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Abstract
Introduction Ciliated protozoa play important roles in aquatic
ecosystems especially regarding their functions in micro-food
web and have many advantages in environmental assessment
compared with most other eukaryotic organisms. The aims of
this study were focused on analyzing the application of an
indicator based on taxonomic relatedness of ciliated protozoan
assemblages for marine environmental assessment.
Materials and methods The spatial taxonomic patterns and
diversity measures in response to physical–chemical variables
were studied based on data from samples collected during 1-
year cycle in the semi-enclosed Jiaozhou Bay, northern China.
Results The spatial patterns of ciliate communities were
significantly correlated with the changes of environmental
status. The taxonomic distinctness (Δ*) and the average
taxonomic distinctness (Δ+) were significantly negatively
correlated with the changes of nutrients (e.g., nitrate nitrogen
and soluble active phosphate; P<0.05). Pairwise indices of
Δ+ and the variation in taxonomic distinctness (Λ+) showed
a decreasing trend of departure from the expected taxonomic
breadth in response to the eutrophication stress and
anthropogenic impact.
Conclusion The taxonomic relatedness (especially the
pairwise Δ+ and Λ+) indices of ciliate communities are

robust as an indicator with scientifically operational value
in marine environmental assessment.
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1 Introduction

In aquatic ecosystems, ciliated protozoa are a main component
of the microplankton communities and play important roles in
the microbial food web (Finlay and Esteban 1998). It is
increasingly being recognized that ciliated protozoa have
many advantages in assessment of marine environments. With
their short life cycle and delicate external membranes, they
may react more quickly to environmental changes than any
other eukaryotic organisms (Coppellotti and Matarazzo 2000).
Furthermore, many ciliates can often inhabit environments
that are unfavorable to most metazoans and some can even
tolerate extremes of environmental conditions to macrofauna
(Coppellotti and Matarazzo 2000; Jiang et al. 2007). Thus,
special attention is being focused on ciliated protozoa as a
favorable bioindicator for monitoring water quality (Ismael
and Dorgham 2003; Jiang et al. 2007; Xu et al. 2009).

Several investigations have demonstrated that the distribu-
tion of taxonomic relatedness is useful to evaluate marine
biodiversity and environmental issues (Clarke and Warwick
1998; Warwick and Clarke 2001). So far the availability of
the taxonomic relatedness indices for assessing environmental
stress and anthropogenic impact has been demonstrated in
several researches on macrofauna (Mouillot et al. 2005;
Leonard et al. 2006; Somerfield et al. 2008; Prato et al. 2009).
With regard to the relationships between these relatedness
indices based on marine microbial data and environmental
status, however, little understanding was well documented.
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In the present study, the taxonomic relatedness of
planktonic-ciliated protozoan communities in marine eco-
system was analyzed based on an annual data of Jiaozhou
Bay, Qingdao, northern China, which is a semi-closed
biotope with multi-pollution of environmental stress re-
garding the surrounding conditions. The aims of our study
were: (1) to investigate the spatial variations in taxonomic
relatedness of ciliated protozoan communities; (2) to reveal
their relationships to environmental status in multi-polluted
marine waters; and (3) to document the availability of
taxonomic relatedness measures based on ciliate assemb-
lages in marine environmental assessment.

2 Methods

2.1 Study sites and period

Jiaozhou Bay (35° 58′N~36° 18′N, 120° 04′ E~120° 23′ E) is
a semi-enclosed basin in the western part of the Yellow Sea,
with an area of 390 km2 and an average depth of about 7 m.
It is surrounded by the city Qingdao and connects the South
Yellow Sea via a narrow mouth. About ten small seasonal
streams empty into the bay with varying water and sediment
loads, most of which have become discharge canals of
industrial and domestic waste discharge from Qingdao and
important sources of external nutrients entering Jiaozhou
Bay (Fig. 1). In recent decades, the deterioration of water
quality has increasingly led serious concern of social and
scientific communities (Liu et al. 2008).

