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Abstract The colonization dynamics in trophic-functional

patterns of periphytic protist communities was studied in

coastal waters of the Yellow Sea, northern China, from May

to June, 2010. The periphytic protists represented different

trophic-functional structures during colonization process.

Only certain trophic-functional groups (e.g., photoauto-

trophs, algivores and non-selectives) occurred within the

protist communities with low species number and abundance

at the initial stage (1–3 days), while more trophic-functional

groups (e.g., photoautotrophs, algivores, non-selectives and

raptors) contributed to the communities with increased and

peaked species number and abundance at the transitional

(7–10 days) and equilibrium (14–28 days) stages, respec-

tively. All heterotrophic groups were significantly fitted the

MacArthur–Wilson model in colonization curves and rep-

resented higher species number and colonization rates at a

depth of 1 m than at 3 m. These results may provide neces-

sary understandings for ecological researches and monitor-

ing programs using periphytic protists with different

colonization ages in marine ecosystems.

Introduction

As a primary component of biofilm, periphytic protists play

a crucial role for energy flux and element cycling in many

aquatic ecosystems (Fischer et al. 2002; Debenest et al.

2009; Kathol et al. 2009; Xu et al. 2011a). Pratt and Cairns

(1985) classified the protists into six trophic-functional

(hereafter functional) groups based on their feeding strat-

egies: photoautotrophs (P), bacterivores (B), algivores (A),

saprotrophs (S), raptors (R) and non-selectives (N). Pho-

toautotrophic group (microalgae) is responsible for the

bulk of primary production (Debenest et al. 2009; Duong

et al. 2010; Xu et al. 2010). Heterotrophic protozoa can

occur in high abundance and occurrence within microbial

fauna, where they can form complex communities of many

different taxonomic and functional types in both freshwater

and marine ecosystems (Parry 2004; Gong et al. 2005; Früh

et al. 2011; Kathol et al. 2011). As inhabitants of the

sediment–water interface, heterotrophic consumers can

potentially feed on both surface-attached and suspended

prey, and thus, they can mediate the flow of both matter

and energy from plankton to benthos in most aquatic

ecosystems (Franco et al. 1998; Parry 2004; Kathol et al.

2009, 2011; Norf et al. 2009a, b; Xu et al. 2011b). Some

bactivorous grazers can tolerate extreme environmental

conditions and often play an important role in maintaining

and improving water quality, mainly by their grazing

activities (Patterson et al. 1989; Xu et al. 2010). Further-

more, because of their rapid responses to environmental

changes, easy sampling and allowing standardization for

spatiotemporal discriminations, periphytic protists have

widely been used as robust bioindicators for monitoring

programs and ecological conservations in aquatic envi-

ronments (Gold et al. 2002; Khatoon et al. 2007; Risse-

Buhl and Küsel 2009; Morin et al. 2010; Xu et al. 2011a).
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W. Zhang � H. Xu (&) � Y. Jiang � M. Zhu

Laboratory of Protozoology, Institute of Evolution

and Marine Biodiversity, Ocean University of China,

Qingdao 266003, China

e-mail: henglongxu@126.com

K. A. S. Al-Rasheid

Zoology Department, King Saud University,

PO Box 2455, Riyadh 11451, Saudi Arabia

123

Mar Biol (2012) 159:735–748

DOI 10.1007/s00227-011-1850-0



The colonization of surfaces in coastal waters is

advantageous for protozoan grazers (mainly ciliates) since

the food supply (e.g., bacteria, algae) can be much more

abundant in the biofilm than in the surrounding water

(Geesey et al. 1978; Risse-Buhl and Küsel 2009). Proto-

zoan grazers (e.g., groups B, A and R) associated with

surfaces utilize a variety of food particles (e.g., bacteria,

algae, flagellates, small ciliates and detritus particles)

(Parry 2004; Scherwass et al. 2005). General modes of food

acquisition in protozoa are either the concentration of food

particles from plankton origin by filter feeders (e.g., groups

B and A) or the active search for food particles in the

biofilm by gulper feeders (e.g., groups B, A and R) (Franco

et al. 1998; Hausmann 2002; Parry 2004; Norf et al. 2007,

Norf and Weitere 2010; Kathol et al. 2011). Thus, the

functional structure of the periphytic protist communities

may represent significant changes during the initial colo-

nization of biotopes due to the food supply (Kiørboe et al.

