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Taxonomic diversity and temporal patterns in abundance of periphytic ciliate communities across taxonomic levels were
studied to monitor water quality in Korean coastal waters during April 2007. Specifically we compared two methods
based on an artificial substrate (glass slide): the polyurethane foam enveloped slide (PFES) and the conventional slide
(CS) systems. The results demonstrated that: (1) the colonization patterns of the ciliate communities at all taxonomic
levels showed a lower variability in the PFES system than those of the CS system; (2) The taxonomic diversity (D) and taxo-
nomic distinctness (D*) were significantly higher in the PFES system than those in the CS system; and (3) all four taxonomic
diversity/distinctness indices represented lower variability in the PFES system than those of the CS samples. These findings
suggest that the PFES system is more effective than the CS system for measuring the colonization patterns and taxonomic
distinctness parameters that are increasingly used as potential indicators of water quality. This conclusion supports our pre-
vious suggestion that the PFES system is a better tool than the CS system for monitoring water quality in the marine ecosys-
tem, using periphytic ciliates.
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I N T R O D U C T I O N

Periphytic ciliate communities have been widely accepted as a
robust indicator to monitor responses to environmental stress
and anthropogenic impacts using their colonization features
(Cairns et al., 1972; Munawar & Weisse 1989; Finlay &
Esteban, 1998; Gong et al., 2005; Norf et al., 2007, 2009).
However, conventional artificial substrate methods have
been less efficient for protozoan colonization in marine eco-
systems, mainly due to the influence of tidal current and cir-
culation (Coppellotti & Matarazzo, 2000; Xu et al., 2002). Our
previous studies have suggested that a modified glass slide
method, the polyurethane foam enveloped slide (PFES)
system, might provide an efficient strategy for assessing
marine periphytic ciliates, allowing an analysis of species
diversity and colonization parameters (Xu et al., 2009a, b).
However, this method requires evaluation, associated with
aspects of temporal dynamics of colonization across different
taxonomic levels. To this end, in this study we compare our
PFES method to the standard conventional slide (CS)
system for periphytic ciliate community analysis.
Specifically, we applied and compared these two methods,

using a range of statistical analyses, while assessing a 20-day
baseline field survey, conducted on the impact of tidal currents
and circulations on periphytic ciliate colonization.

M A T E R I A L S A N D M E T H O D S

Study site and sampling strategy
The study was conducted during 2–21 April 2007 in coastal
waters, near Incheon Harbour, Korea (Xu et al., 2009a, b).
This polluted coastal area is �8 m deep and is turbid, due
to mixing of sediments from the muddy-sandy bottom (Xu
et al., 2009a). CS and PFES were deployed at 1 m. The
sampling strategy followed that described by Xu et al. (2009b).

Polyurethane foam enveloped slide and CS, were designed,
deployed, anchored, and sampled as described by Xu et al.
(2009a, b). A total of 40 glass slides (2.5 × 7.5 cm) were
used as artificial substrates for collecting periphytic ciliates
from a depth of 1 m below the water surface. For each
method, a total of four PVC frames were used to hold the
40 slides, 20 of which were used as an independent sampling
replicate. For each replicate, two slides were randomly col-
lected from each PVC frame at the time interval of 1, 3, 5,
. . ., 19 days, during the study period. From both the PFES
and the CS systems, samples were collected simultaneously.
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Ciliate identification and enumeration followed methods out-
lined by Xu et al. (2009a), according to the taxonomic scheme
of Corliss (1979).

Data analyses
Taxonomic diversity (D), taxonomic distinctness (D∗),
average taxonomic distinctness (D+) and variation in taxo-
nomic distinctness (L+) of samples were calculated as: D ¼
[SSi,j vij xi xj]/[N(N –1)/2]; D∗ ¼ [SSi,j vij xi xj]/[SSi,j

xi xj]; D+ ¼ [SSi,j vij]/[S(S – 1)/2]; L+ ¼ [SSi,j (vij

–D+)]/[S(S – 1)/2], where xi (i ¼ 1, 2, . . ., S) denotes the
abundance of the ist species; N is the total number of individ-
uals in the sample; vij is the ‘distinctness weight’ given to the
path length linking species i and j (with i , j, for sake of defi-
niteness); and S is the number of species (Warwick & Clarke,
1995; Clarke & Warwick, 1998).

