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Habitat-forming species increase spatial complexity and alter local environmental conditions, often facilitating the 

assembly of plants and animals. We conducted a trait-based approach to algal assemblages associated with the fresh-

water bryozoan, Pectinatella magnifica. Association with algae leads to the inner bodies of the bryozoans being colored 

green; this is frequently observed in the large rivers of South Korea. We collected the green-colored gelatinous matri-

ces and phytoplankton from waterbodies of the two main rivers in South Korea. Algal assemblages within the colonies 

and in the waterbodies were compared using the three diversity indices (richness, diversity, and dominance), and the 

composition of functional groups (FGs) and morphologically based functional groups (MBFGs) between the colonies 

within and outside of P. magnifica colonies. The most dominant and common species within the colonies were Oscil-

latoria kawamurae and Pseudanabaena catenata, both of which were assigned to the same FG (codon S1). Of the algal 

assemblages within the colonies, the dominance was higher, while the richness and diversity were lower, than those in 

the waterbodies. There was variation in the compositions of FGs and MBFGs in the waterbodies outside the colonies. 

Total nitrogen and orthophosphate led to dominance, and were significant factors for the variation in FGs in the water-

bodies, whereas there were no such significant factors within the colonies. This trait-based approach to the community 

structure of associated algae provides the status and habitat gradient of these communities, which are stable, isolated, 

and consistent with the overgrowth of shade-adapted tychoplanktonic cyanobacteria.

Key Words: algal communities; associated algae; biodiversity; bryozoan; functional classification; morphologically based 
functional classification

Abbreviations: ANOSIM, analysis of similarities; BOD, biological oxygen demand; Chla, chlorophyll a; FG, functional 
group; MBFG, morphologically based functional group; NH, ammonium; NMDS, non-metric multidimensional scaling; 
PERMANOVA, permutational multivari ate analysis of variance; PO, orthophosphate; RDA, redundancy analysis; SIM-
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INTRODUCTION

Habitat-forming species increase spatial complexity 

and alter local environmental conditions, often facilitat-

ing the assemblage of specific fauna and flora (Stimson 

1985, Bertness et al. 1999). In an environmental regime, 

the diversity and structure of a community can critically 

depend on positive associations with a single dominant 

species (Lilley and Schiel 2006). However, the stability of 

habitats generated by different organisms fluctuate and 
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found under these specific environmental conditions 

have not been elucidated.

The aims of this research are as follows: (1) to quanti-

tatively analyze associated algal communities and (2) to 

determine the habitat characteristics of the P. magnifica 

matrix based on the algal community assembly traits by 

comparing them to those in surrounding water columns. 

We applied three widely used ecological diversity indices 

and two novel functional classification schemes to phy-

toplankton to analyze the algal community traits both 

within the colonies and in the studied waterbodies.

MATERIALS AND METHODS

Study site and sampling

We monitored P. magnifica colonies and associated al-

gae in two of the main river channels (Geum River and 

Nakdong River) of South Korea. The Geum River is lo-

cated in the central-western part (length, 397 km; basin 

width, 9,885 km2), and the Nakdong River in the south-

eastern part of the country (length, 514 km; basin width, 

23,860 km2). The five sampling sites are shown in Fig. 1A; 

there are two sites from the Geum River and three sites 

from the Nakdong River. Three sites are located upstream 

of weirs where the river flow is stagnant, allowing P. mag-

nifica to grow at a stable rate. The remaining two sites, 

Banbyeon and Miryang, are tributaries of the Nakdong 

River, and it has been reported that bryozoans occur in 

high densities in those areas (Jo et al. 2014).

Field surveys were conducted a total of six times from 

June to August in 2015, as P. magnifica reached their max-

imum growth in the summer. The colonies that showed 

green internal matrices were detached from the substrate 

and collected in 50 mL conical tubes (Fig. 1B). Samples 

for analyzing phytoplankton in the waterbodies were 

collected from the surface water (0.5 m) by using a wa-

ter sampler (8 L) at each of the sampling sites simultane-

ously with the colony matrix and transferred to 100 mL 

plastic bottles. Both samples for quantitative algal com-

position analyses were fixed with Lugol’s solution (final 

concentration: ~3%) and analyzed within a few days.