2004; Norf et al. 2007, 2009a; Wey et al. 2009; Früh et al.

2011). The colonization dynamics of periphytic protist

communities, however, have been rarely investigated with

respect to the functional structures although a number of

relevant investigations on the colonization of the periphytic

protist communities have been carried out (Beech and

Landers 2002; Kiørboe et al. 2004; Duong et al. 2007;

Risse-Buhl and Küsel 2009; Norf et al. 2007, 2009b; Wey

et al. 2009; Morin et al. 2010; Früh et al. 2011).

In the present study, the colonization dynamics of the

protist communities in functional structures were investi-

gated using glass slide method in the coastal waters of the

Yellow Sea, near Qingdao, northern China, from May to

June, 2010. Our aims were as follows: (1) to document the

functional composition of the periphytic protist communi-

ties; (2) to reveal the temporal variations in functional

structure of periphytic protist communities during the

colonization process; (3) to compare the colonization

dynamics of periphytic protist communities in functional

structures at different depths in coastal waters; and (4) to

provide necessary understandings for both ecological

researches and monitoring programs using periphytic pro-

tist communities with different colonization ages in marine

ecosystems.

Materials and methods

Study area and sampling strategy

This study was carried out in the coastal waters of the

Yellow Sea, near Qingdao, northern China, from May 18 to

June 16, 2010 (Fig. 1). This coastal area is *8 m deep

with the following water conditions: water temperature,

14–19�C; pH * 8; salinity, 30–31 psu; transparency

(Secchi depth), *3 m; and dissolved oxygen, 6–7 mg l-1

during the study period. The glass slide systems were

designed, deployed, anchored and sampled as described by

Xu et al. (2009a, b).

A total of 140 glass slides (2.5 cm 9 7.5 cm) were used

as artificial substrata for collecting periphytic protist

communities at two depths of 1 and 3 m below the water

surface. For each depth, a total of seven PVC frames were

used to hold a total of 70 slides, which were used as two

parallel sampling replicates. A total of 7 sampling events

were carried out, and samples were from different slides

pooled. For each replicate, 5 slides were randomly col-

lected from one PVC frame at the time interval of 1, 3, 7,

10, 14, 21 and 28 days, during the study period. From both

depths, samples were collected simultaneously (Xu et al.

2011a). The slides were transferred into Petri dishes con-

taining water from the sampling site and then stored in a

cooling box before transporting to the laboratory within 2 h

for identification and enumeration (Xu et al. 2009a).

Identification and enumeration

Identification and enumeration of periphytic protist species

were carried out following the methods outlined by Xu

et al. (2009a, b). Taxonomic classification of microalgae,

ciliates and sarcodines was based on published keys and

guides such as Steidinger and Tangen (1997), Song et al.

(2009), Fan et al. (2010), Jiang et al. (2010) and Pan et al.

(2010).

The enumeration of periphytic protists was carried out in

vivo at a 100-fold magnification under an inverted micro-

scope as soon as possible after sampling (generally within

4–6 h) (Xu et al. 2009a). For recovering all species colo-

nizing the glass slides, one surface of an entire slide from a

Fig. 1 Map showing the study area, which was located in the coastal

waters of the Yellow Sea, northern China
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total of 10 slide-replicates was examined at each coloni-

zation period using bright-field illumination and occur-

rences were recorded. The enumeration of individual

abundances was conducted as described by Xu et al.

(2011a). The cell numbers were calculated to confirm the

average abundance of the protist individuals (ind. cm-2).

