tintinnids (Figs. 4 and 5), and the
dominant species were C. rapa, S. globosaneum, S. conicum
and M. rubrum, respectively.

Spatial and temporal patterns of planktonic ciliate
communities

The species richness and diversity at each station ranged
from 3 to 7 and 1.30 to 2.75, with high species number and
diversity occurring near the river mouth (e.g., S10 and S14).
Spatially, the total abundance also decreased from the estuary

towards the bay mouth (Fig. 3). Temporally, the abundance
at most stations was lower than 500 ind 17! in January, and
higher than 500 ind 1! in April (Fig. 3). The mean abundance
in April (1219 + 919 ind 1"') was much higher than that in
January (283 + 137 ind 17!). In both April and January, a high
abundance of cells was found near the river mouth (such as
stations S14 and S15) and tintinnid and strombidiid ciliates
were the first two groups numerically (Fig. 5). The dominant
species indicated seasonality with C. rapa most abundant in
April and S. globosaneum in January. The species diversity and
abundance of ciliates varied greatly among the stations and be-
tween the two seasons (Fig. 6). Bray-Curtis similarities from
log-transformed ciliate species-abundance data revealed that
the spatial pattern of ciliate communities was closely related
to the environmental variables.

The ciliate community showed striking seasonal variations
with the abundance in April much higher than in January.
Compared to other eutrophic coastal areas, ciliate diversity
and abundance in the MWS were at a relatively low level,
especially in January (dry season). Previous studies showed
that total ciliate abundance in the inner-shelf waters near the
Taiwan Strait were between 823 to 1296 ind 17! in summer
(Chen et al. 2012), and the mean ciliate abundances in Bay of
Blanes (Vaque et al. 1997) and Kuryongpo Harbor (Kim et al.
2007) were generally higher than 2000 ind 1-!. This striking
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Table 2c. Correlation between environmental variables and abundance (Abu), species number (S ), species diversity (H’), species evenness (J)

and species richness (d) of the ciliate community.

Parameters SST SSS SD SS DIN PO4 Chl a
Abu 0.60**  —0.80** -0.19 -0.03 0.81** -0.25 0.27
S 0.29 -0.50*%*  -0.08 0.14 0.45% 0.33 0.40%*
H 0.26 -0.18 0.08 0.07 0.23 0.11 0.00
J -0.12 0.40%* 0.19 0.10 -0.33 0.18 -0.42%
d 0.13 -0.31 -0.07 022 0.25 0.45% 0.38%

% p < 0.01; *: p < 0.05.
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Fig. 4. Percentage of different ciliate groups in the MWS in April and
January.

difference might be correlated with the different ambient fac-
tors; the estuary ecosystem in the MWS has strong gradients
in environmental variables characterized by unique composi-
tion and abundance of ciliates. Also, riverine runoff can trigger
a shift of phytoplankton abundance and composition, which
thereby affects the ciliates as food changes indirectly (Dolan
and Gallegos 2001; Shen et al. 2011).

Relationships between ciliates and environmental
parameters

Spearman correlations between environmental variables
and ciliate species number, abundance, diversity, evenness and

richness are summarized in Table 2c. Ciliate abundances were
significantly and positively correlated with SST and DIN, but
negatively correlated with SSS (p < 0.01). Ciliate species
number was also significantly negatively correlated with SSS
(p < 0.01). The cumulative percentages of explained vari-
ance and correlation coefficients of each selected factor for the
two main axes are shown in the CCA analysis (Fig. 7). The
two main axes cumulatively explained 62.6% and 72.7% of
the variation in the ciliate spatial distribution in January and
April, respectively. In January, SD and salinity were the main
determinants for the spatial distribution of ciliates (Fig. 7). In
April, SD was the main determinant for the spatial distribution,
followed by salinity, DIN and Chl a concentration. Results of
CCA analysis also revealed that C. rapa was closely related
to high salinity and SD, while S. globosaneum was negatively
related to salinity and SD.

