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Abstract The rapid melting of glaciers and loss of sea ice
will result in changes in habitat conditions that may drive
substantial changes in biodiversity. In order to bioassess
the changing polar ecosystem and evaluate biological
conservation, pelagic ciliate communities at different tax-
onomic resolutions were studied at five habitats in the
Amundsen Sea during the austral summer from December
2010 to January 2011. Distinctive spatial patterns were
observed in the communities among the five habitats
(oceanic areas, transitional areas, polynyas, edges of gla-
ciers, and edges of sea ice) in response to environmental
variability (e.g., temperature, salinity, chlorophyll a, and
nutrients). The distributions in the numbers of different
taxonomic levels and of three biodiversity indices (Shan-
non-Wiener H', Pielou’s J', and Margalef D) also revealed
clear spatial variability with the maximum mean species
number and indices in the polynya and maximum genus
and family numbers in the transitional area. The presence/
absence of data at taxonomic resolutions up to the family
level provided sufficient information to evaluate the eco-
logical patterns of pelagic ciliate communities and could
accurately reflect habitat variations. The k-dominance
curves illustrated clearly that maximum diversity was

< Eun Jin Yang
ejyang @kopri.re.kr

College of Marine Life Science, Ocean University of China,
Qingdao 266003, People’s Republic of China

Division of Polar Ocean Environment, Korea Polar Research
Institute, 213-3 Songdo-dong, Yeonsu-gu, Incheon 406-840,
Republic of Korea

Key Lab of Polar Oceanography and Global Ocean Change,
Ocean University of China, Qingdao 266003,
People’s Republic of China

presented in the polynya at the species level and in the
transitional area at the genus and family level. We suggest
that the diversity at higher taxonomic resolutions should be
considered more in future monitoring. Our findings provide
basic data and an approach toward answering important
questions about biological conservation, especially the
biodiversity at various taxonomic resolutions in response to
the increasing climate changes in polar ecosystems.
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Introduction

The sea ice extent in the Amundsen Sea has been
decreasing because of global warming over the last few
decades (Arrigo and Alderkamp 2012). Primary production
studies show that it is probably the most productive area in
Antarctica (Yager et al. 2012). Therefore, the Amundsen
Sea has been described as one of the most productive and
dynamic pelagic systems in Antarctica (Smith et al. 2011).
Being the most poorly sampled area of the Southern Ocean,
increasing attention has recently been focused on this
region (Griffiths 2010; De Broyer et al. 2011; Yang et al.
2012; Dolan et al. 2013).

Although limnological and physicochemical variability
can be measured easily using modern techniques, instan-
taneous measurements cannot provide enough information
to understand how climate changes influence the habitat
environmental conditions that are experienced by living
creatures. Therefore, investigations of biota are still
essential (Carmack et al. 2006; Hourston et al. 2009; Xu
et al. 2011a, 2014; Jiang et al. 2013a, b, ¢, 2014). Local
biodiversity is often positively influenced by the presence
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of habitat-forming or habitat-modifying organisms (Sta-
chowicz 2001). Stoecker et al. (1994) hypothesized that the
taxonomic composition of pelagic ciliates follows the
environmental status of the water mass rather than a tra-
ditional zoogeographic distribution pattern. Since then,
more and more studies have found strong relationships
between ciliates and environmental conditions (e.g., Zingel
et al. 2002; Elloumi et al. 2006; Kchaou et al. 2009; Jiang
et al. 2011a, 2012a; Wickham et al. 2011; Xu et al. 2011a,
¢, 2013). Although their importance is being increasingly
recognized, studies with good taxonomic resolution, par-
ticularly in the Southern Ocean, are quite rare (Wickham
et al. 2011). As far as we know, Wickham et al. (2011)
reported a species list, which was pooled from nine stations
in the Bellingshausen and Amundsen Seas.