Five sampling sites were selected from June 2007 to
May 2008 (Fig. 1) according to their environmental status
and type of pollutions based on the marine water quality
standard of China. Site Awas slightly stressed by pollutants

(mainly nutrients) from inshore waters due to tidal
circulation. Site B was selected as a severely stressed area
polluted by organic pollutants, nutrients, and heavy metals
(e.g., Pb, Zn) from domestic sewage and industrial
discharge via two primary rivers. Site C was located at
the where the sources of heavy organic pollution mainly
come from mariculture activities and inshore water by tidal
circulation. Site D was moderately stressed by both
domestic organic and heavy metal pollutants (e.g., Cr, Cu)
from two rivers. Site E was located at the mouth of the bay,
which was the cleanest area (Fig. 1).

2.1.1 Sampling, fixation, measurements, identification,
and enumeration

A total of 24 samplings were carried out biweekly at three
depths of 1 m (upper layer), 3 m (middle layer), and 6 m
(under layer) from each sampling site during the study
period considering the vertical difference in ecological
patterns of the planktonic ciliate communities. For quanti-
tative and qualitative studies, 1,000 ml water samples were
fixed with Lugol’s solution to a final concentration of 2%
(volume/volume). For enumeration of ciliates, a 0.1 ml
aliquot of each concentrated sample was placed in a
Perspex chamber and the ciliates were counted under a
light microscope at a magnification ×400. A total of 0.5 ml
concentrated sample were counted and yielded a standard
error of <8% of the mean values of counts.

The measurements of concentrations of dissolved inorganic
nitrogen (DIN, sum of NO3-N, NO2-N and NH4-N), soluble
reactive phosphate (SRP), and chlorophyll a (Chl a) were
carried out in the same scheme as Xu et al. (2008). Water
temperature, salinity, pH and dissolved oxygen (DO) were
recorded in situ with appropriate sensors at three depths.

Fig. 1 Map of the sampling
stations in Jiaozhou Bay, north-
ern China. A site A, near
Huangdao; B site B, near the
mouths of Yang and Dagu riv-
ers; C site C, near mariculture
area; D site D, near the mouths
of Haipo and Licun rivers; E site
E, at the mouth linking the bay
with Yellow Sea
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Protargol staining method was performed according to
Montagnes and Humphrey (1998). Species identification of
ciliates was based on the published references to keys and
guides such as Song et al. (2009). The taxonomic scheme
used was according to Lynn (2008).

2.2 Data analysis of samples

Taxonomic diversity (Δ), taxonomic distinctness (Δ*),
average taxonomic distinctness (Δ+) and variation in
taxonomic distinctness (Λ+) of samples were computed
following the equations:

$ ¼ @@i<jwijxixj
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where, xi (i=1, 2, …, S) denotes the abundance of the ist
species, N is the total number of individuals in the sample,
ωij is the “distinctness weight” given to the path length
linking species i and j (with i< j, for sake of definiteness),
and S is the number of species (Warwick and Clarke 1995).

The distinctness weights used in this study were
according to Clarke and Warwick (1998), in context of
the class of ciliates: ω=1 (species in the same genus), 2
(same family but different genera), 3 (same order but
different family), 4 (same class but different order), and 5
(same phylum but different class). The distinctness of two
species connected at the highest taxonomic level is set
equal to 100 (Clarke and Warwick 1998; Warwick and
Clarke 2001). A regional master list of ciliates was
compiled using the data from Jiaozhou Bay and the local
areas of Yellow Sea near Qingdao, in which total 242 ciliate
species (except for the sessile forms) was recorded by Song
et al. (2009).