The distinctness weights used in this study were according
to Clarke & Warwick (1998), in context of the class of per-
iphytic ciliates: v ¼ 1 (species in the same genus); 2 (same
family but different genus); 3 (same order but different
family); and 4 (same class but different order). The distinct-
ness of two species connected at the highest taxonomic level
is set equal to 100 (Clarke & Warwick, 1998; Warwick &

Clarke, 2001). A regional master list of periphytic ciliates
was compiled using the present data from the 20 total
samples collected using both sampling systems.

The colonization process of periphytic ciliate communities
can be followed by sampling replicate glass slides over time to
follow the rate and magnitude of each taxon accrual process.
Data can thus be fitted to the colonization equilibrium
model developed by MacArthur & Wilson (1967): St ¼ Seq

(1– e – Gt), where St ¼ the taxon number at time t; Seq ¼ the
estimated equilibrium taxon number of ciliate colonization;
G ¼ the constant value of colonization rate; and T90% ¼ the
time taken for reaching 90% Seq.

Three colonization parameters (Seq, G, and T90%) were
obtained by the computer program M-W (Xu et al., 2005).
Fitness tests were conducted to assess if the taxon numbers
observed according to days fit with the MacArthur–Wilson
model at the 0.05 significance level.

All multivariate analyses and routines were conducted
using PRIMER v6.1 (Clarke & Gorley, 2006). The temporal
patterns of ciliate communities across taxonomic levels were
summarized by the routine multidimensional scaling
(MDS), based on the Bray –Curtis similarity from the log-
transformed abundance data. The similarities of the coloniza-
tion patterns at different ciliate taxonomic levels were

Fig. 1. Five-level classification used for the construction of taxonomic diversity between 29 periphytic ciliates identified from a total of 20 (10 polyurethane foam
enveloped slide (PFES) and 10 conventional slide (CS)) samples. White cycles, occurred in both systems; shaded triangles, only in the CS system; shaded rectangles,
only in the PFES system.
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analysed by the second-stage MDS ordination on the second-
stage similarity matrix from the Bray –Curtis similarity
matrices above (first-stage similarity matrix) using the
2STAGE routine. The consistencies/matches among the colo-
nization patterns at five taxonomic levels and the matching
correlations with the temporal seriations of samples in each
system were analysed using the Spearman rank-correlation
coefficients (r values) which were computed by the submo-
dule RELATE. The differences between the PFES and the CS
samples were tested by the second-stage analysis of similarities
(ANOSIM) routine at the significance level of 0.05 (Clarke &
Gorley, 2006).

The non-parametric Kolmogorov–Smirnov test was used
to evaluate the differences in temporal patterns of taxonomic
diversity and colonization patterns between the PFES and the
CS ciliate communities at the 0.05 level.

R E S U L T S

Taxonomic structure and diversity
In this study, periphytic ciliates were classified into five taxo-
nomic levels: class, order, family, genus and species. A total of

29 ciliate species, identified from both the PFES and the CS
systems during the study, belonged to 21 genera, 16 families,
7 orders and 3 classes, of which 25 species, 17 genera; 13
families occurred in both collection systems (Figure 1). The
taxonomic structure of ciliate samples showed similar patterns
between the two systems. A total of 27 ciliate species repre-
senting 19 genera, 7 orders, and 3 classes were found in
both systems, but there were 14 families found in the PFES
system and 15 families in the CS system (Figure 1).

The temporal variations of four taxonomic diversity indices
are summarized in Figure 2. The non-parametric test revealed
that taxonomic diversity (D) and distinctness (D∗) were sig-
nificantly higher in the PFES system than in the CS system
(P , 0.05), while the average taxonomic distinctness (D+)
and variation in taxonomic distinctness (L+) showed no sig-
nificant differences between the two systems (P . 0.05). On
the other hand, in both systems, all four taxonomic diver-
sity/distinctness indices showed a clear temporal pattern, i.e.
levelling off at a relatively stable level after an unstable
period (9 days). However, there was higher variability in the
CS system than in the PFES system, e.g. the coefficients of
variation of D and L+ values were 30.4% and 22.4% in the
CS samples, compared with 23.1% and 10.9% in the PFES
samples (Figure 2).