Different periphytic protist species were assigned to the

corresponding functional groups, which comprised photo-

autotrophs (P), bacterivores (B), algivores (A), raptors

(R) and non-selectives (N), according to the literatures (Pratt

and Cairns 1985; Fernandez-Leborans and Fernandez-

Fernandez 2002; Xu et al. 2010). The different protist species

recorded were assigned to the corresponding trophic-

functional group taking into account the data from both the

literatures (Fenchel 1969; Pratt and Cairns 1985; Fernandez-

Leborans and Fernandez-Fernandez 2002; Xu et al. 2010)

and direct observation (e.g., non-selectives Euplotes spp.

feeding on both bacteria and algae and algivores Diophrys

spp. mainly feeding on algae) (Table 4 in ‘‘Appendix’’).

Data analyses

The colonization process in species number of each func-

tional group of the periphytic protist communities was

tested if it was fitted to the MacArthur and Wilson (1967)

model:

St ¼ Seqð1� e�GtÞ

where St = the species number at time t; Seq = the esti-

mated equilibrium species number of ciliate colonization;

G = the colonization rate constant; and T90% = the time

taken for reaching 90% Seq. Three colonization parameters

(Seq, G and T90%) were estimated using the SIGMAPLOT.

Fitness tests were conducted to determine whether the

species numbers observed at each time interval fit with the

MacArthur–Wilson model at the 0.05 significance level.

The increase in individual abundance of each functional

group over total experimental phase was tested if it was

fitted to the logistic model:

At ¼ Amax=½1� eða�rtÞ�

where At = the individual abundance at time t; Amax = the

carrying capacity of individual abundance (maximum

abundance); r = the grow rate constant; a = the coeffi-

cient constant of initial individual abundance; and

T50% = the time to 50% Amax. All parameters (e.g., Amax

and T50%) were estimated using the SIGMAPLOT. Fitness

tests were to determine whether the individual abundance

recorded at each time interval fit with the logistic model at

the 0.05 significance level (Norf et al. 2007).

Species diversity (H0), evenness (J0) and species richness

(D) of five functional groups in samples were calculated as

follows:

H0 ¼ �
Xs

i¼1

Piðln PiÞ

J0 ¼ H0= ln S

D ¼ ðS� 1Þ= ln N

where H0 = observed diversity index; Pi = proportion of

the total count arising from the ith species; S = total

number of species; and N = total number of individuals.

All multivariate analyses were conducted using PRIMER

v6.1 and the PERMANOVA? for PRIMER (Clarke and

Gorley 2006; Anderson et al. 2008). Bray–Curtis similarity

matrices were computed on fourth root-transformed data.

The separate clusters of samples were assigned by the routine

CAP (canonical analysis of principal coordinates) of PER-

MANOVA?. The species distributions at different coloni-

zation stages were analyzed using the routine MDS. The

significance of correlations/differences in colonization pat-

terns of periphytic protist communities between two water

depths was tested using the routine RELATE/PERMANO-

VA (Clarke and Gorley 2006). The contributions of ciliate

species to the ciliate communities were evaluated using the

SIMPER routine (Clarke and Gorley 2006).

Pearson correlation analyses were carried out to reveal

the correlations among functional groups in abundance

using the software SPSS (version 16.0). Data were log-

transformed before analyzing. The nonparametric Kol-

mogorov–Smirnov test was used to evaluate the differences

in the species number and colonization rates between

depths of 1 m and 3 m at the 0.05 level.

Results

Taxonomic composition and functional structure

A total of 93 protist species (76 ciliates, 2 sarcodines, 14

diatoms and 1 xanthophytes) were recorded from both

depths over the survey period, of which 86 (69 ciliates, 14

diatoms and 1 xanthophytes) and 79 (62 ciliates, 2 sarco-

dines, 14 diatoms and 1 xanthophytes) taxa were identified

at depths of 1 and 3 m, respectively.

The functional composition of the periphytic protist

communities collected at two depths of 1 and 3 m in the

coastal waters of the Yellow Sea during the study period is

summarized in ‘‘Appendix’’ (Table 4). The 93 protist spe-

cies represented five functional groups: 15 photoautotrophs,

43 algivores, 19 bacterivores, 11 raptors and 5 non-selec-

tives (Table 1). The algivores, bacterivores and photo-

autotrophs were the most common functional forms,

accounting for 47, 20 and 17% at a depth of 1 m, and for 41,

20 and 19% at a depth of 3 m, respectively, of the species

recorded, compared to the other two groups (Table 4 in
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‘‘Appendix’’). It should be noted that the algivores have

higher diversity in the periphytic protist communities at 1 m

than at 3 m in species number (40 vs. 32).