Multivariate analyses of spatial variations in ciliate
communities were analyzed using the PRIMER v6.1
package (Clarke and Gorley 2006). Bray-Curtis and
Sørensen similarity matrices were computed on log-
transformed species-abundance and P/A (presence/absence)
data, respectively. The separate clusters and multidimen-
sional scaling (MDS) ordination of biotic and abiotic
samples were assigned by the routine CLUSTER and
MDS on Bray–Curtis similarities from log-transformed
species-abundance data. Differences between groups of

samples were tested by the submodule ANOSIM (Clarke
and Gorley 2006). The spatial environmental status of the
five sampling sites was summarized using the principal
component analysis (PCA) based on log-transformed/
normalized abiotic data, while the biota-environment
correlation was tested using the routine RELATE (Clarke
and Gorley 2006). Variances of qualitative taxonomic
distinctness values (Δ+ and Λ+) with respect to the master
list values were summarized by plotting 95% ellipse
confidence limits using randomization tests based on the
regional master species list by the submodule TAXDTEST
(Leonard et al. 2006).

Univariate correlation analyses were carried out using the
statistical program SPSS v16.0. Data were standardized by
logarithmic transformation before analyzing (Xu et al. 2008).

3 Results

3.1 Physical–chemical parameters

The ranges of physical–chemical parameters at the five
sampling sites for a 1-year cycle were summarized in
Table 1. Among these variables, the temperature and pH
showed minor differences at all sampling stations during
the 1-year cycle (Table 1). Salinity ranged between 29.99
and 31.48 with lowest average values at site E and highest
at site A. The concentration of DO was commonly higher
than 8 mg l−1 at all five sites, with the minimum average
value at site D but the maximum at site B. However, the
high concentrations of Chl a occurred in site C and D, the
lowest in site E. Furthermore, the concentrations of NO3-N,
NOn-N (sum of NO3-N and NO2-N) and combination of
NOn-N and SPR basically showed high values at site B and
C but low in site E and A although DIN, SRP and sum of
DIN and SRP presented maximum values at site D mainly
due to the most primary contributor NH4-N (Table 1).

3.2 Taxonomic composition and spatial distribution

Taxonomic compositions crossing five taxonomic levels of
ciliate communities in Jiaozhou Bay was summarized in
Table 2. A total of 75 ciliate species from 27 genera, 17
families, nine orders, and four classes was recorded through
examining the 360 samples collected biweekly from five
sites during June 2007 and May 2008 (Table 2). From
species to order level, the annual cumulative number of
taxa showed maximum values at site C but minimum at site
B (Table 2).

A dendrogram of the spatial species distribution was
plotted using group-average clustering on Sørensen simi-
larities for presence/absence data of each species within the
protozoan communities from the five sampling sites in
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Jiaozhou Bay (Fig. 2). The cluster analysis resulted in the
75 ciliate species falling into five groups (I–V) at a 60%
similarity level. Group I was composed of 52 common taxa
with high occurrence, while the other four groups (II–V)
represented the assemblages with low occurrence (Fig. 2).
A total of 33 common species (e.g., Strombidinium
sulcatum, Tintinnopsis parvula, Strombidinopsis loricata,
Rimostrombidium orientale, Mesodinium pupula, and Lep-
rotintinnus bottnicus) in group I appeared at all five
sampling sites. Of the other five groups, almost all species
(e.g., Eutintinnus apertus and Metastrombidium sonnifer)
of group II occurred at both site A and E, whereas group III
(e.g., Tintinnopsis ovalis and Strombidinopsis elongata)
mainly at site C and E, group IV at site E, and group V at
site D (Fig. 2).

3.2.1 Spatial variations in taxonomic relatedness of ciliate
communities

Discriminating among a total of 360 samples from the five
sampling sites was carried out by the routine ANOSIM on
Bray–Curtis similarities from log-transformed data. It was

shown that there were significant differences among the
five sites (R=0.109, P<0.001) and between each pair of
sites (P<0.05) apart from sites B and C, between which
there were no significant differences (R=0.017, P=0.17).
However, no significant differences were found among the
three depths at each site

The annual average values of taxonomic diversity
indices of ciliate communities at five sites in Jiaozhou
Bay were summarized in Table 3. All four parameters
presented highest value at site A/E, moderate at site C/D,
and the lowest at site B (Table 3). Additionally, it is notable
that although the highest value of annual cumulative
species number occurred in site C the biodiversity behaved
in lower value (Tables 2 and 3)

Ellipses plots of 95% probability regions with a range
sublist sizes (10, 20) for the pairwise (Δ+, Λ+) values of
ciliate communities from each sampling site in Jiaozhou Bay
were showed in Fig. 3. The Δ+−Λ+ pairs for each site were
superimposed on the appropriate plot for their particular
species list (Fig. 3). With regard to the sublist size of 10
species, the proportion of ciliate samples with lower values
of pairs (Δ+, Λ+) from each site were outside the 95%
probability contour in the order: site B (88.6%)>site C
(80.6%)>site D (70.4%)>site E (56.7%)>site A (50.0%).