The identification and enumeration of algal assem-

blages were performed according to LeGresley and Mc-

Dermott (2010). The abundances of the algal assemblag-

es were determined by counting the independent cells in 

the Sedgwick Rafter chamber after full sedimentation us-

ing a microscope (×200 and ×400 magnification; Axioskop 

40; ZEISS, Jena, Germany). Because the freshwater bryo-

are usually unpredictable, as the biological processes 

between organisms can vary from competing for light or 

resources to mutualism (Wood et al. 2012). One prom-

ising method of predicting stability is to evaluate these 

environmental regimes based on the characteristics of 

established communities (Lavorel et al. 1997, McGill 

et al. 2006). Aggregated estimates of algal communities 

(e.g., total biomass and diversity indices) can be used to 

describe the overall community response to various en-

vironmental conditions (Vollenweider 1976, Magurran 

1988). However, in terms of phytoplankton autecology, 

each species has their own functional traits, which con-

sist of physiological, morphological, and phenological 

features. Functional non-taxonomical classifications of 

organisms could simplify the complexity of ecosystems 

and be representative of the trophic state or habitat pref-

erence (Litchman et al. 2010, Kruk et al. 2011). This trait-

based classification of phytoplankton, based on similar 

biological properties, can help to elucidate the structure 

and delineate the trophic state or habitat characteristics 

of these communities (Salmaso et al. 2015). Habitat tem-

plates have been created for phytoplankton of different 

species by combining the characteristics and environ-

mental gradients. Reynolds et al. (2002) and Padisák et 

al. (2009) proposed placing algal species with similar ad-

aptation abilities to environmental constraints into func-

tional groups (FGs). In addition, based on the correlation 

between the morphological and functional features, de-

fined morphologically based functional groups (MBFGs) 

are well predicted based on various environmental con-

ditions (Kruk et al. 2010, 2011).

Freshwater bryozoans belong to the phylum Bryozoa, 

consisting of aquatic sessile invertebrates. These species 

secrete gelatinous material, which may act as microhabi-

tats for other organisms (Bushnell and Rao 1979). Pecti-

natella magnifica (Leidy, 1851), a freshwater bryozoan, is 

usually observed in stagnant parts of rivers or lakes. This 

species was introduced to South Korea in the 1970s and 

1980s, and abruptly showed a massive population spread 

through the country’s main rivers in 2014 (Seo 1998, Jo 

et al. 2014). When found in rivers or lakes, they generally 

form a green or blue-green colored matrix due to the al-

gae that grow within the colony. The algal assemblages 

associated with P. magnifica are dominated by blue-

green algae with a high cell density; the bryozoan matrix 

is a nutrient-rich environment (Joo et al. 1992, Šetlíková 

et al. 2013). However, these biological relationships have 

not received much attention from ecologists and physi-

ologists. Furthermore, the quantitative measurement 

of abundance and the reasons why certain species are 
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mand, total nitrogen (TN), total phosphorus (TP), total 

organic carbon, chlorophyll a (Chla), dissolved inorganic 

nitrogen, ammonium (NH), nitrate, and orthophosphate 

(PO).

Ecological diversity and functional properties

To evaluate the ecological stability, we used three in-

dices of richness, diversity, and dominance. The species 

richness index (Margalef’s index) and indices based on 

the proportional abundance of species (Shannon index 

and Simpson’s dominance index) (Magurran 1988) were 

calculated for each sample in terms of the phytoplank-

ton cell density. Each index was subjected to Student’s 

t-test to determine any differences in algal communities 

between two environmental regimes, within the colonies 

and in the waterbodies (Zar 1999).

To explain algal community structures in terms of 

the functional properties of species, we applied two 

schemes, functional classification and morphologically 

based functional classification, to each algae species. 