Fig. 2. Temporal variations of taxonomic diversity (A), taxonomic distinctness (B), average taxonomic distinctness (C) and variation in taxonomic distinctness (D) of
periphytic ciliate communities in the polyurethane foam enveloped slide (PFES) and the conventional slide (CS) systems on days 1, 3, 5, . . . , 19 respectively.
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Colonization patterns of ciliate communities
across taxonomic levels
The temporal patterns of ciliate community structures at
five taxonomic levels are summarized by the sub-MDS ordi-
nations from Bray–Curtis similarities on log-transformed
abundance data from the 19 samples (Figure 3A–E). The
similarities of ciliate communities showed a clear increasing
trend over the increasing temporal scales through all five
classification ranks in both systems (Figure 3A–E).
Clustering analyses resulted in all samples falling into
three groups at a 35% similarity level, with significant
differences at a 0.05 level (ANOSIM test) (Figure 3A–E).
The second-stage MDS ordination indicated that the simi-
larities among/between the colonization patterns at five
taxonomic levels became lower with increasing the classifi-
cation rank, in both systems (Figure 3F). However, the
RELATE analyses showed that the five colonization patterns
represented a significantly high similarity between each
other in each system (r values . 0.95; P , 0.05).
Otherwise, these five colonization patterns in the PFES
system showed lower similarities than those in the CS
samples (Figure 3F). The second-stage ANOSIM test
demonstrated their consistency was significantly different
between both systems (P , 0.001).

The matching correlations with the temporal seriations of
samples in each system at all taxonomic levels are given in
Table 1. It was demonstrated that the temporal seriations
for matrices of the PFES samples represented higher r

values (.0.75) than those of CS samples (,0.60) (Table 1).
Furthermore, the matching correlation with the temporal ser-
iations of the PFES ciliate communities showed a clear gradi-
ent in r values with increasing classification rank compared to
the CS samples (Table 1).

Colonization process at five taxonomic levels
Colonization curves of ciliate communities on both systems
exposed for 1, 3, 5, . . ., 19 days are illustrated at five taxonomic
levels in Figure 4. The colonization rates expressed by the
taxon number over time obtained from this study were com-
parably higher in the PFES system than in the CS system, in
spite of no significant differences in colonization patterns
between them (Table 2).

Estimates of three colonization parameters, i.e. taxon
number during the equilibrium (Seq), constant value of
colonization rate (G), and time taken to reach 90% Seq

(T90%) were calculated for the colonization process based on
fitting the MacArthur–Wilson taxon equilibrium model
(Table 2). The G values, as a parameter that represents the
colonization rates, were higher in the PFES system than in
the CS system. The T90% values that positively correlated
with the G values were lower in the PFES communities com-
pared to the CS communities. With increasing taxonomic
rank, the colonization rates represented greater values, when
the T90% values became distinctly shorter in substance
(Table 2).

Fig. 3. Multidimensional scaling (MDS) ordination of 20 (10 polyurethane foam enveloped slide (PFES) and 10 conventional slide (CS)) samples using the Bray–
Curtis similarities on log-transformed abundance data. (A) Species; (B) genus; (C) family; (D) order; (E) class; (F) second-stage MDS across five taxonomic levels;
1-10, PFES sample 1-10, I-X, CS sample I-X; S-, G- F-, O- and C-I, classification of PFES samples at species, genus, family, order and class level; S-, G- F-, O- and
C-II, classification of CS samples at the same taxonomic level as PFES data.

Table 1. Results of matching (RELATE) analyses for temporal seriations
of periphytic ciliate assemblages in both polyurethane foam enveloped
slide (PFES) and conventional slide (CS) systems based on similarity
matrices from log-transformed abundance data at various taxonomic

levels during the 20-day study period in April 2007.