The development of rapid and cost-effective procedures
for environmental bioassessment has become a pressing
issue for marine ecologists as worldwide climate change has
increased rapidly and dramatically in recent years (War-
wick et al. 1990; Karakassiss and Hatziyanni 2000; Terlizzi
et al. 2003). Fairly recently, the level of taxonomic dis-
crimination required to detect community-level changes has
been investigated, and in many cases the response has been
demonstrated clearly using data on higher rank taxa (gen-
era, families, and even phyla), with little loss of information
when compared to species-level analyses (Warwick 1988;
Xu et al. 2011b). Moreover, low levels of perturbation in
communities may be detected with greater sensitivity using
multivariate permutation/simulation tests rather than uni-
variate analyses (Warwick et al. 1990; Xu et al. 2011b). All
of these recent developments have greatly improved the
utility, sensitivity, and cost-effectiveness of the community
approach to biological effects monitoring. We have exam-
ined the spatial patterns of pelagic ciliate communities in
relation to the variability of environmental conditions that
are affected by increasing warming influences in the
Amundsen Sea, Antarctica (Jiang et al. 2014). In this study,
our main aim is to investigate the response of pelagic ciliate
diversity to various habitats at different taxonomic resolu-
tions, which might help us to better understand the biodi-
versity under a changing climate in the polar ecosystem.

Materials and methods
Study stations

A multidisciplinary survey was conducted onboard the
Korean Research icebreaker RV Araon in the Amundsen
Sea between 64 and 74°S during the early austral summer
from December 2010 to January 2011 (Fig. 1). Conduc-
tivity, temperature, and depth (CTD) casts were conducted
at 30 stations during the cruise. In the present study, 18
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Fig. 1 Eighteen sampling stations from five different habitats in the
Amundsen Sea (western Antarctica) during the early austral summer
from December 2010 to January 2011. Samples are coded for stations

sampling stations were selected from five habitats: oceanic
area (OA) stations (Sts.) 27-30 located in open oceanic
water; Sts. 8, 9, 18, 21, and 29 in polynya areas (PA);
transitional area (TA) Sts. 6, 7, 22, 24, and 26 under the sea
ice as connections between oceanic areas and polynya; Sts.
10 and 11 in glacial edge (GE) areas, which were in the
polynya but were affected by ice shelf melting; sea ice
edge (SE) Sts. 16 and 17 as habitats under the sea ice to the
east and west of the polynya that were also thought to be
unique and affected by both the polynya and sea ice. Areas
and concentrations of sea ice were based on data from the
National Snow and Ice Data Center in Boulder, Colorado,
that corresponded to the cruise period. The classification of
habitats follows Yager et al. (2012), Dolan et al. (2013),
and Lee et al. (2012, 2013).

Sampling and sample processing
Vertical profiles were obtained using a CTD-Rosette sys-

tem (SeaBird Electronics, SBE-911+4) at each sampling
station basically following a depth gradient of 0, 5, 15, 25,
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35, 50, 75, 100, and 150 m. In total, 130 water samples for
biotic and abiotic analyses were collected using the CTD-
Rosette sampler holding 24 10-1 Niskin bottles from 5 to 9
depths at 18 stations.

Seawater temperature, salinity, water pressure, and dis-
solved oxygen concentration (DO) were recorded by the
CTD-Rosette sampler. Nutrient samples (100 ml sea water)
for measuring nitrate + nitrite nitrogen (NO, + NO3),
ammonium nitrogen (NH,), phosphate (PO,), and silicate
concentrations (Si0,) were analyzed onboard the ship
using a Bran and Luebbe model Quatro AA (Auto Ana-
lyzer), according to the manufacturer’s manual.

Water samples (500-1000 ml) for chlorophyll a (Chl a)
concentration were taken from above the stated depths and
immediately filtered through glass fiber filter paper
(47 mm; Gelman GF/F). The concentration of Chl a was
measured onboard using a Turner design trilogy fluorom-
eter after extraction with 90 % acetone (Parsons et al.
1984).

For quantitative studies and the identification of ciliates,
500-ml seawater samples were fixed with Lugol’s iodine
solution (2 % final concentration, volume/volume); these
were then stored at 4 °C in darkness until analysis (Yang
et al. 2012). Preserved samples were allowed to settle in the
mass cylinder for at least 48 h. The upper water was then
siphoned off, leaving 20 ml. A 1-ml aliquot of each con-
centrated sample was placed in a Perspex chamber, and the
ciliates were counted under a light microscope (Olympus
BX51) at magnifications of 200x to 400x. Tintinnids were
identified using lorica morphology and the species descrip-
tions of Kofoid and Campbell (1929, 1939); other ciliates
were identified by performing protargol staining according
to Montagnes and Humphrey (1998) and based on the pub-
lished references such as Montagnes and Lynn (1991) and
Striider-Kypke and Montagnes (2002). The taxonomic
scheme used was mainly according to Lynn (2008).