We allocated taxa to FGs based on Reynolds et al. (2002) 

and Padisák et al. (2009), and morpho-functional groups 

(MBFGs) based on Kruk et al. (2010). Because of the dif-

ficulty in identifying species of centric diatoms, the or-

ganisms were allocated to FGs according to their critical 

diameter as 10 µm (103 µm3 in volume). Groups contrib-

uting more than 1% of total phytoplankton biomass on 

a natural-log scale at least once during sampling period 

zoan body consists of gelatinous material, which makes 

sedimentation difficult, cell counts were performed with 

a microscope with multiple focal points. The classifica-

tion rule was based on Akiyama (1977) and Yamagishi 

and Akiyama (1984). Algae were taxonomically identified 

to the species level when possible, and their biovolumes 

were calculated from measurements of linear dimen-

sions of cells measured under the microscope using the 

appropriate formulae and geometric shapes (Hillebrand 

et al. 1999). These biovolumes were converted into bio-

mass (mg L-1) on the basis of a phytoplankton cell density 

of 1 mg mm-3.

Physicochemical parameters were simultaneously 

measured at the study sites. Water temperature and dis-

solved oxygen were measured using a YSI 58 dissolved 

oxygen probe, and the conductivity was measured using 

a YSI 30 salinity meter (YSI, Yellow Springs, OH, USA). The 

pH and turbidity were measured using an Orion 407A 

Ionanalyzer (Thermo Fisher Scientific, Chelmsford, MA, 

USA) and Micro100 turbidity meter (HF Scientific, Fort 

Myers, FL, USA), respectively. The alkalinity was deter-

mined by titrating H2SO4 against a water sample. The flow 

velocity was measured using Flowatch (Ecomac, Anyang, 

Korea), and the discharge data from the sampling days 

were obtained from the Korean National Water Resource 

Management Information System. Other water quality 

data, which were monitored by the Nakdong River En-

vironmental Research Center, were collected, including 

biological oxygen demand (BOD), chemical oxygen de-

Fig. 1. (A) Map of the Geum River, Nakdong River basin, and study sites (left side, Geum River; right side, Nakdong River; 1, Sejong weir; 2, 
Paekche weir; 3, Banbyeoncheon; 4, Nakdan weir; 5, Miryang stream). (B) Image of Pectinatella magnifica. Convex line shows the association 
between the algae and bryozoans. 

A B
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composition from the RDA was tested using Monte Carlo 

simulations with stepwise selection. Ordinations were 

performed using the ‘vegan’ package within RStudio (ver. 

1.0.136; RStudio).

RESULTS

Physical conditions

Table 1 summarizes the values of the main physical 

and chemical parameters of Geum River and Nakdong 

River during the study. Because the study period was dur-

ing summer (from June to August), the water tempera-

ture was high (27.2 ± 1.8°C). The river depth was the high-

est at site 4 of Nakdan weir, the discharge was the highest 

at site 1 of Bakje weir, and all sites had a low flow velocity 

(<5.0 m s-1). Two rivers had experienced eutrophication; 

the average TP and PO were 38.0 µg L-1 and 10.1 µg L-1, re-

spectively. The mean Chla value of all measurements was 

28.9 mg L-1, and the value of the Geum River was higher 

than the one of the Nakdong River. A total of 13 colonies 

were collected from five sites (sites 1 and 5: 2 each; sites 

2-4: 3 each). Colonies of various sizes were collected, with 

a size range of 330-4,055 cm3 and a mean volume of 1,293 

± 329 cm3.

Community difference between inner and outer 
Bryozoan

Biomass values and the number of species were sig-

nificantly different between within and outside of P. mag-

nifica (t = -5.995, p = 0.000; t = 1.803, p = 0.096) (Fig. 2A & 

B). Fewer species (7.1 ± 3.1) lived within the bryozoans at 

higher densities (81.2 ± 41.7 mg L-1) than in the waterbod-

ies (22.4 ± 9.7 ind. mL-1, 5.9 ± 3.1 mg L-1). The algal assem-

blages reached a maximum biomass of 423.7 mg L-1 in the 

bryozoan, which was much lower than that in the water-

bodies (7.6 mg L-1). The common dominant algal species 

in terms of their biomass within P. magnifica was Pseu-

danabaena catenata Lauterborn 1915 (1.9 mg L-1), and 

the most abundant species was Oscillatoria kawamurae 

Negoro 1943 (76.3 mg L-1). The other taxonomic groups, 

such as Bacillariophyceae and Chlorophyceae were 

rarely observed in the algal assemblage, showing a rela-

tive abundance of below 0.5 mg L-1. By contrast, diatoms 

(4.2 mg L-1) and green algae (1.1 mg L-1) contributed more 

to the phytoplankton biomass in the waterbodies than 

did cyanobacteria (0.6 mg L-1). Aulacoseira of cylindrical 

diatoms (0.9 mg L-1) were the common dominant genus, 

were referred as “prevailing groups.” Statistical analy-

ses were performed using the software IBM SPSS ver. 23 

(IBM Corp., Armonk, NY, USA).

