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Abstract
Pectinatella magnifica Leidy, 1851 is a non-native freshwater bryozoan species
that has successfully established in temperate climate regions in the northern
hemisphere. There is an ongoing rapid spread of this species in East Asia, but
distribution studies to date have failed to examine the growth characteristics of
P. magnifica. We surveyed the distribution of P. magnifica and its temporal growth
at 52 sites in the four major rivers of South Korea. We used artificial substrates in
the four rivers to observe their growth. The frequency of occurrence of colonies
across all sites was 28.2%. Pectinatella magnifica was broadly distributed from
meso- to eutrophic conditions. The dominant substrates for colony attachment were
submerged dead trees and stones; however, P. magnifica showed no specific
preference. Colonies were identified from May to June, but these became detached
owing to heavy flooding during the monsoon season. Our study identified habitat
conditions of P. magnifica and provides a guidance for the effective management
of introduced freshwater bryozoan species.
Key words: introduced species, freshwater bryozoan, substrate preferences, floods,
monsoons

Introduction
Pectinatella magnifica (Leidy, 1851) is a freshwater bryozoan, which is a
colonial sessile invertebrate, native to North America. The natural habitat
of P. magnifica is the shallow riparian zone, where they establish colonies
on fixed, shaded, and submerged substrates and occasionally are found in
deep-water bodies. Their zooid (=individual) size is about 1 mm (Wood 2009)
but colonies can grow up to 2 m (Wang et al. 2017). Pectinatella magnifica
is spreading rapidly throughout the world. The invasion of P. magnifica
began in North America, spreading throughout USA, and has since
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established in Canada (Ricciardi and Reiswig 1994). In Europe, this species
was first found in 1883 in Germany (Zimmer 1906). Recent studies show
that P. magnifica has spread to Austria (Bauer et al. 2010) and Finland
(Vuorio et al. 2018). In Asia, proliferation of P. magnifica has been
reported in Japan (Oda 1974, 1997; Mukai 1998), South Korea (Seo et al.
1998; Jo et al. 2014; Jeong et al. 2015) and China (Wang et al. 2017).
Although their introduced range is continually expanding, P. magnifica has
not yet been found in the southern hemisphere (Balounová et al. 2013).
Introduction and spread of aquatic invertebrates generally occurs with
assisted movement by different mediators (i.e., wind, animals, ships; Bilton
et al. 2001). Typically, zebra mussels (Dreissena polymorpha) spread through
ballast-water of ships (Olson 2018). Freshwater bryozoans, including
P. magnifica, disperse in a similar manner. Further, as their asexual dormant
buds (=“statoblasts”) can withstand harsh conditions (i.e., desiccation,
freezing water temperatures, and disturbance), and can easily attach to
substrates due to their spined morphology, statoblasts are their general
dispersal mechanism. Statoblasts are also buoyant, allowing this sessile
invertebrate to spread with water circulation (Rodriguez and Vergon
2002). Waterfowl migration (Bushnell 1973; Hirose and Mawatari 2011)
and accidental attachment to fishing equipment (Oda 1997, 1984) and
fishing boats (Balounová et al. 2013; Lacourt 1968) can contribute to the
dispersal of statoblasts. The order of introduction in East Asia (i.e., Japan–
Korea–China) reflects the direction of trade routes from America. Chinese
colonies were first discovered in the eastern region in 2005, and this species
is currently spreading to the western region through waterways (Wang et
al. 2017). Since the spread of P. magnifica originating in East Asia is still
continuing, focus is needed on the spread of this species in Asia.
In South Korea, P. magnifica was first found in lakes and reservoirs
where fishes have been imported and released for aquaculture (Seo 1998;
NIER 2014). To date, colonies have occasionally been reported in large
rivers, but a massive national proliferation of P. magnifica was observed in
2014 (Jo et al. 2014). The unfamiliar shape of P. magnifica colonies resulted
in concerns in the public media, and the occurrence of massive colonies
was considered an ecological disaster in aquatic ecosystems (Kang and An
2015). To ease these concerns, basic distribution surveys of P. magnifica
were carried out in major rivers (Jo et al. 2014; Jeong et al. 2015), but
information of their temporal growth and relationships with environmental
conditions in rivers (i.e., flooding) has been limited. Further, previous
studies have mostly focused on records of distribution and origin of the
introduced bryozoan species. The identification of P. magnifica colonies is
relatively easy. However, as colonies can disappear from, and subsequently
recolonize, sites following disturbance, survey results may not always
sufficiently reflect the temporal and spatial distributions of P. magnifica. It is
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Figure 1. Study sites in four large rivers in South Korea (a). Green points represent sites of the distribution survey, and yellow points
are sites with artificial substrate structures (b) to trace the attachment of statoblasts and Pectinatella magnifica colony development (c).

