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Abstract

Multivariate dispersion has proven to be a broad 3-diversity measure that shows the heterogeneity of environmental conditions.
The dispersion patterns of pelagic ciliate communities were investigated at eight water depths in the northern Bering Sea of the
western Arctic Ocean and Chukchi Sea. Multivariate analysis indicated that (1) pelagic ciliates showed significant variability in
multivariate dispersion on a vertical scale, (2) dispersion patterns were shaped by both the species composition and individual
abundance, (3) vertical variation in species occurrence was significantly related to nutrients and chlorophyll a, and (4) the
dispersion measures at both species occurrence and species abundance resolutions were significantly negatively related to salinity
and dissolved oxygen. This suggests that multivariate dispersion measures driven by both species composition and the individual
abundance of pelagic ciliates may be a useful indicator of environmental heterogeneity in marine ecosystems.
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Introduction

Pelagic ciliates are the primary factors in the microbial food
webs in the ocean ecosystems (Cairns et al., 1972; Sherr and
Sherr 1987; Stoecker and McDowell-Cappuzzo 1990; Sime-
Ngando et al. 1995; Kchaou et al. 2009; Xu et al. 2017). They
are important in the ecosystem processes, as they transfer the
energy flux and carbon from the lower trophic levels to higher
ones in most marine biotopes (Finlay et al. 1979, 1988; Caron
and Goldmann 1990; Jiang et al. 2015). Thus, variation in the
ciliate community structure can lead to significant changes in
the ecosystem processes in marine environments (Yang et al.
2004, 2009, 2010; Jiang et al. 2013, 2014, 2015; Xu and Xu
2017). Furthermore, due to their sensitivity to environmental

Responsible editor: Vedula VSS Sarma

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-020-09753-6) contains supplementary
material, which is available to authorized users.

>< Eun Jin Yang
ejyang@kopri.re.kr

' Division of Polar Ocean Sciences, Korea Polar Research Institute,

Incheon 406-840, Republic of Korea

changes, short and simple life histories, and ease of sampling,
they have been widely used to indicate water quality in marine
ecosystems (Jiang et al. 2011, 2013; Xu et al. 2014b).
Whittaker (1972) originally proposed the concept of «, f3,
and 'y components to represent different aspects of diversity.
Subsequently, Anderson et al. (2006) proposed that the f3-
diversity can be measured as the variability in species compo-
sition among sampling units for a given area at a given spatial
resolution and that this concept of 3-diversity can be used to
test the significance of differences in 3-diversity among areas
or groups through multivariate tests of homogeneity in disper-
sion. This measure is currently widely applied to assess the
environmental heterogeneity of many ecosystems (e.g., Veech
and Crist, 2010). The Jaccard and Sorensen dissimilarities are
the classic measures for exploring the compositional pattern of
a community (Serensen 1948; Jaccard 1900; Chao et al. 2005;
Anderson et al. 2006). Recent investigations have demonstrat-
ed that the Bray—Curtis dissimilarity is also a robust measure
for summarizing the (3-diversity of a community, as it is cal-
culated from both relative abundance and compositional oc-
currence data (Bray and Curtis 1957; Ellingsen and Gray
2002; Magurran 2004; Olszewski 2004). However, a very
important ecological issue is how much of the dissimilarity
is driven by species composition and how much is driven by
the relative abundance of species in a community (Anderson
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et al. 2006). This is difficult to solve using the Bray—Curtis
dissimilarity matrix. Therefore, to articulate the degree of het-
erogeneity in species composition or in dispersions with great-
er specificity and confidence, it is better to use a range of
dissimilarity measures that cover the spectrum from composi-
tional change to changes in abundances (Anderson et al.
20006).

Anderson et al. (2006, 2008) proposed that multivariate
dispersion can explain the 3-diversity of a community on a
broad scale and can be used as an index to assess the environ-
mental heterogeneity. As a multivariate measure, however,
multivariate dispersion has an advanced statistical property
that may affect the difference in (3-diversity of samples among
different regions compared with the traditional (3-diversity
index (Anderson et al. 2008). Although studies indicate that
multivariate dispersion is useful for indicating environmental
heterogeneity (Ellingsen and Gray 2002; Xu et al. 2015a),
very few studies have applied multivariate dispersion based
on pelagic ciliate communities to the assessment of environ-
mental heterogeneity.