Data analysis of samples

The diversity parameters species diversity (Shannon—
Wiener H'), species evenness (Pielou’s J'), and species
richness (Margalef D) were computed using the abundance
data in a previous report (Jiang et al. 2014).

A cost/benefit (C/B) ratio was calculated in order to
objectively select the taxonomic level with the minimal
loss of information according to the equation:

CBL = (1 —r)/[(S—1)/S]

where CB; is the cost/benefit ratio at taxonomic level L; ry,
the Spearman correlation coefficient between taxonomic
level L and the species level; t;, the number of taxa at
taxonomic level L; S, the number of species (Karakassiss
and Hatziyanni 2000).

The cost/benefit ratio ranges between 0 and 1. If the
value equals O it represents a high correlation between the
species level and another taxonomic level.

Multivariate analyses of the spatial pattern in ciliate
communities were conducted using the PRIMER v6.1
package (Clarke and Gorley 2006) and PERMANOVA+
for PRIMER (Anderson et al. 2008). The spatial environ-
mental status of the five habitats was summarized using
principal components analysis (PCA) based on log-trans-
formed/normalized data of 130 samples (Clarke and Gorley
2006). The spatial differences in ciliate communities
among the five habitats were summarized using the sub-
module CAP (canonical analysis of principal coordinates)
of PERMANOVA+ with Sgrenson similarities from pres-
ence/absence data of 130 samples (Anderson et al. 2008).
Differences between groups of samples in both the biotic
and abiotic data set were tested with the submodule PER-
MANOVA (Anderson et al. 2008). The relationships
between pairs of similarity matrices and significances of
biota-environment correlations were both analyzed using
the Spearman rank correlation coefficients (p values),
which were computed by the submodule RELATE (Mantel
test) (Clarke and Gorley 2006). The k-dominance curves, in
which the species are ranked in order of dominance on the
x axis (logarithmic scale) with percentage dominance on
the y-axis (cumulative scale), were constructed for the 18
stations from the five habitats. Also, the differences among
curves from the five habitats were tested by the submodule
ANOSIM based on the Manhattan distance matrix offered
by the submodule DOMDIS (Clarke 1990; Clarke and
Gorley 2006).

Results
Spatial variation of the water mass

The measurements of environmental parameters for the
five habitats are summarized in Table 1. Salinity was
determined by melt from sea ice, which resulted in minor
regional differences, with lower values at the polynya than
at the regions under or near sea ice (i.e., the TA, GE, and
SE). Notably the lowest values of salinity occurred in the
oceanic area in comparison with the other four regions
affected by sea ice. In the polynya areas (PA and GE),
seawater temperature was higher than in the sea ice areas
(TA and SE) and oceanic areas. The concentrations of Chl
a and DO varied across the regions, with the highest con-
centrations observed in the polynya, which had dramati-
cally high Chl a concentrations. In contrast, PO, and
NO;3; 4+ NO, showed markedly lower values in the poly-
nya. NH, was present in higher values in the polynya
compared to other regions, but NH, values were lower than
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Table 1 Mean values of physical-chemical parameters from five habitats in Amundsen Sea

Parameters Oceanic area Transitional area Polynya Glacial edge Sea ice edge
Salinity (psu) 33.79 £ 0.12 33.93 £+ 0.06 33.87 +£ 0.04 33.93 + 0.02 3391 + 0.06
Temp (°C) 0.84 + 0.23 0.36 + 0.06 1.01 £+ 0.30 1.32 +£ 0.02 0.21 + 0.07
DO (mg 1™") 10.34 £+ 0.61 9.83 £ 0.21 11.89 + 0.53 11.27 + 0.96 9.66 + 0.31
Chla (ug1™h 0.38 £ 0.16 0.61 £+ 0.32 6.64 £ 2.05 297 £1.25 0.38 £ 0.42
SiO, (umol 171) 48.92 £ 7.56 75.36 £ 5.78 65.69 £ 8.92 93.55 £ 1.79 75.67 £ 1.31
PO, (umol 17) 1.86 £ 0.06 1.39 £ 0.05 1.13 £ 0.18 1.72 £ 0.11 1.70 £+ 0.02
NO; + NO, (umol 171 28.66 + 0.68 25.24 £+ 2.81 15.64 + 2.31 2332 +£1.92 25.42 £+ 0.89
NH,, (umol 171 0.43 + 0.31 0.26 + 0.16 0.81 + 0.27 0.63 + 0.31 0.50 + 0.40

Temp, temperature; DO, dissolve oxygen; NO3; 4+ NO,, sum of NO3-N and NO,-N

the other two nutrient parameters. Moreover, higher con-
centrations of SiO, were recorded under or close to the sea
ice areas, with the highest values at the GE (Table 1).