3.3 Linkage between biotic data and environmental status

The relationships among the five sampling sites based on
average data for environmental variables and for ciliates of
each sampling sites were summarized by clustering analyses
and MDS ordination in Fig. 4. This multivariate approach
revealed that the spatial patterns of the ciliate communities
were consistent with those of the environmental variables. In
both cases there were high similarities between the two most

Table 2 Cumulative numbers of five taxonomic levels of ciliated
protozoan communities at the five sampling sites in Jiaozhou Bay
during the 1-year cycle from June 2007 to May 2008

Parameters Site A Site B Site C Site D Site E

Species 41 37 47 41 45

Genus 20 15 19 17 19

Family 14 11 13 12 12

Order 6 6 7 7 6

Class 2 3 3 3 2

Parameters Site A Site B Site C Site D Site E

Tem 14.50±8.17 14.09±9.32 14.84±9.17 14.93±8.43 14.04±9.05

pH 8.22±0.23 8.13±0.62 8.22±0.24 8.08±0.21 7.85±0.77

Sal 31.48±0.89 30.02±3.31 30.47±1.87 30.78±1.37 29.99±3.39

Chl a 1.01±2.24 1.05±1.29 1.60±1.85 1.18±1.32 1.00±1.32

DO 8.46±1.67 8.79±1.87 8.69±1.42 7.94±2.02 8.55±1.60

NH4-N 0.14±0.08 0.18±0.12 0.22±0.15 0.60±0.41 0.19±0.16

NO3-N 0.42±0.25 0.47±0.27 0.45±0.31 0.40±0.30 0.39±0.25

NO2-N 0.02 ±0.02 0.04 ±0.05 0.06±0.06 0.04±0.03 0.04±0.05

SRP 0.19±0.15 0.26±0.17 0.17±0.12 0.22±0.16 0.15±0.16

NOn-N 0.44±0.26 0.51±0.30 0.51±0.33 0.44±0.30 0.43±0.28

DIN 0.57±0.30 0.69±0.37 0.73±0.40 1.04±0.62 0.61±0.39

SRP+NO3-N 0.61±0.30 0.73±0.30 0.62±0.36 0.62±0.38 0.54±0.32

SRP+NOn-N 0.63±0.31 0.77±0.32 0.68±0.39 0.66±0.38 0.58±0.35

SRP+DIN 0.76±0.35 0.94±0.38 0.90±0.47 1.26±0.67 0.76±0.45

Table 1 Physical-chemical
parameters of 360 samples from
the five sampling sites in Jiaoz-
hou Bay during the 1-year cycle
from June 2007 to May 2008
(mean values for a total of 24
samples from each sampling
site)

Tem temperature (°C), Sal salin-
ity (psu), Chl a chlorophyll a
(μg l−1 ), DO dissolved oxygen
(mg l−1 ), NH4-N ammonium ni-
trogen (mg l−1 ), NO3-N nitrate
nitrogen (mg l−1 ), NO2-N nitrite
nitrogen, SRP soluble active
phosphate (mg l−1 ), NOn-N sum
of NO3-N and NO2-N (mg l−1 ),
DIN dissolved inorganic nitrogen
(mg l−1 )

1216 Environ Sci Pollut Res (2011) 18:1213–1221



Fig. 2 Dendrogram of spatial species distribution using group average clustering on Sørensen similarities for presence/absence data of each
species within the ciliate communities from five sampling sites in Jiaozhou Bay during the study period of June 2007–May 2008. I–V group I–V
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polluted sites (B and C) and somewhat lower similarities
between the two least polluted sites (A and E). The
moderately polluted site D was more similar to the former
pair than the latter (Fig. 4). RELATE analysis revealed that
there was a significant correlation between spatial variations
in ciliate abundances and changes of environmental variables
(R=0.183; P=0.001).