In this study, the multivariate dispersion of pelagic ciliate
communities was explored during a cruise in the western
Arctic Ocean. Our purposes were (1) to explore the dispersion
of pelagic ciliate assemblages at various water depths, (2) to
reveal the drivers that shape the homogeneity of the ciliate
communities, and (3) to assess the feasibility of using multi-
variate dispersion to assess the environmental heterogeneity in
marine ecosystems using pelagic ciliate communities.

Materials and methods
Study stations

The Korean icebreaker Araon conducted a comprehensive
scientific investigation on the Chukchi Sea and Northern
Bering Sea in the western Arctic Ocean (including the
Northwind Ridge and Chukchi Plateau) from 64°N to 80°N
during summer (August 5-24, 2016; Fig. 1). A total of 23
sampling stations were visited (Fig. 1).

Data collection

A total of 85 samples were collected from eight water depths
(from surface to 100 m) at 23 sampling stations during the
period of August 5-24, 2016 (Fig. 1). The temperature, salin-
ity, dissolved oxygen (DO), and density of water were mea-
sured in situ using a CTD rosette system (SBE 911+; Sea Bird
Electronics).

Water samples for nutrient analysis (including 24 10-L
Niskin bottles) were obtained from the CTD rosette sampler
and immediately stored in a 2 °C refrigerator. Following the
Joint Global Ocean Flux Study protocols, nitrite + nitrate
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(NO; + NO3), ammonium (NH,), phosphate (PO,), and silicic
acid [Si(OH)4] were measured with a continuous auto-
analyzer (QuAAtro, Seal Analytical). A 300-500 mL of water
samples were collected from each depth and grinding glass
fiber filters (47 mm; Gelman GF/F) for measurement of total
chlorophyll @ (Chl @). With a Turner Trilogy fluorometer, Chl
a was concentrated after extraction with 90% acetone (Parsons
etal. 1984). A 500-mL water samples per layer were collected
to calculate the abundance of ciliates and stored at 4 °C after
being fixed with Lugol’s solution (4% v/v) (Kchaou et al.
2009; Pitta et al. 2001; Yang et al., 2016). A 20-mL concen-
trated sample was obtained by settling in a cylinder for 48 h by
removing the upper water (Choi et al. 2012; Xu et al. 2018).

According to the description by Xu etal. (2018), the ciliates
were identified and enumerated. A 1-mL aliquot of concen-
trated samples was used to measure the individual abundance.
For species identification, the morphological features of the
ciliates were observed at magnifications of 200400 x under a
light microscope (Olympus BX51). Species identification of
tintinnids was performed according to lorica morphology
based on the keys from Kofoid and Campbell (1929, 1939);
the non-lorica ciliates were identified according to the descrip-
tion by Montagnes and Lynn (1991) and Song et al. (2003).
The taxonomic scheme referred to Lynn (2008).

Data analyses

Estimation of species diversity at «, (3, and 'y levels was done
as described by Crist and Veech (2006), Xu et al. (2014a,
2015b). The B-diversity index was calculated following the
equation (Ricotta 2008):

G=1-aly

where « is the «-diversity, [ is the 3-diversity, and - is the
y-diversity.

The analyses for multivariate dispersions and community
patterns of ciliate samples were conducted using the program
PRIMER (v. 7.0.13), in which the routine “PERMANOVA”
(v1.0.6) was hosted.

The measurement of multivariate dispersions (#) was per-
formed according to the average distance of samples to “cen-
troid.” Three dissimilarity matrices were selected to evaluate
the weights of compositional occurrence (species composi-
tion) and/or relative abundance: Sorensen dissimilarity-based
dispersion (Zs) was responsible for species composition,
Bray—Curtis dissimilarity-based dispersion (Zzc) was for both
species composition and individual abundance, and the mod-
ified Gower dissimilarity-based dispersion (#;,;) is for only
individual abundance (Anderson et al. 2006).