System Species Genus Family Order Class

PFES 0.778 0.791 0.816 0.814 0.869
CS 0.553 0.549 0.537 0.548 0.558
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D I S C U S S I O N

Although many investigations on colonization, using artificial
substrate methods, have been conducted on freshwater ciliates
(Cairns & Yongue, 1968; Cairns & Henebry, 1982; Railkin 1995;
Franco et al., 1998; Xu et al., 2005), few have been carried out in

marine systems (Xu et al., 2002, 2009a). Our previous studies
have demonstrated that the tidal events, in marine systems,
influence both species diversities and species colonization par-
ameters of periphytic ciliate communities colonizing CS (Xu
et al., 2009a, b). This was mainly because fragile ciliates were
removed by rough tidal conditions during the colonization
process. In this study, we carefully explore the uses of a different
method to examine colonization of ciliates at different
taxonomic levels in marine systems: PFES.

We demonstrate that the matching correlation with
temporal seriation of the ciliate colonization patterns at each
taxonomic level was higher in the PFES system (r values .

0.75) than those of the CS system (r values , 0.60). This
suggests that the colonization patterns of ciliate communities
represented a higher variability in less (PFES) than in more
disturbed (CS) environments at all five taxonomic levels.
Furthermore, our results also revealed that the r values of
the PFES samples showed a clear increasing trend with
increasing the taxonomic rank compared to the CS system
(e.g. from 0.778 at species level to 0.816 at family level).
This might be described by the fact that the influence on tem-
poral seriations of ciliate colonization pattern from the tidal
events became lower with increasing taxonomic ranks.

Several investigations have demonstrated that the taxo-
nomic relatedness is useful to evaluate marine biodiversity
and environmental issues (Clarke & Warwick, 1998;
Mouillot et al., 2005; Clark & Gorley, 2006; Leonard et al.,
2006; Prato et al., 2009). In our study, the statistical analysis
demonstrated that the taxonomic diversity (D) and distinct-
ness (D∗) were significantly higher in the PFES system than
on the CS system (P , 0.05). In addition, all four indices rep-
resented low coefficients of variability in the PFES samples
compared to that of the CS system during the colonization
period. These findings suggest that the PFES system is
effective for measuring the taxonomic relatedness indices by
reduction of strong disturbances from tidal current and
circulation in marine ecosystems (Xu et al., 2009a, b).

In summary, our present study demonstrated that: (1)
although the ciliate communities represented similar taxo-
nomic structures and colonization patterns at different taxo-
nomic levels, they represented great differences in
colonization patterns between the PFES system and the CS
method; (2) the taxonomic diversity (D) and taxonomic dis-
tinctness (D∗) were distinctly higher in the PFES system
than on the naked glass slides; and (3) all four taxonomic
diversity/distinctness indices represented lower variability in
PFES samples than in those of the CS system, despite that
the average taxonomic distinctness (D+) and variation in
taxonomic distinctness (L+) showed minor differences in
both systems. These findings suggest that the PFES system is
more effective than the conventional glass slide method for
measuring the colonization patterns and taxonomic distinct-
ness parameters that were increasingly used as potential indi-
cators of water quality. This supports our previous suggestion
that the PFES system is a better tool than the conventional
glass slide method for monitoring water quality in the
marine ecosystem, using periphytic ciliates.
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Table 2. Colonization parameters of periphytic ciliates on polyurethane
foam enveloped slide (PFES) and conventional slide (CS) system at five

taxonomic levels during the period of 20-day study in April 2007.

System Taxa Seq G T90% Fitness (P values)
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Genus 13.59 0.092 25.05 ,0.05
Family 9.27 0.13 17.12 ,0.05
Order 6.82 0.12 19.03 ,0.05
Class 3.04 0.087 16.51 ,0.05

CS Species 22.6 0.054 42.75 ,0.05
Genus 16.98 0.061 39.16 ,0.05
Family 11.32 0.086 26.92 ,0.05
Order 6.1 0.12 18.92 ,0.05
Class 3.44 0.13 17.31 ,0.05

St, the taxon number at time t; Seq, the estimated equilibrium taxon
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rate; T90%, the time taken for reaching 90% Seq.
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