Temporal variations in species number and abundance

The temporal variations in species number and abundances

of periphytic protist communities and all five functional

groups with colonization times of 1, 3, 7, 10, 14, 21 and

28 day at two depths of 1 and 3 m during the study period

are shown in Fig. 2. In terms of species number, the group

P predominated the microbial communities in the initial

periods (1-days), while the total protists and heterotrophic

groups peeked in the colonization periods of more than

14 days at both depths (Fig. 2a, c, e). Regression fitness

test showed that besides the photoautotrophs, the total

protists and all heterotrophic groups were well fitted the

MacArthur–Wilson model, especially the algivorous graz-

ers (Table 1). Furthermore, the species number and colo-

nization rates (i.e., G values) of total protists and all four

heterotrophic functional groups were definitely higher at a

depth of 1 m than at 3 m (P \ 0.05). For example, the

G values of the group A were 0.16 and 0.08 at depths 1 and

3 m, respectively (Table 1).

With regard to abundance, the total protists and all func-

tional groups peaked in the periods of more than*14 days at

both depths (Fig. 2c, d). Regression fitness test showed that

the total protists and all five trophic-functional groups were

well fitted the logistic model (Table 2). It should be noted

that the estimated maximum abundances (Amax) of total

protists and functional groups, except group B, were higher

at a depths of 1 m than at 3 m (P \ 0.05) (Table 2).

Pearson correlation analyses revealed that the groups A

and R are significantly positively correlated with the

autotrophic group P, while the group N significantly posi-

tively related to the groups A and B (P \ 0.05) (Table 3).

Temporal variations in functional structures

The colonization patterns of the periphytic protist com-

munities in terms of relative species number and abun-

dance at two depths were summarized in Fig. 3. CAP

ordinations result the colonization process of both auto-

trophic and heterotrophic assemblages of periphytic protist

communities in falling into three phases, respectively: The

first canonical axis (CAP 1) separated the initial stage

(1–3 days) (left) from the equilibrium stage (14–28 days)

(right), while the second canonical axis (CAP 2) discrim-

inated the samples at both stages above (upper) from those

at the transitional stage (lower) (Fig. 4). PERMANOVA

test revealed that there were significant differences in

community patterns of both autotrophic and heterotrophic

assemblages between each pair of stages (P \ 0.05).

However, it should be noted that no significant difference

was found in colonization patterns of periphytic protist

communities between two depths (P [ 0.05).

Vector overlay of Spearman correlations of species

number of all five functional groups with the CAP axes was

also shown in Fig. 4. The autotrophic group predominanted

the periphytic protist communities from the initial stage to

the next period, while the heterotrophic assemblages

showed high diversity at the equilibrium stages in terms of

species number (Figs. 3, 4).

Distribution patterns of protist communities

within different colonization periods

Species distribution patterns and the dominant/common

taxa with a cumulative contribution of 90% to the peri-

phytic protist communities at the three colonization stages

were summarized in Fig. 5. The data point clouds of dif-

ferent functional groups with similar distributions repre-

sented a simple model comprising partly some functional

Table 1 Colonization curve fitness to the MacArthur and Wilson model for each trophic-functional group of periphytic protist communities at

depths of 1 m (a) and 3 m (b) in coastal waters of the Yellow Sea

Parameters T P A B R N

(a) 1-m samples

Seq 45 – 21 7 6 3

G 0.28 – 0.16 0.68 0.12 0.12

T90% 8 – 14 3 19 19

R2 0.94 0 0.90 0.62 0.69 0.76

(b) 3-m samples

Seq 43 – 22 8 5 4

G 0.19 – 0.08 0.21 0.13 0.06

T90% 12 – 29 11 18 38

R2 0.88 0 0.83 0.73 0.66 0.69

T total protists, P photoautotrophs, A algivores, B bacterivores, R raptors, N non-selectives, Seq the estimated equilibrium species number of

ciliate colonization, G the colonization rate constant, T90% (d) the days taken for reaching 90% Seq, R2 coefficient of determination
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Fig. 2 Colonization dynamics

of species number (a, c, e) and

abundance (b, d, f) of total

protists (a, b) and five

functional groups of periphytic

protist communities collected at

two depths of 1 m (c, d) and

3 m (e, f) in the coastal waters

of the Yellow Sea, northern

China, during the study period.