Principal component analysis (PCA) including vectors
of variables is shown in Fig. 2. The two principal com-
ponents explained a large proportion (53.7 %) of the total
environmental variability and discriminated the 130 envi-
ronmental samples into a spatial pattern (Fig. 2). Two axes
separated the polynya areas (samples from PA the GE)
from the others (Fig. 2). A permutational multivariate
analysis of variance (PERMANOVA) test revealed sig-
nificant differences among sample clouds of the five
habitats (F = 6.07, P = 0.001), and clear distinctions
between each pair of habitats were also found by pairwise
tests (P < 0.05), with a notable exception, the TA and SE
(P > 0.05) (Table 2).

PC2 (15.1%)
o

-2
Oceanic area
4 4 V¥ Transitional area
Polynya
# Glacial edge
® Sea ice edge
'6 T T T T T
-6 -4 -2 0 2 4 6

PC1 (38.6%)

Fig. 2 Principal component analysis (PCA) plots based on log-
transformed environmental variable data for spatial distribution of
130 samples from 18 stations in five habitats for the Amundsen Sea
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Taxonomic composition and spatial variations
in taxon number and biodiversity indices

In total, 42 pelagic ciliate species, representing 18 genera,
15 families, 8 orders, and 5 classes, were recorded during
the survey (Fig. 3a). Of these, most of the aloricate species
(e.g., Pelagostrobilidium spp., Leegaardiella spp., Tonto-
nia spp., and Mesodinium spp.) were present at all stations,
while the presence of Strombidium spp. appeared to be
irregular, but fairly widespread when considering the genus
as a whole. However, Balanion comatum, Rimostrombid-
ium caudatum, Strombidinopsis spp., and tintinnids were
present predominantly in and around the polynya (Fig. 3b).
The spatial variations of taxonomic composition in terms
of mean numbers of species, genera, families, orders, and
classes are shown in Fig. 4a. There are significant differ-
ences in numbers of species, genera, and families among
five habitats (P < 0.05) (Table 3). Among all five habitats,
the polynya showed the maximum species counts (Figs. 3b,
4a). However, for higher taxonomic levels (genus, family,
order, and class), all of the maximum mean records were
found in the TA, while the PA and GE showed similar
trends (Fig. 4a).

Regarding the three biodiversity parameters for ciliate
communities, species richness (Margalef D) and species
diversity (Shannon-Wiener H’) indices showed a similar
spatial pattern to that of species number, with higher mean
values at the PA (Fig. 4b). However, for species evenness
(Pielou’s J'), no obvious pattern in variation among the
habitats was observed (Fig. 4b). One-way ANOVA results
showed that there are significant differences among five
habitats for Margalef D and Shannon-Wiener H’'
(P < 0.05), but not for Pielou’s J' (P > 0.05) (Table 3).

Spatial patterns in pelagic ciliate communities

Discrimination of 130 samples from the five habitats was
plotted by a canonical analysis of principal coordinates
(CAP) using Sgrenson similarities from the presence/
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Table 2 Results of PERMANOVA among (F) and between (pairwise tests) habitats based on Euclidean distance matrices derived from log-
transformed data of environmental variables and on Sgrenson similarity matrices derived from presence/absence- transformed species data,
respectively

Environmental data Biotic data
df MS F P df MS F P
PERMANOVA among habitats PERMANOVA among habitats
Habitats 4 62.7 8.76 0.001 Habitats 4 11,168 6.07 0.001
Residual 116 7.1 Residual 116 1839.3
Total 120 Total 120
df t P df t P
Pairwise tests Pairwise tests
OA & TA 62 2.46 0.001 OA & TA 62 2.49 0.001
OA & PA 61 3.54 0.001 OA & PA 61 3.14 0.001
OA & GE 41 2.94 0.001 OA & GE 41 243 0.001
OA & SE 33 1.49 0.007 OA & SE 33 1.69 0.008
TA & PA 69 4.00 0.001 TA & PA 69 2.76 0.001
TA & GE 49 391 0.001 TA & GE 49 2.33 0.001
TA & SE 41 0.96 0.444 TA & SE 41 2.10 0.001
PA & GE 48 1.67 0.027 PA & GE 48 1.65 0.009
PA & SE 40 2.26 0.006 PA & SE 40 2.79 0.001
GE & SE 20 3.57 0.001 GE & SE 20 2.40 0.001
OA TA PA GE OA TA PA GE
Distance between habitats Dissimilarity between habitats
TA 3.56 TA 71.44
PA 4.78 4.59 PA 67.50 59.09
GE 3.79 3.85 3.86 GE 69.72 61.99 49.62
SE 3.07 2.50 4.26 3.57 SE 73.30 70.61 65.53 67.64