PCA ordination with vectors for both structural/taxonomic
parameters of ciliate communities and physical–chemical
variables was shown in Fig. 5. The two principal compo-
nents, explaining 74.7% of the total spatial environmental
variability, discriminated the five sites in a similar pattern
that was shown by the clustering/MDS analyses (Fig. 5). The
vectors for the physical–chemical variables (e.g., NH3-N,
SRP, salinity and Chl a) pointed toward site D (upper left),

while the other variables (e.g., NO3-N and DO) toward sites
B and C (lower left). It should be noted that most structural
parameters and all four taxonomic diversity indices pointed
toward site A (upper right) with negative correlations with
chemical parameters (Fig. 5). Pearson correlation analyses
demonstrated that both relatedness indices Δ+ and Δ*

significantly negatively correlated with the changes of
NO3-N/NOn-N+SRP (P<0.05; Table 4).

4 Discussion

Multivariate analyses are more sensitive than univariate
analyses in detecting changes in community structures.
They are also extremely useful for analyzing differences

Table 3 Taxonomic diversity indices of ciliated protozoan communities at the five sampling sites in Jiaozhou Bay during the 1-year cycle from
June 2007 to May 2008

Parameters Site A Site B Site C Site D Site E

Δ 47.50±10.53 31.16±12.42 33.81±10.2 37.36±7.76 38.66±11.49

Δ* 62.67±7.70 49.46±15.18 54.59±8.31 52.86±8.67 60.75±11.49

Δ+ 58.57±4.80 48.42±13.76 53.41±7.20 52.75±8.65 57.38±10.61

Λ+ 329.66±82.23 309.47±185.60 317.93±97.54 331.10±118.95 322.33±141.05

Δ taxonomic diversity, Δ* taxonomic distinctness, Δ+ average taxonomic distinctness, Λ+ variation in taxonomic distinctness

Fig. 3 Ellipses plots of 95% probability regions with a range sublist
sizes (10, 20) for the pairs of average taxonomic distinctness (Δ+) and
variation in taxonomic distinctness (Λ+) of 72 ciliate communities

from each sampling site in the Jiaozhou Bay. a Site A, b site B, c site
C, d site D, e site E
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between communities on spatial and temporal scales, and
for illustrating how these communities vary along gradients
of environmental stress (Jiang et al. 2007; Xu et al. 2008,
2009; Tan et al. 2010).

In our study, both MDS ordination and clustering/PCA
analyses revealed a clear spatial pattern of environmental

status. For example, the less polluted sites (A and E) were
separated from the more polluted sites (B, C, and D).
Otherwise, MDS ordination and clustering/RELATE anal-
yses demonstrated that the spatial variations in ciliate
community structures were significantly correlated with
certain environmental variables. These findings suggest that
the spatial patterns of ciliate communities accurately reflect
the water conditions and have the potential for use in
assessing marine environmental status.

Fig. 4 Cluster analysis and MDS ordination for spatial changes of
environmental status a and b on Euclidean distance from log-
transformed environmental data, and for spatial patterns of ciliated

protozoan communities c and d on Bray–Curtis similarities for
species-abundance data obtained from five sampling sites in Jiaozhou
Bay during the period from June 2007 to May 2008

Fig. 5 Principal component analysis (PCA) on log-transformed
average values of abiotic data from each sites. Principal components
(PC) 1 and 2, respectively, accounted for 45.7% and 29.0% of the total
variation

Table 4 Correlation of species/taxonomic diversity indices with
physical–chemical parameters of the five sampling sites in Jiaozhou
Bay during the 1-year cycle from June 2007 to May 2008