Assessing differences among and within envi-
ronmental regimes

To assess the spatial heterogeneity in FG and MBFG 

composition, we performed non-metric multidimen-

sional scaling (NMDS) with two environmental regimes 

and five sites. We natural-log transformed each biomass 

data entry. For NMDS, we used the Bray-Curtis coefficient 

to ordinate the algal species biomass and performed a 

Monte Carlo randomization test (n = 999) to determine 

the significance of the final stress values (a measure of 

goodness of fit). To evaluate significant differences be-

tween the groupings by environmental regime and site, 

we conducted 2 resemblance-based permutation tests of 

taxon similarity: pair-wise analysis of similarities (ANO-

SIM) and permutational multivariate analysis of vari-

ance (PERMANOVA). While the robustness of pair-wise 

ANOSIM is advantageous, it does not test for interactions 

on whether factor effects on assemblage differences are 

independent or are the result of a combination of both 

factors. PERMANOVA can deconstruct the effects into 

main effects and interactions, and therefore, comple-

ments ANOSIM. These permutational analyses were per-

formed using 999 permutations. Where differences were 

significant, FG and MBFG that were responsible for driv-

ing changes in community composition were identified 

using similarity percentage analyses (SIMPER), using 999 

permutations. Groups that contributed more to similar-

ity, when the average similarity values / standard devia-

tion > 1, were considered useful to discriminate habitats 

(Ruhí et al. 2011). All the multivariate analyses and visu-

alization were performed using the ‘vegan’ and ‘ggplot2’ 

packages within RStudio (ver. 1.0.136; RStudio, Boston, 

MA, USA).

Relationships between the environmental vari-
ables and phytoplankton functional groups

If both analyses (t-test and NMDS) of the two com-

parative studies showed significant differences in FG 

and MBFG composition independently of sampling site, 

a redundancy analysis (RDA) was used to determine the 

relationship between the environmental factors and the 

group composition. We transformed the environmental 

and species data, and the significance of the environ-

mental variables in explaining the variance in the group 



Kim et al.   Associated Algae with Bryozoan

103 http://e-algae.org

Fig. 2.  Comparison of cell densities of Pectinatella magnifica on a logarithmic scale (A), the number of species (B), and diversity indices of 
richness (C), diversity (D), and dominance (E) between two environmental regimes. 

A

C D

B

E

Table 1. Mean and range values of the main limnological parameters of the sampling sites in the Geum River and Nakdong River in the 
summer of 2015