Number of permutations is 999
OA oceanic area, TA transitional area, PA polynya area, GE glacial edge, SE sea ice edge

absence data, and the resulting spatial zonation pattern was  dissimilarity (49.62) occurred between communities from
clear (Fig. 5). The results demonstrated that the first  the PA and GE, which means that they were more similar
squared canonical correlation was large (5> = 0.760). The  than other pairs, although the difference between them was
first canonical axis separated ciliate samples in the TA and  significant (Table 2).

PA (on the right) from those in the OA and SE (on the left),

while the second canonical axis, which also had a large =~ Taxonomic sufficiency and cost/benefit analysis
eigenvalue (6> = 0.605), clearly discriminated samples in

the TA (upper) from the others (lower; Fig. 5). However, The levels of concordance between the matrices from
no clear separation was seen between the PA and the GE  pelagic ciliate presence/absence data at the species level and
(lower right, or between the OA and the SE (lower left) in ~ higher taxonomic levels are summarized in Fig. 6a. It was
the two-dimensional plot (Fig. 5). A PERMANOVA test  revealed that the number of species was significantly cor-
demonstrated a significant effect of the habitats (F = 6.07, related with the number of genera (p = 0.768, P < 0.001),
P = 0.001), and pairwise comparisons in the PERMA- families (p = 0.726, P < 0.001), orders (p = 0.467,
NOVA test showed strong evidence against the null P < 0.001), and classes (p = 0.285, P < 0.001). However,
hypothesis, suggesting that all of the habitats differed from it should be noted that the correlation coefficients presented
one another (P < 0.01) (Table 2). Moreover, dissimilarities values greater than 0.75 between similarity matrices at the
between matrices from each pair of habitats also supplied  species and genus levels and relatively close to 0.75 between
evidence with high values (Table 2). The lowest those at the species and family levels (Fig. 6a).
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() crass Order Family Genus Species (b) ona T PA GE SE
1 1 1 1 1 30292827 6 2426227 8 9182120 1011 16 17
Codonellopsidae Laack ‘"Iilmrlr prolong + + + + + + + + + o+ o+ +
| Laack naviculaefera +
. . Codonellopsid Cy lis | Cymatocylis cf. drygalskii + P R e Ty
Spirotrichea Ti il 1 . .
Cymatocylis cf. affinis + + +
Codonellopsidae _ Salpingella__ Salpingella faurei +
| Salpingella decurtata +
Prostomat, P Tontid Ralanionid R
Pr Pror oy
——— - — + + + + + + + +
Strombilidiidae Rimostrombidium . e .
R + + +
Lok iellidae Lol PN .
Lol oviformis + + + + +F F F + + o+ O+ o+ O+ o+
trombidinopsidaes: bidinopsisy Strombidinopsis sp. + o+ +E 4
Choreotrichida | Strombidinop o+ o+ +
Strombilidiidae Pelagostrobilidium Pelagostrobilidium spiralis + + + + + + + + + 4+ + + + + + O+ o+
1 Pelagostrobilidium neptuni + + + + o+ O+ o+
Leegaardiellidae Leegaardiella |Leegaardie11asol + + + + + Sodn o S B
V' Leegaardiella ovalis + + + + +
Pseud ia | Pseud ia cornuta +
Oligotrichea Laboea P cf- simp + + L A R
Tontoniidae Laboea strobila + +
Tontonnia gracillima + + + + + + + o+ + + + +
Tontonia T ia antarctica + + 4+ o+ o+ o+ + o+
Tontonnia sp. + + + + + + + o+ 4+ + + + o+ o+
Strombidium styliferum + + + +
L, Strombidium lynni +
Oligotrichida .
Strombidium globosaneum + + EE + o+
Strombidium emergens + o +
Strombidium dalum + + o+
Strombidium crassulum + + + + + + +
Strombidium cornuta + + + + + + +
Strombidiidae  Strombidi Strombidium cf. sy i + 4+ + + + o+ o+ +
Strombidium cf. epidemum + + + +
Strombidium capitatum IR + + + +
Strombidium antarcticum + + + F o+ O+ o+ +
Strombidium acutum + + + + o+ +F + + + o+ o+ o+ o+ +
Strombidium wulffi DD D D DD DD oD Do + +
Strombidium sulcatum + +
Mesodinii Mesodinium rubrum + o+ + o+ F o+ o+
Cyclotrichiida  Mesodiniidae Mesodinium pulex + + o+ + o+ o+ 4 + o+
i Askenasia .
Litostomatea l Ask sp. o oo & o -
Haptorida Didiniidae Didinium .
D gargantua + + + + +
Philasterida Uronematidae Uronema | Uronema sp. +
Oligohymenophoreq Peniculid F L = | Uronema marinum + o+ + + o+ +
r x s Py
- Fr of. frigida + + +