also necessary to identify suitable conditions for P. magnifica proliferation,
as introduced populations may have severe impacts, including fish farm
biofouling and clogging of pipe lines (Wang et al. 2017).
The objectives of our study were to; 1) investigate the distribution of
P. magnifica in four large rivers in South Korea, 2) compare the habitat
preference of P. magnifica with water quality and substrate composition,
and 3) identity the temporal trend of statoblasts and colonies in the field.

Materials and methods
Study sties
South Korea has four major rivers, including the Han (ca. 481 km),
Nakdong (521 km), Geum (395 km), and Yeongsan (138 km) rivers
(Figure 1a), and belongs to a temperate climate region. The average annual
precipitation from the past 30 years is 1,150 mm, of which about 60% is
concentrated in June to September (Jeong et al. 2007). This summer monsoon
has a strong influence on the condition of aquatic ecosystems in East Asia.
To survey P. magnifica distribution, a total of 52 sites from the four river
channels were investigated (Han River, n = 14; Nakdong River, n = 16;
Geum River, n = 11; Yeongsan River, n = 11). We selected sites where water
flow was relatively slow and where potential substrate for P. magnifica
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existed (Cooper and Burris 1984). The average distance between survey
sites was about 10 km. The geographical coordinates of monitoring sites
were recorded using GPS units, and the same points were visited at
different sampling times.

Distribution survey
We conducted distribution surveys of P. magnifica from 2015 to 2016 (first
survey: June 2015; second: October 2015; third: June 2016). From June to
August, more than half of the annual precipitation is concentrated in the
rainy season of the Korean Peninsula (Jeong et al. 2001). At each site, we
walked 100 m along the littoral area and surveyed the occurrence of
P. magnifica. Previous studies revealed that P. magnifica preferred shallow
environments of about 0.5 m (Schopt 1969); thus, we searched areas up to
1 m water depths. We recorded the occurrence, colony density, and biomass
of P. magnifica. Colony density was represented as the number of colonies
per 100 m transect (unit: colonies·100 m-1). Determining the biomass of
P. magnifica in the field was difficult as they are fragile when taken out of
water (Joo et al. 1992); therefore, we estimated the biomass of P. magnifica
using the volume equation for cones. Because colonies of this species
accumulate self-secreted gelatinous materials to supplement the scarce
substrates, the shape of colony appears as a cone or a combination of two
cones. Bryozoan colonies mostly consist of 99% water; therefore, we
converted the volume into the biomass by multiplying with the density of
water (i.e., 1 g·cm-³). The length and height of colonies were measured in
the water. To identify seasonal or regional differences in the number of
colonies, and total biomass at the four large rivers, we employed a
generalized linear model (GLM) with negative binomial and gamma
distribution. We used R version 3.4.3 (R Development Core Team 2018)
with an add-on package “lme4” (ver. 1.1.17).