Parameters Δ Δ* Δ+ Λ+

pH −0.019 −0.286 −0.288 −0.178
Sal 0.780 0.425 0.458 0.663

DO −0.362 −0.050 −0.180 −0.746
Chl a −0.404 −0.310 −0.220 −0.146
NH4-N −0.140 −0.382 −0.236 0.380

NO3-N −0.606 −0.673 −0.736 −0.806
NO2-N −0.736 −0.487 −0.399 −0.338
SRP 0.506 −0.824 −0.865 −0.568
DIN −0.328 −0.566 −0.426 0.168

NOn-N −0.781 −0.751 −0.773 −0.811
NO3-N+SRP −0.612 −0.835 −0.891 −0.751
NOn-N+SRP −0.746 −0.907 −0.942 −0.795
DIN+SRP −0.404 −0.687 −0.568 0.050

Values are the Pearson correlation coefficients, significant tests (P<
0.05) are in bold. For other abbreviations, see Table 1
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The traditional biodiversity parameters (e.g., species
richness, diversity and evenness) are more widely used to
summarize the structural patterns of a biotic community
(Ismael and Dorgham 2003; Mouillot et al. 2005; Xu et al.
2008; Prato et al. 2009; Xu et al. 2009; Tan et al. 2010).
However, these measures present a number of problems for
quantifying environmental changes due to their sample size
or sampling effort dependence (Warwick and Clarke 2001;
Leonard et al. 2006; Prato et al. 2009). Notably, they are
difficult to be linked with environmental data since their
relationship remains controversial and not always monoton-
ic, especially problematic when comparing data collected by
sampling methods that are not standardized in terms of effort
or sample size (Prato et al. 2009). Furthermore, there is no
statistical framework for testing whether these parameters are
higher or lower than expected for a given location or region
(Clarke and Warwick 1998; Prato et al. 2009). Thus, the
traditional diversity indices are largely biased and restricted
in assessment of environmental traits (Mouillot et al. 2005;
Xu et al. 2008). Many previous researches on metazoan
fauna have demonstrated that the taxonomic diversity/
distinctness measures showed less sensitivity to natural
habitat type but more to anthropogenic environmental
variables, in particular the taxonomic distinctness indi-
ces (Δ+ and Λ+) as the useful indicator of anthropogenic
disturbances in coastal marine waters, in comparison to
traditional biodiversity indices (Leonard et al. 2006;
Somerfield et al. 2008; Prato et al. 2009).

Based on our data, both univariate and multivariate
analyses demonstrated that the taxonomic diversity/distinct-
ness (Δ* and Δ+) indices of ciliate communities repre-
sented a clear significantly negative correlation with the
combination NO3-N/NOn-N and SRP (P<0.05). Further-
more, the ellipse plotting analyses suggested that the paired
taxonomic distinctness measures (Δ+ and Λ+) showed a
clear decreasing trend of departure from the expected
taxonomic breadth in response to anthropogenic impact
and eutrophication stress. For example, the more the site
was stressed, the more data sets (Δ+ and Λ+) were fallen
below the simulated mean value or outside the 95%
confidence limits; the lower the values of pairs were, the
more the site was departed from the expected contour.
Thus, results support the proposal that the taxonomic
diversity/distinctness indices of ciliate communities are
robust as an indicator available for assessing marine
environmental status.

It should be noted that although the spatial patterns of
ciliated protozoan communities were significantly different
among the five sampling sites, no differences were detected
among the three depths at which samples were collected.
This finding suggests that the vertical variations are
negligible, and thus the cost in time and resources could
be further reduced by sampling at a single depth. This is

also an advantage in detecting transient variations in
environmental status using planktonic ciliated protozoa.

In summary, our study demonstrated that the spatial
patterns of ciliate communities were significantly correlated
with the changes of environmental status and that the
taxonomic distinctness (Δ*) and the average taxonomic
distinctness (Δ+) were significantly negatively correlated
with the environmental stress. These findings suggest that
the taxonomic diversity indices of ciliated protozoan
communities may be served as a useful tool with
scientifically operational value in assessment of marine
environments. However, it should be noted that further
studies on a range of marine environments and over long
time periods are needed in order to verify this conclusion.
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