Fig. 3 Classification of pelagic ciliates into five ranks, i.e., species, genus, family, order, and class (a), and their spatial variations at the five

studied habitats (b)

The cost/benefit (C/B) ratios for the data obtained in this
study are summarized in Fig. 6b. The species level data
were compared to the matrices of each of the higher tax-
onomic levels. The C/B ratios showed minimal values at
the genus-level resolution due to the high correlation
coefficients with the species matrix (Fig. 6b). Notably, at
the genus and family levels, the C/B ratios were acceptably
low in comparison with those of the order and class levels
(Fig. 6b).

Mantel test results between the ecological patterns of
ciliate communities at different taxonomic levels and the
spatial changes of environmental variables were summa-
rized in Table 4. Results showed that relationships between
ciliate communities and the environment were significant
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at taxonomic resolutions up to family level (P < 0.01), and
no significant correlations were found at the order and class
levels (P > 0.05) (Table 4).

Ciliate biodiversity in five habitats

Figure 7 shows the diversities of ciliates using k-domi-
nance curves. The higher the percentage of cumulative
dominance in the communities is, the lower the diversity.
In this study, at the species rank (Fig. 7a), the accumulation
curves representing the communities of stations in the PA
lay below the curves representing the communities from
other habitats. The only exception was the curve of station
7, which was located in the TA, close to the polynya and
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Fig. 4 Spatial variations in taxon numbers of five levels (a) and three
diversity indices (species richness D, species evenness J', and species
diversity H') (b) of pelagic ciliates from five habitats. OA oceanic
area, TA transitional area, PA polynya area, GE glacial edge, SE sea
ice edge

Table 3 F ratios and

significance levels (from Fj 17) r P
from one-way ANOVA tests for - qpocies level  18.033  <0.001
differences among five habitats
in numbers of various Genus level  11.999 <0.001
taxonomic resolutions and in Family level ~ 9.518  0.001
measurements of three diversity Order level 3452  0.087
indices Class level 2620  0.084
D 12.243  <0.001
J 1.055 0.17
H 2.579  0.039

D, Margalef D; J', Pielou’s J';
H', Shannon-Wiener H'

showed the highest diversity (Fig. 7a). At the genus and
family levels, the stations from TA (Sts. 7, 22, and 24) and
GE (St. 10) lay below all of the other stations, reflecting the
highest diversity, and the stations of the PA were second
only to these most diverse stations (Fig. 7b, c). For all
curves, those of the PA, GE, and TA stations started at
similar points and were closely coincident, while those of

0.2 1 -
Oceanic area
V¥ Transitional area v
Polynya
% Glacial edge 'V
0141 @ Sea ice edge v o
‘v v v v
o v V} -~
o~ vtV
a .1 v e, Vv
3 v TR,
00.'0
® T v
R °®
0.1+ ¢ o MR SR
57=0.760
57=0.605
025 : = ; : i
-0.3 -0.2 -0.1 0 0.1 0.2
CAP 1

Fig. 5 Canonical analysis of principal coordinates (CAP) on Sgren-
son similarities from presence/absence data of 130 samples from 18
stations in five habitats for the Amundsen Sea

the OA and SE were much steeper, which indicates lower
diversity (Fig. 7). Furthermore, one-way ANOSIM test
results based on Manhattan distance matrices derived from
DOMDIS showed significant differences (P < 0.05)
among the curves from the five habitats at taxonomic res-
olutions up to the family level (Table 5).