The community patterns were summarized using the metric
multidimensional scaling (MDS) ordinations. For this ordina-
tion, the analysis “bootstrap averages” was done at all three
resolutions above. The procedures RELATE and
BEST\BIOENV were used to test the correlations between
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Fig. 1 Sampling stations: Korean
icebreaker Araon in the Chukchi
Sea of the western Arctic Ocean,
encompassing the area from the
Mendeleev Ridge to the Chukchi
Borderland (including the
Chukchi Plateau and Northwind
Ridge) during summer from
August 5 to 24, 2016

biological and environmental matrices and determine the 10
best combinations of environmental variables to the commu-
nity patterns, respectively (Xu et al. 2015a).

Linear regression was used to detect the correlations be-
tween biological parameters and environmental variables
using the software SPSS v22.0 (Xu et al. 2014a).

Results
Environmental conditions

Table S1 shows the average environmental conditions for
eight depth ranges. There was clear vertical variability among
the eight environmental variables at the eight depths. For ex-
ample, the average water temperature decreased with increas-
ing depth, whereas the POy, Si(OH),, and NO, + NOjs all
increased with depth. Chl @ and NH,4 were highest at 40-50
m and lowest at 100 m.

Species richness and distribution

The distribution and abundance of the 44 ciliate species ob-
served during this cruise are shown in Table S2. According to
the y-diversity in Table 1, 47, 33, 28, 26, 29, 24, 20, and 21
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> @ Mooring statio ot
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N
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species were recorded at 0—10, 10-20, 20-30, 3040, 40-50,
50-60, 60—80, and 100 m, respectively.

Rarefied analysis implied that the total species richness (y-
diversity) declined from the surface layer (46.7) to 100 m
(20.7), whereas the difference in species richness (3-
diversity) decreased from 0 to 60 m and then increased from
60 to 100 m, peaking at 100 m (Table 1). However, the aver-
age species richness (x-diversity) had a different pattern, de-
creasing from 0 to 30 m, increasing from 30 to 60 m with a
peak at 40-50 m, and then dropping at 60 m (Table 1).

Vertical variations in community structure

The metric multidimensional scaling ordinations based on
bootstrap average analyses for the ciliate community struc-
tures at three dissimilarity resolutions are shown in Fig. 2.
All three community structure patterns were similar along
the depth gradient. For example, the increase in samples at
100 m was distinct from that at other depths, and most samples
showed lower variance at depths of 50-60 and 60—-80 m than
at other depths (Fig. 2).

Vertical variations in dispersion measure

Figure 3 shows the average dispersion of the samples at all
three dissimilarity resolutions. All three dispersions generally
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Table 1 «-, 3- and y-diversity

indices of the pelagic ciliate

communities at cight layers in the Parameters 0-10m 10-20m 20-30m 3040m 40-50m 50-60m 60-80m 100 m
Chukchi Sea and the northern .

Bering Sea of the western Arctic a-diversity 8.6 7.3 55 6.9 8.4 7.8 4.6 0.8
Ocean during the summer sea ice B-diversity  0.82 0.78 0.80 0.73 0.71 0.67 0.77 0.96
reduction period (August 5-24, v-diversity ~ 46.7 32.7 27.8 25.9 28.5 23.7 203 20.7

2016)

leveled off from the surface layer to 50 m, then dropped sharp-
ly until 80 m, and finally peaked at 100 m (Fig. 3). Linear
regression showed significant correlations between the disper-
sions Zg (R*=0.539, P< 0.05) and Zzc (R*=0.484, P<0.05)
and the -diversity index (Fig. 4).
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Fig. 2 Metric MDS ordinations based on the analysis of bootstrapped
averages, showing the vertical pattern of the pelagic ciliate communities
based on Sorensen (a), Bray—Curtis (b), and modified Gower (c) dissim-
ilarity matrices among eight water depths during the study period
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Linkage between pelagic ciliate data and
environmental variables

The RELATE test demonstrated that the community patterns
were significantly correlated with environmental variables at
all three dissimilarity resolutions: species composition with a
correlation at P = 0.287 (P < 0.05), community structure with
P =0.309 (P < 0.05), and individual abundance with P =
0.363 (P < 0.05).