Water quality parameter
Geum River Nakdong River

Sejong Bakje Banbyeon Nakdan Milryang

Water temperature (°C) 26.3 (22.9-29.1) 28.0 (25.8-32.2) 25.3 (22.2-28.1) 27.4 (24.8-30.8) 25.4 (23.9-28.2)
Dissolved oxygen (mg L-1)      13.5 (7.5-17.8)       10.3 (9.2-11.5)      9.3 (8.3-10.2)      10.8 (7.9-12.2)       8.8 (7.5-9.9)
pH         8.7 (7.2-9.2)          8.6 (7.7-9.3)      8.1 (7.6-8.7)        8.7 (7.9-9.4)       8.3 (7.9-9.0)
Conductivity (µS cm-1)        373 (280-448)         341 (245-402)     208 (190-242)       258 (227-295)      180 (169-200)
Turbidity (NTU)       11.1 (7.4-16.0)      11.1 (6.3-13.7)      6.1 (2.6-9.9)        4.4 (3.2-6.3)       5.2 (1.8-6.9)
Alkalinity (mg L-1)          43 (30-62)          61 (56-66)       43 (36-54)         56 (40-68)        44 (42-48)
Depth (cm)       78.8 (70.0-90.0)      81.5 (78.0-85.0)    34.9 (29.5-38.8)    115.6 (92.0-139.0)     44.7 (36.6-52.5)
Flow velocity (m sec-1)         1.4 (0.0-5.0)         0.4 (0.0-2.0)      3.4 (1.1-5.3)        0.4 (0.0-2.0)       2.9 (0.0-7.5)
Discharge (m3 sec-1)    109.2 (49.3-313.7)    154.6 (50.9-509.8)      9.5 (5.7-13.9)      52.3 (37.3-68.2)    11.9 (4.4-26.7)
BOD (mg L-1)         2.9 (1.6-4.1)         2.4 (2.1-2.6)      1.1 (0.9-1.4)        2.2 (1.5-2.8)       1.7 (1.4-1.8)
COD (mg L-1)         7.6 (5.9-8.6)         6.9 (6.0-7.3)      4.2 (3.4-5.0)        5.4 (5.2-5.6)       3.9 (3.8-4.2)
TN (mg L-1)         2.6 (2.0-2.9)         2.0 (1.5-2.8)      1.7 (1.3-2.3)        1.6 (1.0-2.0)       1.7 (1.1-2.5)
TP (µg L-1)          83 (60-125)          64 (45-86)       18 (12-28)         32 (18-45)        34 (19-56)
TOC (mg L-1)         4.7 (3.4-6.6)         4.2 (3.7-4.9)      2.5 (2.2-2.6)        3.3 (2.7-3.8)           3 (2-3.4)
Chla (µg L-1)       80.2 (16.5-133.7)      37.6 (24.7-52.9)      4.3 (3.0-7.0)      12.9 (7.3-16.8)    13.2 (6.0-27.3)
NH (mg L-1)         0.1 (0-0.1)         0.2 (0.1-0.4)      0.1 (0.0-0.2)        0.1 (0.0-0.1)       0.0 (0.0-0.1)
NO (mg L-1)         1.8 (1.6-2.0)         1.3 (1.0-1.5)      1.2 (1.0-1.5)        1.0 (0.6-1.3)       1.1 (0.6-1.5)
PO (µg L-1)          19 (4-62)          23 (12-52)          6 (2-9)            5 (0-11)        14 (5-24)

BOD, biological oxygen demand; COD, chemical oxygen demand; TN, total nitrogen; TP, total phosphorus; TOC, total organic carbon; Chla, 
chlorophyll a; NH, ammonium; NO, nitrate; PO, orthophosphate.
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analyzed using all seven groups, because both prevailing 

groups in the two environmental regimes corresponded 

to whole groups. The dominant group was codon S1 in 

the P. magnifica matrix (78.0 ± 41.2 mg L-1) and codon B in 

the waterbodies (3.0 ± 3.0 mg L-1). Groups A, C, and D rec-

ognized only in waterbodies, and group N was encoun-

tered only within the colonies. Within the colonies, the 

dominant group of associated algae was group III (76.4 

± 41.3 mg L-1), which consisted of medium-sized organ-

isms lacking special traits. In the waterbodies, group VI 

was the most abundant (4.2 ± 3.0 mg L-1) with the con-

tribution of 25.1% to total phytoplankton biomass on 

average, comprising non-flagellated organisms with a si-

liceous skeleton. All seven MBFGs were observed in both 

of environmental regimes (Table 2).

There were significant differences in FG composition 

between the two environmental regimes (Table 3). The 

variable-loading results showed that six of 19 FGs con-

tributed significantly (p < 0.01) to the ordination axis (Fig. 

3A). The high percentage of group S1 organisms within 

P. magnifica was the primary feature of the functional 

difference, and group C was the most important in the 

FG of algal communities in the waterbodies. There was 

more similarity in FG composition within environmental 

regimes than between them (R = 0.599, p = 0.001). The 

PERMANOVA results showed significant differences in 

community composition between environmental re-

and Cyclotella of centric diatoms (3.0 mg L-1) showed the 

highest density in the surrounding water column.

All three indices of species richness, diversity, and 

dominance were significantly different on within and 

outside of P. magnifica (Fig. 2C-E). The index of richness 

within the colony (0.09-1.0) was lower than that outside 

the colony (1.1-4.0; t = -4.561, p < 0.01). The richness was 

the lowest within P. magnifica when only two algal spe-

cies, Pseudanabaena catenata and Pseudanabaena sp., 

were observed. The diversity index within the bryozoan 

(0.74 ± 0.13) was lower than that outside (1.73 ± 0.12; t = 

-5.584, p < 0.01), and the dominance index within (0.65 ± 

0.22) was higher than that outside (0.33 ± 0.04; t = 4.292, 

p < 0.01), showing that the algal communities within the 

bryozoan matrix were less diverse than those in the sur-

rounding waterbodies.