Habitat condition
During the occurrence survey of the bryozoan colony, we recorded the
type of substrate that the bryozoan colony was attached to. We categorized
the substrate groups into stones, macrophytes, dead trees, artificial
substrates (tires, PVC pipes, etc.), and bryozoan colonies detached from
substrates (Wood 2009; Choi et al. 2015). The substrate preference of
P. magnifica was compared with GLM with binomial distribution. We
calculated a relative ratio of each substrate (i.e. ranging from 0 to 1) and
used this as a response variable of the model. Four water quality variables,
including water temperature (°C), dissolved oxygen (DO, mg·L-1, YSI
Incorporated, 550A), pH (Thermo Scientific, Orion Star A221), and
conductivity (μS·cm-1, YSI Incorporated, 30) were measured in the field
using handheld water quality sensors. The difference in water quality
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between sites where P. magnifica was present or absent was compared with
the GLM with a gamma distribution. Presence and absence records of
P. magnifica were used as factor variables in the GLM. Meteorological and
hydrological data were collected from an automatic weather monitoring
system located close to each survey site (www.nier.go.kr).

Growth experiment using artificial substrate
We performed a growth experiment using artificial substrates to monitor
early growth patterns and to trace the growth of individual colonies in the
field (Figure 1b). Two forms of artificial substrate were installed at nine
monitoring sites where colonies of P. magnifica were previously reported
(Han River: H-5, H-10; Nakdong River: N-6, N-8, N-13; Geum River: G-6,
G-8; Yeongsan River: Y-6, Y-8). The two different artificial substrates,
allowing for horizontal and vertical growth, were used to ensure that the
direction of the substrate did not affect the species. Artificial substrates
were produced with eleven pine timber sticks and connected into a laddershaped structure (Figure 1b, c). The artificial structure was place under the
water on 4 April 2015, and the colonization of P. magnifica was monitored
weekly from 10 April to 14 August 2015. Statoblasts were counted weekly
from April to the end of May. After growth of the P. magnifica colony, it
became difficult to distinguish and count individual statoblasts. Several
representative colonies were thus tagged based on their relative position on
the frame, and their size was continually measured. The total number of
statoblasts on the artificial substrate was also counted weekly. During 18
June–3 July and 3 July–25 July, the survey could not be carried out owing
to heavy rainfall and flooding.

Results
Distribution of P. magnifica
During the entire survey period, P. magnifica colonies were observed at 44
of the 156 sites in the four large rivers (Table 1). The occurrence frequency
was highest at Geum River (14 sites (42.4%), 202 colonies), followed by
Nakdong (17 sites (35.4%), 117 colonies), and Yeongsan (11 sites (33.3%),
531 colonies) rivers. Han River had the lowest frequency of occurrence
frequency (2 sites (4.8%), 53 colonies). The occurrence of P. magnifica
colonies was higher in spring (June 2015: 40.4%) than in fall (October
2015, 17.3%). However, the occurrence was varied greatly among the years
(June 2016: 26.9%). From three surveys in four rivers, a total of 516 colonies
were identified and measured (Table 1). Colony density was the highest in
June 2015 (χ2: 55.75, df = 2, p < 0.001), and the density tended to decrease
after the monsoon season. The colony density was different among the
four rivers (χ2: 3, df = 113.88, p < 0.001). The density of P. magnifica in
Han River was lower than that from Geum River (t value = −2.40, p = 0.017).
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Table 1. Comparison of occurrence frequency, colony density, and biomass of Pectinatella magnifica in different sites and
seasons. The density and biomass were presented as average ± standard error.
Site
Han River
(n = 14)
Nakdong River
(n = 16)
Geum River
(n = 11)
Yeongsan River
(n = 11)
Total

Season
June 2015
October 2015
June 2016
June 2015
October 2015
June 2016
June 2015
October 2015
June 2016
June 2015
October 2015
June 2016

Occurrence frequency
(%), (n)
7.1 (1)
–
7.1 (1)
56.3 (9)
18.8 (3)
31.3 (5)
54.6 (6)
36.4 (4)
36.4 (4)
45.5 (5)
18.2 (2)
36.4 (4)
46.1 (24)