The BIOENYV analysis showed that the vertical change in
community patterns in species composition/occurrence and
community structure were driven by the combination of PO,
and sum of NOs + NO, and that individual abundance was
shaped by ammonia and chlorophyll a (Table 2).

Univariate correlation analyses revealed that the dispersion
index based on both species composition (Zg) and community
structure (Zz¢) was remarkably positively related to the nutri-
ents NO, + NOj; and SiO, but negatively correlated with the
DO concentration and Chl a (P < 0.05), similar to the f3-
diversity measure (Table 2). The dispersion index calculated
from the modified Gower dissimilarity matrix was significant-
ly correlated with the nutrient NH,4 (Table 3).

Discussion

Many studies have shown that multivariate dispersion can
be used as a measure of (3-diversity, but decisions about
how data are transformed before analysis and how dissim-
ilarity measures are chosen are crucial to the results (e.g.,
Ellingsen and Gray 2002; Anderson et al. 2006; Xu et al.
2015a). In this study, we used three different dissimilarity
measures to evaluate the weights of compositional occur-
rence and relative abundance. For species composition,
community structure, and abundance with an order of
magnitude change, the dispersion of ciliate communities
showed clear vertical variation along the depth gradient.
The correlation analysis revealed that the vertical shift in
community pattern at all three dissimilarity resolutions
was mainly driven by nutrients (PO4, NHy, and NO, +
NOs3), alone or in combination with temperature and sa-
linity. Otherwise, all of the dispersion measures based on
the three dissimilarity matrices were significantly correlat-
ed with the sum of NO, + NO3 or NHy. This implies that
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Fig. 3 Vertical variations in multivariate dispersions of the pelagic ciliate communities based on Sorensen (a), Bray—Curtis (b), and modified Gower (c)

dissimilarity matrices among eight water depths during the study period

the dispersion measures reflect the environmental hetero-
geneity in different water layers. For example, the highest
average dispersion measure occurred at 100-m depth, and
the lowest was found at 60—80 m. This means that the
dispersion of the phytoplankton communities can be used
to assess vertical heterogeneity in marine ecosystems.
Here, we used three different dissimilarity measures to
assess vertical heterogeneity of water columns in the
Pacific Arctic Ocean. The dispersion measures at both
community structure and species composition resolutions
(i.e., Zg and Zpc, respectively) were significantly

correlated with the traditional (3-diversity index and
reflected the heterogeneity in water quality status among
different layers. This finding was consistent with Anderson
et al. (2006), who proposed that the (3-diversity can be
measured as the average distance from each sample to the
group centroid based on an appropriate dissimilarity mea-
sure. Otherwise, the dispersions of compositional pattern
and community structure exhibit significant correspon-
dence to the traditional (3-diversity index and are signifi-
cantly correlated with the concentrations of nutrients and
Chl a. These findings suggest that the distribution patterns
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Fig. 4 Linear relationships between the dispersion measures of the
pelagic ciliate communities based on Sorensen (a), Bray—Curtis (b), and

B-diversity
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modified Gower (c) dissimilarity matrices and (3-diversity index among
eight water depths during the study period
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Table 2 Summary of results from biota-environment (BIOENV) anal-
ysis showing the 10 best matches of environmental variables with spatial
variations in the pelagic ciliate species composition, community structure,

and community pattern in abundance at eight layers in the water column
during the study period