P, photoautotrophs; B,
bacterivores; A, algivores; R,
raptors; N, non-selectives

Table 2 Increase curve fitness to the logistic model for each trophic-functional group of periphytic protist communities at depths of 1 m (a) and

3 m (b) in coastal waters of the Yellow Sea

Parameters T P A B R N

(a) 1-m samples

Amax 113,993 113,331 401 100 55 3

T50% 12 12 15 16 7 13

R2 0.99 0.91 0.99 0.99 0.86 0.98

(b) 3-m samples

Amax 86,088 85,784 104 175 39 3

T50% 10 10 14 18 7 41

R2 0.99 0.95 0.99 0.98 0.85 0.89

T total protists, P photoautotrophs, A algivores, B bacterivores, R raptors, N non-selectives, Amax the carrying capacity of individual abundance

(maximum abundance), T50% (d) the days to 50% Amax, R2 coefficient of determination

Mar Biol (2012) 159:735–748 739
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groups (mainly the groups P, A and N) with low species

number at the initial stage, followed by a complex trophic-

functional pattern including all five functional groups with

increasing species number at the next stages (Fig. 5).

SIMPER analyses showed that these dominant/common

functional species with a cumulative contribution of 90%

to the communities at each stage represented higher species

number at a depth of 1 m than at 3 m at all three stages and

accounted for increasing proportions of total species

composition from the initial stage to the equilibrium

(Fig. 6). For example, these dominant/common species

showed higher species number at a depth of 1 m (11, 24

and 40 species) than at 3 m (10, 16 and 29 species) at the

initial, transitional and equilibrium stages, respectively

(Fig. 5).

Temporal variations in diversity patterns

within different colonization periods

Temporal variations in species richness diversity and

evenness of total protist communities and all five functional

groups at two depths of 1 and 3 m in the coastal waters of

the Yellow Sea during the study period were summarized in

Fig. 6. In terms of species richness, groups P, A and B

showed a decrease trend from the initial phase to the

equilibrium phase, while the total protists and groups R and

Table 3 Correlations (r values) in abundance between trophic-functional groups of periphytic protist communities at depths of 1 m (a) and 3 m

(b) in coastal waters of the Yellow Sea

Func P A B N R

P – 0.764* 0.668 0.578 0.820*

A 0.774* – 0.912* 0.793* 0.602

B 0.785 0.954* – 0.833* 0.583

N 0.595 0.736* 0.897* – 0.524

R 0.788* 0.455 0.469 0.350 –

T total protists, P photoautotrophs, A algivores, B bacterivores,R raptors, N non-selectives, r correlation coefficient: values below the diagonal

are for 1-m samples, values above the diagonal are for 3-m samples, *significant difference at the 0.05 level. For other abbreviations, see Table 1

Fig. 3 Temporal variations of

relative species number (a,

c) and relative abundance (b,

d) of five functional groups of

periphytic protist communities

collected at two depths of 1 m

(a, b) and 3 m (c, d) in the

coastal waters of the Yellow

Sea, northern China, during the

study period. In Fig. 4b and d,

vertical scale beginning from

95% instead of zero for showing

clear patterns of functional

pattern in relative abundance.

See Fig. 2 for abbreviations
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N represented a similar pattern, that is, increasing at initial

phase and peaked after transitional phase (Fig. 6). In terms

of species diversity and evenness, the total protists and

groups P, A and B showed a similar pattern, that is,

decrease from initial or transitional phase to equilibrium

phase, while the values of groups R and N increased at

initial phase and peaked after transitional phase (Fig. 6).