Average number of colonies
(colonies per 100 m) per site
1.3 1.3
–
2.5 2.5
5.4 2.9
1.1 0.8
0.8 0.4
12.6 7.5
0.9 0.5
3.2 1.8
4.4 3.0
9.4 6.6
1.0 0.5
5.8 2.2

Average total biomass
(g) per site
318.9 318.9
–
341.9 341.9
1099.7 1087.7
33.1 27.2
260.1 223.5
652.1 403.5
202.2 170.0
871.2 647.9
725.8 556.1
1501.4 1501.4
27.9 20.5
367.4 48.5

Figure 2. Temporal distribution of Pectinatella magnifica in June 2015, in October 2015, and in June 2016. a) number of colonies,
b) total biomass of colonies.

The number of colonies decreased after monsoon periods, except for those in
the Yeongsan River (Table 1, Figure 2). We identified colonies of P. magnifica
from the upper to lower parts of the river channel (Figure 2). The biomass
of P. magnifica showed different seasonal patterns with colony density. The
biomass of colonies varied widely, from 0.001 to 17,413.8 g, and showed
seasonal differences (χ2: 29.95, df = 2, p = 0.061). The average biomass was
highest during October (t value: −2.45, p = 0.014), but the biomass was not
different between June 2015 and June 2016 (t value: −0.507, p = 0.613).
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Table 2. Number of occurrences of Pectinatella magnifica in the four rivers in South Korea. Numbers in brackets represent the
relative percentage (%) from the same periods.
Site
Han River

Nakdong River

Geum River

Yeongsan River

Season
June 2015
October 2015
June 2015
June 2015
October 2015
June 2015
June 2015
October 2015
June 2015
June 2015
October 2015
June 2015
total

Stone
–
–
–
66 (76.7)
–
–
39 (28.1)
–
30 (85.7)
17 (13.3)
–
3 (27.3)
155 (29.2)

Artificial substrate
–
–
7 (20.0)
–
12 (85.7)
2 (15.4)
12 (8.6)
12 (63.2)
1 (2.9)
29 (22.7)
–
–
75 (14.1)

Dead tree
11 (61.1)
–
2 (5.7)
18 (20.9)
–
4 (30.8)
36 (25.9)
1 (5.3)
3 (8.6)
–
1 (3.0)
2 (18.2)
78 (14.7)

Aquatic plant
7 (38.9)
–
26 (74.3)
2 (2.3)
–
6 (46.2)
52 (37.4)
2 (10.5)
–
82 (64.1)
32 (97.0)
6 (54.5)
215 (40.5)

Detached colony
–
–
–
–
2 (14.3)
1 (7.7)
–
4 (21.1)
1 (2.9)
–
–
–
8 (1.5)

Water quality and substrate preference
Water temperature and DO of the surveyed sites showed seasonal
differences (water temperature: χ2 = 0.93, df = 2, p < 0.001; DO: χ2 = 0.47,
df = 2, p = 0.013; pH: χ2 < 0.01, df = 2, p = 0.759; conductivity: χ2 = 0.59,
df = 2, p = 0.356), but we could not identify a difference in water quality
between sites where P. magnifica was present or absent (water temperature:
χ2 < 0.01, df = 1, p = 0.546; DO: χ2 = 0.08, df = 1, p = 0.330; pH: χ2 < 0.01,
df = 1, p = 0.375; conductivity: χ2 =0.37, df = 1, p = 0.246). Colonies of
P. magnifica were observed in a wide range of water quality conditions
(temperature: 16.4–29.2 °C, DO: 4.86–16.45 mg·L-1, pH: 7.05–9.93,
conductivity: 44–693.4 μS·cm-1).
Among the five different substrates, the relative percentage of P. magnifica
attachment was highest on the aquatic plants (40.5%), followed by stone
(29.2%), dead trees (14.7%), and artificial substrate (14.1%) (Table 2).
Pectinatella magnifica as a floating colony was rarely observed in the field
(1.5%). There was no strong preference for the different substrates (χ2 = 3.02,
df = 4, p = 0.553). However, the proportion of dominant substrates differed
among the rivers. Aquatic plants constituted the largest portion in the Han
(62.26%) and Yeongsan (69.77%) rivers, while the proportion of stone was
highest in the Nakdong (58.41%) and Geum (35.75%) rivers.