Discussion

Sea ice influences biotic diversity and distribution (Wick-
ham et al. 2011; Lee et al. 2012, 2013; Dolan et al. 2013).
The rapid melting of glaciers and loss of sea ice will result
in changes in habitat conditions that may drive substantial
changes in ciliate communities (Griffiths 2010; Jiang et al.
2013c). To predict the impacts of these changes on
ecosystems, understanding variations within habitat diver-
sity is important. Because of easy sampling, relative
immobility, increasing availability of easily used taxo-
nomic references, and standardization methods for spa-
tiotemporal comparisons, ciliates have been used widely as
a robust indicator in ecological investigations (Jiang et al.
2013c). Although most species are cosmopolitan and have
global distributions, and marine planktonic ciliates can be
found almost anywhere with liquid water, different forms
predominate in different habitats (Agatha 2011). This may
be an important and often overlooked approach to thinking
about environmental variability in marine ecosystems,
especially in the Southern Ocean, which is being increas-
ingly affected by climate changes. To date, few studies
have been published on the distribution of pelagic ciliates
in the Amundsen Sea (Wickham et al. 2011). To our
knowledge, this study is the first report to focus on
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Fig. 6 Correlations between matrices at species-level resolution and
those at higher taxonomic levels (a) and cost/benefit ratios for
different taxonomic levels (b). OA oceanic area, TA transitional area,

variations in ciliate diversity in relation to habitat envi-
ronmental conditions in the Amundsen Sea.

Based on the sea ice concentration, location, distance,
and previous studies (e.g., Lee et al. 2012, 2013; Dolan
et al. 2013), five habitats were selected. In this study, mean
physicochemical measurements from the five habitats
supported their classifications and were consistent with
former studies (e.g., Lee et al. 2012; Jiang et al. 2014). For
example, PA obtained the highest Chl a, DO, and lowest
nutrients, while in SE, the lowest temperature, Chl a, DO,
and higher nutrients. However, PCA analysis of all envi-
ronmental variables divided all of the stations into only
three major groups, i.e., oceanic, sea ice, and polynya
areas. Although the values of some environmental param-
eters were obviously different, no statistical evidence was
found to support the separations between TA and SE or
between PA and GE. As all of the environmental variables
were measured instantaneously, as opposed to continu-
ously, they may not have accurately reflected habitat
variability. For both the TA and SE, all of the stations were
under sea ice, which may have caused similar measure-
ments for several environmental variables. Important
information, such as the combined influences of the open
sea and polynya on habitats in the TA, was similar to SE
habitats that were located a long distance away. The lack of
discrimination between the PA and GE stations may have

Table 4 Results of the Mantel test showing the linkages between
planktonic ciliate communities and physicochemical variables

Sample p P
Species level 0.303 <0.001
Genus level 0.260 0.006
Family level 0.244 0.008
Order level 0.075 0.190
Class level 0.063 0.216

Number of permutations is 9999
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PA polynya area, GE glacial edge, SE sea ice edge; horizontal dotted
line (a), p = 0.75

occurred for the same reason, although higher values of
SiO, and NO3; + NO, were recorded in GE.

However, clear evidence from the CAP analysis with a
PERMANOVA test divided the GE samples from the PA,
and the SE samples also differed significantly from the TA
samples. All five habitats were clearly separated from each
other, and the ciliate communities from each habitat were
highly similar to each other, but significantly different from
the communities from other habitats. Therefore, all of these
results demonstrate that ciliate community structure varied
among the habitats studied. Notably, these results are based
on presence/absence data and highly coincide with those
from analysis of abundance data (Jiang et al. 2014), which
reveals that this coarse numerical resolution provided suf-
ficient information to evaluate the ecological patterns of
communities in response to habitat variation in the
Amundsen Sea.