Nonparametric test revealed that the species richness

dynamics of total protists at a depth of 1 m were signifi-

cantly different from those at a depth of 3 m (P \ 0.05),

while no significant differences in all three diversity indices

were revealed with all five functional groups (P [ 0.05).

Discussion

Simplifying community structure by grouping in functional

groups allows the investigation of ecosystem-level pro-

cesses mediated by functionally similar community mem-

bers at different temporal scales (Pratt and Cairns 1985;

Fernandez-Leborans 2001; Xu et al. 2010). In the present

study, the periphytic protist communities in the coastal

waters of the Yellow Sea represented five functional

groups: photoautotrophs, algivores, bacterivores, raptors

and non-selectives. The groups A, B, P and N were the

primary contributors to the periphytic protist communities

compared to the group R mainly blooming in the equilib-

rium communities. SIMPER analyses showed that these

dominant/common functional taxa accounted for increas-

ing proportions of total species number along colonization

process at both depths, which were definitely higher at a

depth of 1 m than at 3 m. This finding was consistent with

the previous reports on benthic microfauna even though a

large number of species may be present, only a few usually

were the primary contributor to the communities (Cairns

and Henebry 1982; Pratt and Cairns 1985; Azovsky 1988;

Have 1993; Fernandez-Leborans and Fernandez-Fernandez

2002; Burkvskii et al. 2011). It should be noted that the

consumers (A and R) were found to be significantly cor-

related with the group P in terms of abundance. This might

imply that these functional groups have similar coloniza-

tion rates due to trophic–rank relationships among them.

Microperiphyton colonization of a new artificial sub-

stratum is a dynamic process, the primary stage of which

generally follows the succession: At first, bacteria colonize

the slide surface, followed by diatoms and autotrophic

flagellates; the next groups are bacterivorous, vagile spe-

cies of amoebae and ciliates; and then larger species with a

broader feeding spectrum and sessile feeders occur in

freshwater biotopes (Railkin 1995; Franco et al. 1998;

Strüder-Kypke 1999). Previous studies have demonstrated

that during the primary colonization process, the number of

species generally increases and then equilibrates, following

the MacArthur and Wilson (1967) equilibrium model

equation (Wang et al. 1985; Xu et al. 2005, 2009b). Once

equilibrium of immigration ends, the early and late inter-

active phases followed, during which internal factors such

as competition and predation pressure become more

important (Cairns and Henebry 1982; Railkin 1995).

However, it should be noted that the classic MacArthur–

Wilson model does not boil down only to a saturating curve

of accumulated species number, that is, it also presupposes

that number of species is determined by a dynamic balance

between immigration and extinction, which rates depend

on the richness achieved to the moment. In addition, it also

should be noted that the diversity indices generally

decreased as the species number increased during coloni-

zation process in our study. This may be due to the

increasing competitive exclusion among microperiphyton

species as more species colonized the substrates.

Fig. 4 Canonical analysis of

principal coordinates (CAP) on

Bray–Curtis similarities for the

average species-abundance data

of heterotrophs (a) and

photoautotrophs (b) in 14

samples from depths of 1 and

3 m during the study period,

respectively, and correlations of

species numbers of five

functional groups with the two

CAP axes. See Fig. 2 for

abbreviations. 1–28,

colonization times; stage I,

initial stage; stage II,

transitional stage; stage III,

equilibrium stage
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In terms of functional structure with our study, multi-

variate analysis demonstrated that the colonization process

of periphytic protist communities in coastal waters might

be assigned into three phases including the initial stage

(1–3 days), transitional stage (7–10 days) and the equilib-

rium stage (14–28 days). This finding was similar to the

previous investigations on the colonization process of the

benthic ciliate fauna in an estuary of the White Sea

(Azovsky 1988; Have 1993; Burkovskii and Mazei 2001;