Temporal growth of individual colonies
The initial observation of statoblasts on woody artificial substrates was
10 April (12.2 ± 6.59 statoblasts per sites; Figure 3). The number of statoblasts
steadily increased on the artificial substrates until the end of May. The
number of statoblasts continually increased, even after May, as the newly
developed colony also produced new statoblasts; however, it was difficult
to separate introduced from recently produced statoblasts. The number of
colonies increased rapidly after two months from the increased attachment of
statoblasts. A newly developed P. magnifica colony was observed on 21 May.
Ko et al. (2019), Aquatic Invasions 14(2): 384–396, https://doi.org/10.3391/ai.2019.14.2.14
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Figure 3. Temporal change of water temperature, colonies, and statoblasts of Pectinatella
magnifica on artificial substrates from April to August 2015. Statoblasts were counted weekly
until the end of May. Each symbol represents the average of each parameter and whiskers
represent standard error.

Figure 4. Volumetric changes of Pectinatella magnifica colonies during the growing season
(April to August 2015).

The rate of increase declined slightly during the monsoon period (June).
The number of colonies increased markedly at the end of July. In the
middle of August, all P. magnifica colonies were detached from the
artificial substrate.
The volumetric growth of individual colonies showed similar patterns to
changes of colony density (Figure 4). On 27 May, colonies appeared near
the artificial substrates in the Nakdong and Yeongsan rivers (N-6b, G-8,
and Y-6). N-6a was attached to a dead tree near the artificial substrate. The
initial volume of the colonies, observed at the first discovery, was 93 ± 88 cm3
Ko et al. (2019), Aquatic Invasions 14(2): 384–396, https://doi.org/10.3391/ai.2019.14.2.14
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(n = 4, min = 1, max = 356). The weekly volume growth rate of P. magnifca
ranged from a minimum of −29% (ND-6b; 25 to 7 cm3 from June 4 to June 12)
to a maximum of 10,034% (ND-6b; 7 to 709 cm3 from June 12 to June 18).
There were two strong floods (dam discharge > 4,000 m3·s-1) in Nakdong
and Geum rivers during the monitoring periods. At the time of the first flood
(between June 18 and July 3), the N-6a colony (3,374 cm3) in the Nakdong
River became detached from the substrate and disappeared (Figure 4a). During
the second flood (between July 3 and July 25), both N-6b (2,490 cm3) and
G-8 (4,069 cm3), colonies became detached from the substrate (Figure 4a, b).
The final growth volume of these three colonies before detachment was
3,311 ± 457 cm3. In the Yeongsan River, there were only weak flood events
with similar amounts of rainfall during the monitoring periods (Figure 4c).
The Y-6 colony, which formed the largest volume before it disappeared,
survived the several weak floods, but had disappeared on August 14. The
final volume of the Y-6 colony was 9,563 cm3, which was about 3 times
larger than the other monitored colonies at the sites.