Salinity and SD were influenced by freshwater input,
which carried nutrients and stimulated phytoplankton growth.
No significant correlation between ciliates abundance and to-
tal Chl a concentration was found. Ciliates prefer pico- and
nano-phytoplankton, while total Chl a concentration does not
reveal the size-fractionated structure of phytoplankton. Thus,
our measure of total phytoplankton biomass (Chl ) was a lim-
itation of this study.

Driving force of ciliate community change?

In temperate regions, Kim et al. (2007) indicated that a
temporal shift of dominant ciliate species was closely related
to environment changes, especially the temperature in a harbor
of the eastern coast of Korea. Higher temperature was suitable
for the growth of pico-phytoplankton which likely led to the
high ciliate abundance in April. In January, low temperature
was assumed to be out of range for survival of some species
of ciliates and phytoplankton (Lan et al. 2014), which con-
sequently led to a low abundance due to both high mortal-
ity and insufficient Chl a concentrations in the Maowei Sea.
However, despite the large difference between the total abun-
dance in April and January, multivariate analysis (CCA) did
not detect any significant effect of the temperature on seasonal
variation in ciliate abundance. In subtropical areas, the temper-
ature fluctuation is not as high as that in temperate regions and
therefore, salinity, light availability and other physical factors
might play a more important role in controlling the planktonic
community.

Among the numerous physical gradients, salinity is
thought to be the main factor responsible for the variations
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Fig. 5. Abundance of dominant species in the MWS in April and January.

in ciliate communities in estuaries and has been intensively
studied worldwide (Urrutxurtu 2004; Jyothibabu et al. 2006).
In our study, salinity fluctuated among stations and between
seasons, while the high abundances of ciliates were found in
the river mouth where lower salinity usually occurred. These
findings are consistent with the results of Jyothibabu et al.
(2006) and Urrutxurtu (2004). However, we cannot confirm
that salinity is the most important environmental factor that
controls the distribution of ciliates in MWS, as C. rapa abun-
dance is correlated with different variables at two sampling
times — Chl a, DIN and SS in April, and negative SST in
January (Fig. 4). SD was usually lower than 2.0 m in the MWS,
revealing low light transmittance and likely unfavorable condi-
tions for phytoplankton photosynthesis. As seawater samples
at surface water (0.5 m) were collected in this study, and the
minimum value of SD was 0.5 m (Table 1), SD may not be a
main factor for variation of ciliates.

Biological factors such as copepod predation, species com-
petition and Chl a concentration also play an important role
in controlling ciliate assemblages (Johansson et al. 2004).
Among them, Chl a concentrations, particularly pico- and
nanoplankton might be the most important factors in control-
ling the spatial distribution of the ciliate community (Chen
et al. 2012). Large variations in salinity occurred in January
and April (Fig. 2) and as a consequence, might occur large
variations in pico- and nanoplankton abundance in MWS. The
patterns of salinity and Chl a concentration were similar, and
based on these observations we believe that phytoplankton
prey abundance may have been related to ciliate abundance,
and that salinity may not be the main factor explaining the spa-
tial variations in the ciliate community. Moreover, Chl a con-
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Fig. 6. Cluster analysis for taxonomic patterns of ciliate communities
on Bray-Curtis similarities for species-abundance data in MWS.

centration is not a sufficient parameter to represent ciliates nu-
trition, as phytoplankton species composition also influences
ciliate nutrition. As a result, more detailed studies need to be
conducted in the future.
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Fig. 7. Canonical correspondence analysis of the spatial distribution
of ciliates in January and April.

Conclusion

The ciliate community of the Maowei Sea was dominated
by Codonella rapa, Strombidium globosaneum, Strombidium
conicum and Mesodinium rubrum in April and January 2012.
Spatial and seasonal variations in ciliate abundances were cor-
related with some physical factors but not Chl a concentration.
Due to the lack of direct evidence of food sources for ciliates
in the MWS, both field investigation and laboratory research
need to be done in the future.
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