Burkvskii et al. 2011). During the three colonization stages,

the periphytic protist communities represented significantly

differences in functional structure between each pair of

stages. These findings were consistent with the previous

reports on freshwater protist colonization dynamics (Rail-

kin 1995; Strüder-Kypke 1999). Additionally, it should be

noted that the abundances in 28-day samples collected at

Fig. 5 Multidimensional scaling (MDS) ordination of dominant/

common protist species at depths of 1 m (a, b, c) and 3 m (d, e, f) at

the initial (1–3 days) (a, d), transitional (7–10 days) (b, e) and

equilibrium stage (14–28 days) (c, f), showing similarities of species

distributions. See Fig. 2 for abbreviations
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1 m dropped sharply to low level, mainly due to the

intensive immigration of metazoan consumers (e.g., cope-

pods, coelenterates, annelids and barnacles). This implies

that the protist community structure changes significantly

after 28-day exposure time. Thus, our results showed that

the colonization ages of more than 10 days but less than

28 days may be considered sufficiently mature

communities of periphytic protists in the coastal waters of

the Yellow Sea.

Colonization dynamics and functional parameters are

usually used to predict the loading capacity or assimilative

capacity of an aquatic ecosystem for contaminant inputs

(Wang et al. 1985; Xu et al. 2005). Among the functional

parameters, the Seq value (estimated equilibrium species

Fig. 6 Temporal variations in species richness (D) (a, d, g, j, m, p),

diversity (H0) (b, e, h, k, n, q) and evenness (J0) (c, f, i, l, o, r) of total

protist communities (a, b, c), and functional groups P (d, e, f), A (g, h,

i), B (j, k, l), R (m, n, o) and N (p, q, o) at two depths of 1 and 3 m in

the coastal waters of the Yellow Sea, northern China, during the study

period. See Fig. 2 for abbreviations
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number) is generally negatively correlated with concen-

trations of organic pollutants and toxic levels, while the

G value (colonization rate constant) is generally high in the

waters with lower environmental stress (Cairns and

Henebry 1982; Xu et al. 2002, 2009b). Based on our data,

besides the autotrophic assemblage, the colonization curves

and the increase in abundance of all heterotrophic groups

were significantly fitted the MacArthur–Wilson model and

a logistic equation. These findings were consistent with the

previous reports (Norf et al. 2007; Xu et al. 2005, 2009b,

2011a). It should also be noted that although the periphytic

protist communities showed no significant difference in

functional structure, the species numbers and colonization

rates of heterotrophic functional groups were definitely

higher at a depth of 1 m than at 3 m. This may be mainly

due to the week-sunlight conditions and less food supply at

a depth of 3 m in the water columns with a transparency of

*3 m. This may be also the reason that both accumulative

species number and individual abundance were higher at a

depth of 1 m than 3 m during the study period.

Recent investigations focused on freshwater have dem-

onstrated that the planktonic and benthic resources play an

important role in shaping the functional structure of bio-

film-dwelling ciliates (Norf and Weitere 2010; Früh et al.

2011; Kathol et al. 2011). For example, heterotrophic

consumers in biofilm are often dominated by suspension

feeding (planktivorous) groups, such as peritrich ciliates,

rather than groups (benthivores or periphytivores) feeding

from substratum (Parry 2004; Kathol et al. 2011). Thus, the

functional groups of benthic consumers should be further

classified by their food resources when exploring either

their role in controlling the composition of both plankton

and periphyton or responses to enrichment with bacteria/

algae with different resource.

It should be noted that because of the constraints of the

methods used, not all protist groups could be investigated

so no data are available for heterotrophic flagellates

although they are very common and divers members of

marine periphyton. Additionally, this study was conducted

based on one dataset of the coastal waters collected in

summer. Thus, further studies, however, on a range of

marine waters and over extended time periods are needed

in order to verify this conclusion.

In summary, the periphytic protists represented different

trophic-functional structures during colonization process.

Only certain trophic-functional groups (e.g., photoauto-

trophs, algivores and non-selectives) occurred within the

protist communities with low species number and abun-

dance at the initial stage (1–3 days), while more trophic-

functional groups (e.g., photoautotrophs, algivores, non-

selectives and raptors) contributed to the communities with

increased and peaked species number and abundance at the

transitional (7–10 days) and equilibrium (14–28 days)

stages, respectively. All heterotrophic groups were signif-

icantly fitted the MacArthur–Wilson model in colonization

curves and represented higher species number and coloni-

zation rates at a depth of 1 m than at 3 m. These results

may provide necessary understandings for ecological

researches and monitoring programs using periphytic pro-

tists with different colonization ages in marine ecosystems.
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Appendix

Txonomic and trophic-functional data (Table 4).