Rank Species composition Community structure Variation in abundance

P value Env-var P value Env-var P value Env-var
1 0.236 T, POy, NO; + NO; 0.260 T, POy, NO; + NO; 0.395 NH,, Chl a
2 0.229 T, POy, NO, + NOj3, SiO, 0.249 T, NO, + NO3 0.393 T, Sal, NO, + NO;, Chl ¢
3 0.226 T, NO, + NOs, SiO, 0.248 T, POy4, NO, + NO;3, SiO, 0.392 T, Sal, NO, + NO;, NHy, Chl a
4 0.225 T, NO, + NO; 0.247 T, DO, POy4, NO, + NOs 0.390 Sal, NHy, Chl a
5 0.224 T, DO, PO, 0.246 T, Sal, POy4, NO, + NOs 0.388 T, DO, NO, + NOs, NHy, Chl a
6 0.224 T, DO, PO4, NO, + NOs 0.245 T, NO, + NO;3, SiO, 0.387 T, DO, NO, + NO3, Chl a
7 0.223 T, Sal, DO, POy4, NO, + NO; 0.244 T, Sal, DO, POy4, NO, + NOs 0.384 T, Sal, DO, NO, + NOs, Chl a
8 0.220 T, POy, SiO, 0.242 T, POy, SiO, 0.383 T, NO, + NO;, NHy, Chl a
9 0.219 T, DO, POy, NO, + NO;s, SiO, 0.240 T, DO, NO, + NO; 0.382 T, Sal, NO, + NO3, SiO,, Chl a
10 0.218 T, Sal, PO4, NO, + NO3, SiO, 0.239 T, Sal, NO, + NO; 0.380 Sal, NO, + NO3, NH,, Chl ¢

P, Spearman correlation coefficient, Env-var environmental variables, 7 temperature (°C), Sal salinity, DO dissolve oxygen (ug/L), PO, soluble active
phosphate (umol/L), NOj nitrate (umol/L), NO, nitrite (umol/L), NH, ammonium (umol/L), Ch/ a chlorophyll a (ug/L)

of both species composition and community structure may
be used as a broad {3-diversity index to indicate environ-
mental heterogeneity in marine ecosystems.

Note that the community pattern at the modified
Gower dissimilarity resolution was significantly correlat-
ed with the other two dissimilarity resolutions. This
suggests that the dispersion of pelagic ciliates is shaped
by both compositional occurrence and abundance.
Furthermore, the dispersion measure (Z,;) based on
this dissimilarity matrix was strongly positively related
to NH,, but negatively related to the other nutrients.
Therefore, we suggest that the dispersions at a modified
Gower dissimilarity resolution can also be considered a
broad [3-diversity measure.

Table 3  Correlations between dispersion measures based on Sorensen
(#£s), Bray—Curtis (Zpc), and modified Gower (£,) dissimilarity with
[3-diversity and environmental variables

Parameters Zs Zsc Zvc 3-diversity
Temp 0.029 0.075 0.486 —-0.396

Sal —0.523 —0.528 —0.558 -0.291
DO -0.417 -0.384 -0.012 —-0.551
PO, 0.279 0.250 -0.107 0.458

NO, + NO; 0.096 0.072 —-0.240 0.303

NH,4 0.072 0.116 0.403 0.439

SiO, 0.202 0.179 -0.129 0.335

Chl a —-0.305 —0.260 0.096 —0.787

Temp temperature (°C), Sal salinity, DO dissolve oxygen (ug/L), PO,
soluble active phosphate (umol/L), NOj nitrate (umol/L), NO, nitrite
(umol/L), NH, ammonium (umol/L), Chl a chlorophyll a (ug/L)
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Conclusions

In summary, the phytoplankton community showed gra-
dient heterogeneity in community structure, species
composition, and species abundance across the eight
water layers. Multivariate analytical methods showed
that the community dispersion was mainly driven by
species occurrence and cell numbers. The Mantel anal-
ysis showed that the spatial changes in community
structure, species abundance, and species composition
were significantly correlated with the changes in envi-
ronmental variables. The dispersion measures at both
numerical resolutions showed a close linear relationship
with the traditional (-diversity index, but the three res-
olutions were found to be remarkably related to nutri-
ents. This means that the dispersion measure of pelagic
ciliate communities can be applied to monitor the envi-
ronmental heterogeneity of marine ecosystems.

Acknowledgments The authors thank the captain and crew of the /BRV
ARAON who were most helpful in all shipboard operations.

Funding information This research was a part of the project titled
“Korea-Arctic Ocean Observing System” (K-AOOS, KOPRI,
20160245) funded by the Ministry of Oceans and Fisheries, Korea.