Differences in functional groups and morpho-
logically based on functional groups

Altogether, 18 phytoplankton FGs and all seven MB-

FGs, comprising 101 species, were identified during the 

experimental period (Supplementary Table S1). There 

were nine prevailing FGs within P. magnifica (namely 

groups B, G, H1, J, M, MP, N, P, S1, and WS) and 11 pre-

vailing FGs outside the colonies (groups A, B, C, D, H1, 

J, M, MP, P, S1, and X1). The MBFG compositions were 

A B

Fig. 3. Non-metric multidimensional scaling ordination of algal species (A) and functional group composition (B) by environmental regime. 
Vectors displayed are significant at p < 0.01. The 95% confidence interval ellipses are displayed for within Pectinatella magnifica and in the 
waterbodies. NMDS, non-metric multidimensional scaling.
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similarity between the two regimes than within them (R = 

0.133, p = 0.023). The PERMANOVA results also support-

ed significant differences in community composition be-

tween environmental regimes (pseudo-F1,25 = 4.476, p = 

0.008), but were dependent on the sampling site consid-

ered (pseudo-F4,25 = 2.265, p = 0.022). Results of SIMPER 

analysis showed that groups III (19.1%), VII (17.8%), and I 

(16.6%) were primarily responsible for discriminating the 

two habitats (Supplementary Table S3).

Spatial heterogeneity was detected among the water-

bodies but not among the colonies in terms of both FG 

composition and MBFG composition. The ANOSIM re-

sults supported the group positions determined by ordi-

nation. Differences in FG composition among sites with-

in the environmental regimes were not detected in the 

colonies (R = 0.113, p = 0.218) but were detected in the 

gimes (pseudo-F1,25 = 16.206, p = 0.001), independent of 

the sampling site (pseudo-F4,25 = 1.168, p = 0.330). Results 

of SIMPER analysis showed that the differences between 

within and outside the colonies could largely be ascribed 

to the relative contributions of the groups C (15.0%), P 

(15.0%), D (9.4%), MP (9.1%), M (8.3%), X1 (7.5%), and S1 

(6.8%) (Supplementary Table S2).

We detected significant differences in MBFG composi-

tion between within the P. magnifica matrix and in the 

waterbodies (Table 3). The NMDS results showed that 

four of seven MBFGs contributed significantly (p < 0.01) 

to the ordination axis (Fig. 3B). Four groups, I, III, VI, and 

VII, explained the separation of sampling sites in the wa-

terbodies, but not within the colonies. The ANOSIM re-

sults supported the positions of the two environmental 

regimes determined by ordination. There was more dis-

Table 2. Relative abundance of each functional group (FG) and morphologically based functional group (MBFG) on a natural-log scale within 
Pectinatella magnifica and in the waterbodies 

         FG Within
P. magnifica (%)

In waterbodies 
(%)

MBFG Within
P. magnifica (%)

In waterbodies 
(%)

A - 1.83 I 16.81 13.44
B 1.71 1.44 II 2.41 7.36
C - 12.25 III 11.99 9.53
D - 8.05 IV 31.84 22.84
G 5.92 0.95 V 1.99 5.49
H1 1.86 4.37 VI 18.35 25.11
J 16.76 12.56 VII 16.61 16.23
M 6.40 7.10   - - -
MP 12.93 8.26   - - -
N 1.79 -   - - -
P 3.87 13.85   - - -
S1 27.19 11.10   - - -
WS 1.99 4.34   - - -
X1 11.72 10.44   - - -
Others 7.86 3.46   - - -

Groups that contributed little to total biomass are presented as “Others.”
-, not observed.