Previous results (Jiang et al. 2014) on the spatial dis-
tribution patterns of ciliates based on the data set used in
this study showed that the distributions of species number,
abundance, and biomass all showed clear spatial trends
with maximums in the polynya. This is consistent with the
high Chl a concentrations typical in the polynya (Lee et al.
2012), and the strong relationships between the distribution
patterns and spatial changes of chlorophyll a have also
been demonstrated by Spearman correlation analysis (Jiang
et al. 2014). Biodiversity indices (Shannon diversity H’,
Pielou’s evenness J', and Margalef richness D) are amen-
able to simplification, and generally, higher values for
these three indices indicate better environmental conditions
(Connell 1978; Magurran 1991; Jiang et al. 2011b, 2012b).
In the present study, D and H' indices had maximum values
in the polynyas. This seems to indicate that polynya
habitats are the most ideal for ciliates considering the five
habitats. However, the aforementioned conventional
diversity measures were all based on the species level. At
the genus and family levels, in contrast to what was
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Fig. 7 Variations of k-dominance curve for the 18 stations from five
studied habitats at species (a), genus (b), and family levels (c)

observed at the species level, more components disap-
peared in samples at the PA than at the TA and GE.
Taxonomic evenness properties of a community have been
demonstrated to vary considerably with the linkage to
environmental quality status (Anu and Sabu 2007). Thus, it
is understood that diversity may vary, particularly at higher
taxonomic levels, even though the polynya has shown in

communities to habitat changes. Our results demonstrate
that the genus- and family-level resolutions are adequate
for analyzing the ecological patterns of pelagic ciliate
communities in the Amundsen Sea, which is consistent
with the findings in temperate waters on planktonic and
periphytic ciliates (Xu et al. 2011b, d; Jiang et al. 2013d)
and numerous studies on other organisms (e.g., Khan 2006;
Heino and Soininen 2007; Carneiro et al. 2010). The use of
the genus or family rank offers multiple advantages: (1)
genus- or family-level identification can be more reliable
since species-level identification is complex and laborious;
(2) the identification of ciliates at the genus- or family-
level can be less time-consuming, reducing the costs of
monitoring programs, in particular the large-scale spa-
tiotemporal bioassessment and biological conservation
issues (Heino and Soininen 2007; Carneiro et al. 2010; Xu
et al. 2011b, d). However, the life cycle and biological
interactions (e.g., grazing) might affect the species occur-
rence in some case. Therefore, further studies on a larger
scale and extended period are necessary to verify our
finding.

The k-dominance curves have been used widely as an
indicator for evaluating biodiversity in response to envi-
ronmental changes (Warwick et al. 1990). The higher the
percentage of cumulative dominance is in the community,
the lower the diversity. Thus, the patterns of k-dominance
curves should easily reveal the changes in diversity.
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According to the results from the curves, the diversity
statuses of the habitats at the species level were in the order
PA > GE > TA > OA > SE. Meanwhile, at the genus and
family levels, the diversities of TA and the GE were con-
siderably higher than in the PA. This means that the highest
primary production levels in the polynya caused the highest
abundance and diversity at the species level only, and the
number of taxa at higher taxonomic levels up to the family
level did not follow the species-level diversity, although
higher diversities occurred in the areas adjoining the
polynya. This evidence supports our hypothesis that
diversity at different taxonomic resolutions may vary. This
evidence also suggests that k-dominance curves could
reveal variations in ciliate diversity at the various taxo-
nomic levels and thus could be used as an effective graphic
parameter for monitoring habitat environmental variability
(Clarke 1990; Clarke and Gorley 2006). Moreover, our
results suggest a new point of view: the influence from the
climate changes (such as a seasonal polynya caused by
increasing heat input of global warming) on biodiversity
may lead to changes of taxonomic richness at different
taxonomic resolutions, which should be introduced into
polar biodiversity studies. However, further study, in par-
ticular a long-term monitoring, is necessary to verify or
amend our findings.

In summary, the results of this study demonstrate that
pelagic ciliate communities in the Amundsen Sea are
diverse and show clear spatial patterns that can be divided
among five habitats; also, variation in the diversities varies
with environmental variability at the species level. The
presence/absence data at genus- and family-level resolution
could provide sufficient information to evaluate the spatial
patterns of ciliate communities, and their spatial patterns
were associated with the environmental conditions of the
various habitats. The graphical descriptors (k-dominance
curves) clearly illustrated that maximum diversity was
present in the polynya at the species level and in the
transitional area at genus- and family-level resolutions.
Thus, our findings provide basic data and a better under-
standing of pelagic ciliate diversity in various habitats in
the Amundsen Sea. Our results suggest that, in future
biodiversity studies that are influenced by increased cli-
mate changes, the diversity variations at higher taxonomic
resolutions should be considered more. These results have
considerable potential to help answer questions of impor-
tance for polar biodiversity research on the effects of
increasing climate changes.
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