References

Anderson MJ, Ellingsen KE, McArdle BH (2006) Multivariate dispersion
as a measure of beta diversity. Ecol Lett 9:683—693



Environ Sci Pollut Res (2020) 27:38769-38775

38775

Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA+ for
PRIMER Guide to software and statistical methods. PRIMER-E
Ltd, Plymouth

Bray JR, Curtis JT (1957) An ordination of the upland forest communities
of southern Wisconsin. Ecol Monogr 27:325-349

Cairns J Jr, Lanza GR, Parker BC (1972) Pollution related to structural
and functional changes in aquatic communities with emphasis on
freshwater algae and protozoa. Proc Acad Natl Sci PA 124:79-127

Caron DA, Goldmann JC (1990) Protozoan nutrient regeneration. In:
Capriulo Jr.G.M. (Ed.), Ecology of Marine Protozoa Oxford
University Press, New York.

Chao A, Chazdon RL, Colwell RK, Shen TJ (2005) A new statistical
approach for assessing similarity of species composition with inci-
dence and abundance data. Ecol Lett 8:148-159

Choi KH, Yang EJ, Kim D, Kang HK, Noh JH, Kim CH (2012) The
influence of coastal waters in distribution of the heterotrophic pro-
tists in the northern East China Sea, and the impact of protist grazing
on phytoplankton. J Plankton Res 34:886-904

Crist TO, Veech JA (2006) Additive partitioning of rarefaction curves
and species area relationships: unifying alpha-, beta- and gamma-
diversity with sample size and habitat area. Ecol Lett 9:923-932

Ellingsen KE, Gray JS (2002) Spatial patterns of benthic diversity: is
there a latitudinal gradient along the Norwegian continental shelf?
J Anim Ecol 71:373-389

Finlay BJ, Bannister P, Stewart J (1979) Temporal variation in benthic
ciliates and the application of association analysis. Freshw Biol 9:
45-53

Finlay BJ, Berninger UG, Clarke KJ, Cowling AJ, Hindle RM, Rogerson
A (1988) On the abundance and distribution of protozoa and their
food in a productive freshwater pond. Eur J Protistol 23:205-217

Jaccard P (1900) Contribution au proble‘me de I’immigration post-
glaciare de laflore alpine. Bull. Soc Vaud Sci Nat 36:87-130

Jiang Y, Xu H, Hu X, Zhu M, Al-Rasheid KAS, Warren A (2011) An
approach to analyzing spatial pattern of planktonic ciliate commu-
nities for monitoring water quality in Jiaozhou Bay, northern China.
Mar Pollut Bull 62:227-235

Jiang Y, Yang EJ, Min JO, Kang SH, Lee SH (2013) Using pelagic
ciliated microzooplankton communities as an indicator for monitor-
ing environmental condition under impact of summer sea-ice reduc-
tion in western Arctic Ocean. Ecol Indic 34:380-390

Jiang Y, Yang EJ, Kim SY, Kim YN, Lee SH (2014) Spatial patterns in
pelagic ciliate community responses to various habitats in the
Amundsen Sea (Antarctica). Prog Oceangr 128:49-59

Jiang Y, Yang EJ, Min JO, Kim TW, Kang SH (2015) Vertical variation
of pelagic ciliate communities in the western Arctic Ocean. Deep-
Sea Res II 120:103-113

Kchaou N, Elloumi J, Drira Z, Hamza A, Ayadi H, Bouain A, Aleya L
(2009) Distribution of ciliates in relation to environmental factors
along the coastline of the Gulf of Gabes, Tunisia. Estuar Coast Shelf
Sci 83:414-424

Kofoid CA, Campbell AS (1929) A conspectus of the marine and fresh-
water ciliata belonging to the suborder Tintinnoinea with descrip-
tions of new species principally from the Agassiz expedition to the
eastern tropical Pacific 1904-1905. Univ Calif Publs Zool 34:1-403

Kofoid CA, Campbell AS (1939) The Tintinnoinea of the eastern tropical
Pacific. Bull Mus Comp Zool Harv 84:1-473

Lynn DH (2008) The ciliated protozoa. Characterization, Classification
and Guide to the Literature, third ed Springer, London, In

Magurran AE (2004) Measuring biological diversity. Blackwells,
Oxford, UK

Montagnes DJS, Lynn DH (1991) Taxonomy of choreotrichs, the major
marine planktonic ciliates, with emphasis on the aloricate forms.
Mar Microb Food Webs 5:59-74