Table 3. Non-metric multidimensional scaling and analysis of similarity (ANOSIM) results comparing the composition of functional groups and 
morphologically based functional groups among environmental regimes and sites

Trials Stress (%) Non-metric r2 ANOSIM R (p-value)

Functional group composition

     Environmental regimes 17.5 0.969 0.598 (0.001)

     Sites

          Within Pectinatella magnifica 8.8 0.992 0.113 (0.218)

          In the waterbodies 9.6 0.991 0.438 (0.009)

Morphologically based on functional group composition

     Environmental regimes 15.5 0.976 0.133 (0.023)

     Sites

          Within P. magnifica 11.9 0.991 0.191 (0.166)

          In the waterbodies 10.1 0.990 0.300 (0.048)
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DISCUSSION

Associated algal communities with P. magnifica 

showed a clearly different environmental regime from 

that of the surrounding water body and had an imbal-

anced high density and dominance of Planktothrix 

kawamurae and Pseudanabaena catenata. This suggests 

that this regime was not beneficial to the level of the com-

munity but was sustainable for a few dominant species 

to proliferate (Xu et al. 1999, 2001). The properties of the 

dominant functional group within the colonies, S1, were 

typical of those of warm mixed layers; they consisted of 

only shade-adapted cyanoprokaryotes that can adapt 

easily to light deficiency, but are sensitive to flushing 

(Reynolds et al. 2002, Padisák et al. 2009). Two dominant 

cyanobacteria in this study had the ability to move and 

catch the optimal light and chemical conditions, usually 

forming benthic mats or being tychoplanktonic in the 

eutrophic system (Stal 2012). The most common species, 

Pseudanabaena catenata, could endure the limiting con-

straints by zooids on the surface of P. magnifica by us-

ing their preferential adaptation strategy to regulate the 

waterbodies (R = 0.438, p = 0.009). Groups M (p = 0.007) 

and X1 (p = 0.003) were the key features of the compo-

sitional differences between sites. Similar to the MBFG 

ordination results, the algal communities did not show 

differences between sites within the bryozoan matrices 

(R = 0.191, p = 0.166) but did show differences between 

sites in the surrounding water (R = 0.300, p = 0.048).

Relationships with water quality parameters

Spatial variations in FG composition in the water-

bodies were dependent on the values of TN (F = 2.69, p 

= 0.005) and PO (F = 1.90, p = 0.040), but there were no 

significant variables within the colonies (NH: F = 1.45, 

p = 0.125; BOD: F = 1.38, p = 0.145) (Fig. 4). The relative 

eigenvalues of axes 1 and 2 were 0.25, 0.20 within the P. 

magnifica matrix and 0.27 and 0.22 in the waterbodies, 

respectively. The sum of the canonical axes accounted 

for 44% and 50% of total variance in functional groups, 

respectively. In the waterbodies, groups B and X1 had a 

positive correlation with the PO value, and groups S1 and 

MP had a negative relationship with the flow velocity.

Fig. 4. Biplot diagram for the redundancy analysis of the relationship between 12 environmental variables (dash lines) and phytoplankton 
functional groups (solid lines) within the Pectinatella magnifica colonies (A) and in the waterbodies (B). The environmental variables are as follows: 
BOD, biological oxygen demand; Chla, chlorophyll a concentration; COD, chemical oxygen demand; Cond, conductivity; Depth, river depth; DIN, 
dissolved inorganic nitrogen; Dis, discharge; DO, dissolved oxygen; NH, ammonium; NO, nitrate; PO, orthophosphate; TN, total nitrogen; TP, total 
phosphorus; TOC, total organic carbon; Tu, turbidity; WT, water temperature; FV, flow velocity.
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proach could elucidate the ecological status of algal com-

munities associated with freshwater bryozoans and river 

phytoplankton, even though the scale of our study was 

relatively narrow. In previous studies on algae associated 

with those bryozoans, Joo et al. (1992) and Šetlíková et al. 

(2013) asserted that the higher nutrient contents in en-

closed microhabitats provided species with the opportu-

nity to flourish and colonize. However, according to the 

trait-based classified template, the habitat appears to be 

susceptible to being colonized by algal communities due 

to the species’ low-light tolerance, rather than its nutri-

ent rich matrix, which is supported by similar dominant 

functional groups within our observations (Reynolds 

et al. 2002). Thus, these trait-based approaches to algal 

communities allow the representation of microhabitats 

where biological processes are not established and are 

helpful in evaluating the function of the habitat.
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