Table 4 Occurrences of periphytic protist species at the initial (1–3 days), transitional (7–10 days) and equilibrium (14–28 days) stages from

two depths 1 and 3 m in coastal waters of the Yellow Sea, near Qingdao, northern China, during the study period

Species Taxa Func 1–3 days 7–10 days 14–28 days

1 m 3 m 1 m 3 m 1 m 3 m

Actinophrys sp. S R ? ? ? ? ? ?

Aspidisca aculeata C B ? ? ? ? ? ?

Bacillaria paxilifera D P ? ? ? ? ? ?

Euplotes vannus C N ? ? ? ? ? ?

Folliculina simplex C B ? ? ? ? ? ?

Licmophora sp. D P ? ? ? ? ? ?

Litonotus paracygnus C A ? ? ? ? ? ?

Navicula ramosissima D P ? ? ? ? ? ?

Navicula directa D P ? ? ? ? ? ?

Navicula tripunctata D P ? ? ? ? ? ?
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Table 4 continued

Species Taxa Func 1–3 days 7–10 days 14–28 days

1 m 3 m 1 m 3 m 1 m 3 m

Nitzschia closterium D P ? ? ? ? ? ?

Pinunularia sp. D P ? ? ? ? ? ?

Pleurosigma pelagicum D P ? ? ? ? ? ?

Pseudovorticella sp. 1 C B ? ? ? ? ? ?

Rhabodonema adriaticum D P ? ? ? ? ? ?

Frontonia tchibisovae C A – ? – ? ? ?

Meuniera membranacea D P – ? – ? ? ?

Paralembus digitiformis C B – ? – ? ? ?

Anteholosticha warreni C A ? – ? ? ? ?

Certesia quadrinucleata C A ? – ? ? ? ?

Diophrys appendiculata C A ? – ? ? ? ?

Nixtzschia longissima D P ? – ? ? ? ?

Tachysoma dragescoi C A ? – ? ? ? ?

Zoothamnium plumula C B ? – ? ? ? ?

Acineta tuberosa C R – – ? ? ? ?

Amoeba sp. S R – – ? ? ? ?

Conchacineta complatana C R – – ? ? ? ?

Dysteria derouxi C A – – ? ? ? ?

Dysteria pusilla C A – – ? ? ? ?

Euplotes rariseta C N – – ? ? ? ?

Hartmannula angustipilosa C A – – ? ? ? ?

Lacrymaria maurea C R – – ? ? ? ?

Litonotus songi C A – – ? ? ? ?

Litonotus yinae C A – – ? ? ? ?

Protocruzia contrax C B – – ? ? ? ?

Psammomitra retractilis C A – – ? ? ? ?

Spirostrombidium cinctum C A – – ? ? ? ?

Stephanopogon minuta C B – – ? ? ? ?

Strombidium sulcatum C N – – ? ? ? ?

Tachysoma ovata C A – – ? ? ? ?

Trochilia sp. C A – – ? ? ? ?

Apotrachelotractus variabialis C R – – – ? ? ?

Aspidisca leptaspis C B – – – ? ? ?

Brooklynella sinensis C A – – – ? ? ?

Acineria incurvata C R – – – ? ? –

Amphileptus houi C A – ? ? – ? ?

Pseudovorticella sp. 3 C B – ? ? – ? –

Surirella sp. D P ? – ? – ? ?

Ephelota truncata C R – – ? – ? ?

Holosticha diademata C A – – ? – ? ?

Lacrymaria marina C R – – ? – ? ?

Orthodonella sp. C A – – ? – ? ?

Paracineta sp. C R – – ? – ? ?

Loxophyllum qiuianumi C A – – ? – ? –

Oxytricha saltans C A – – ? – ? –

Coeloperix sleighi C A – – – – ? ?

Condylostentor auriculatus C A – – – – ? ?
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