Olszewski TD (2004) A unified mathematical framework for the mea-
surement of richness and evenness within and among multiple com-
munities. Oikos 104:377-387

Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical and bio-
logical method for seawater analysis. Pergamon Press, Oxford

Pitta P, Giannakourou A, Christaki U (2001) Planktonic ciliates in the
oligotrophic Mediterranean Sea: longitudinal trends of standing
stocks distributions and analysis of food vacuole contents. Aquat
Microb Ecol 24:297-311

Ricotta C (2008) Computing additive [beta]-diversity from presence and
absence scores: a critique and alternative parameters. Theor Popul
Biol 73:244-249

Sherr EB, Sherr BF (1987) High rates of consumption of bacteria by
pelagic ciliates. Nature 325:710-711

Sime-Ngando T, Gosselin M, Roy S, Chanut JP (1995) Significance of
planktonic ciliated protozoa in the lower St. Lawrence estuary: com-
parison with bacterial phytoplankton, and particulate organic car-
bon. Aquat Microb Ecol 9:243-258

Song W, Zhao Y, Xu K, Hu X, Gong J (2003) Pathogenic protozoa in
mariculture. Science Press, Beijing

Serensen T (1948) A method of establishing groups of equal amplitude in
plant sociology based on similarity of species content and its appli-
cation in analysis of the vegetation on Danish commons. Biol Skr 5:
1-34

Stoecker DK, McDowell-Cappuzzo J (1990) Predation on protozoa: its
importance to zooplankton. J Plankton Res 12:891-908

Veech J, Crist TO (2010) Toward a unified view of diversity partitioning.
Ecology 91:1988-1992

Whittaker RH (1972) Evolution and measurement of species diversity.
Taxon 21:213-251

Xu G, Xu H (2017) Approach to analysis of functional redundancy in
protozoan communities for bioassessment in marine ecosystems.
Ecol Indic 77:41-47

Xu G, Zhong X, Zhang W, Xu H (2014a) An approach to detecting
species diversity of microfauna in colonization surveys for marine
bioassessment based on rarefaction curves. Mar Pollut Bull 88:268—
274

Xu H, Zhang W, Jiang Y, Yang EJ (2014b) Use of biofilm-dwelling
ciliate communities to determine environmental quality status of
coastal water. Sci Total Environ 470-471:511-518

Xu G, Zhang W, Xu H (2015a) Can dispersions be used for discriminat-
ing water quality status in coastal ecosystems? A case study based
on biofilm-dwelling microbial eukaryotes. Ecol Indic 57:208-214

Xu G, Zhang W, Xu H (2015b) An approach to bioassessment of water
quality using diversity measures based on species accumulative
curves. Mar Pollut Bull 91:238-242

Xu G, Yang EJ, Xu H (2017) Environmental drivers of heterogeneity in
the trophic functional structure of protozoan communities during an
annual cycle in a coastal ecosystem. Mar Pollut Bull 121:400-403

XuG, Yang EJ, Jiang Y, Cho KH, Jung JY, Lee YJ, Kang SH (2018) Can
pelagic ciliates indicate vertical variation in the water quality status
of western Arctic pelagic ecosystems? Mar Pollut Bull 133:182-190

Yang EJ, Choi JK, Hyun JH (2004) Distribution and structure of hetero-
trophic protist communities in the northeast equatorial Pacific
Ocean. Mar Biol 146:1-15

Yang EJ, Kang HK, Yoo S, Hyun JH (2009) Contribution of auto- and
heterotrophic protozoa to the diet of copepods in the Ulleung Basin,
East Sea/Japan Sea. J Plankton Res 31:647-659

Yang EJ, Ju SJ, Chio JK (2010) Feeding activity of the copepod Acartia
hongi on phytoplankton and microzooplankton in Gyeonggi Bay,
Yellow Sea. Estuar Coast Shelf Sci 88:292-301

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer



	Use...
	Abstract
	Introduction
	Materials and methods
	Study stations
	Data collection
	Data analyses

	Results
	Environmental conditions
	Species richness and distribution
	Vertical variations in community structure
	Vertical variations in dispersion measure
	Linkage between pelagic ciliate data and environmental variables

	Discussion
	Conclusions
	References