Discussion
Proliferation of P. magnifica in South Korea
Our results showed a dynamic distribution pattern of P. magnifica in
different rivers and seasons. Compared with recent distribution surveys of
P. magnifica in the Nakdong River (Jo et al. 2014), only limited sites showed
consistent colony occurrence (3 sites, 30%). New colonies appeared at five
sites, which had not previously been colonized during the previous year.
Compared with P. magnifica colonies in European rivers, the rate of
occurrence in South Korea was much higher. The Danube River, which is
used as a canal, has an average colony habitat every 250 km (total survey
river stretches: 2,500 km; number of colony sites: 10; Zorić et al. 2015).
However, our survey results showed colony occurrences every 102 km
(total survey river stretches: 4,500 km; number of colony sites: 44). Annual
colony and population fluctuations have also been observed in a diversity
of freshwater bryozoans (Hill et al. 2007). It was considered that the
microhabitat condition in the lotic ecosystem would be different each year
when the germination conditions of statoblasts are met, or the recruitment
competition with other sessile invertebrates (Sale 1977) could limit further
P. magnifica growth. In addition, it is also possible that dredging resulted
in the germination of dormant statoblasts contained in the sediment (Hill
et al. 2007). As a result, abnormal proliferation occurred because of the
simultaneous interactions of the external environment and statoblasts that
were steadily introduced from the existing habitat.
Many P. magnifica studies, including our study, use the number of
colonies to represent the distribution of this species (Jo et al. 2014; Zorić et
al. 2015). However, as can be seen from the results of the ND-6b colony
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(10,034% volumetric growth per week), we have confirmed that adjacent
colonies were clustered together. This means that counting the number of
colonies is likely to distort the results. Therefore, if we are to quantify
P. magnifica for distribution, biomass can be a more accurate indicator.

Non-specific preference for water quality and substrate
We confirmed that P. magnifica exists in a wide range of water quality
conditions. Everitt (1975) reported the preference of P. magnifica with
slightly lower pH conditions (pH < 7.1), but our results showed that this
species can also be distributed in the alkaline conditions (pH: 7.05–9.93).
However, eutrophic conditions are considered not suitable for P. magnifica
growth, because debris deposition on P. magnifica lophophores may cause
death by limiting filter-feeding activity (Cooper and Burris 1984). Our results
showed that P. magnifica also survived and grew in high conductivity
(max: 693.4 μS·cm-1). These findings accurately reflect the broad adaptability
of P. magnifica in diverse aquatic environments. Recent studies of P. magnifica
comparing water quality between sites with and without colonies (Musil et
al. 2018) have shown that oligo-mesotrophic waterbodies are most suitable
for growth of P. magnifica. The contrasting result with that of the present
study may be because of differences in the survey habitats; i.e., lentic
(fishponds) versus lotic (rivers) systems. In order to overcome this
problem, the factors of P. magnifica germination and growth should be
tested experimentally.
In the rivers of South Korea, P. magnifica mainly grew on aquatic plants
or stones, with no specific preference for certain substrates. Jeong et al.
(2015) also reported dead twigs, emergent woody plants, and aquatic plants
as major substrates for P. magnifica attachment in the Nakdong River.
Substrate preference was not identified in previous studies (Bushnell 1966;
Joo et al. 1992). Any substrate can be used for statoblast attachment and
colony growth, but the supporting ability against water flow (i.e., flooding)
could be an important factor. Colonies attached to stones were easily
detached during flooding. Otherwise, aquatic plants were a good substrate
to maintain colonies from monsoon floods. Colonies attached to aquatic
plants mostly survived and continued growing, even after floods. The role
of aquatic plants for providing microhabitat with complex physical
structures for aquatic animals has been widely reported (Walker et al.
2013). The different rates of detachment during flooding events seems to
be important in determining the level of proliferation of P. magnifica
during fall in southeastern Asia, where the influence of monsoons is
dominant during summer.

Monsoon flooding affects the growth of P. magnifica
P. magnifica colonies in South Korea were observed from May, and their
growth period was similar to that of general freshwater bryozoans (water
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temperature: 15–28 °C; Wood 2014). There was a temporal lag in the
increase of statoblast attachment and colony growth. Statoblasts attached
to the substrate during April and May seemed to mainly originate from the
previous year’s statoblasts, similarly to colonies in Japan (Oda 1959, 1979,
1984, 1990). The increase in the number of statoblasts during the early
colony development periods indirectly confirmed the consistent supply of
statoblasts from the zooids that initially germinated. Considering that
statoblasts start to germinate after 6 days at 20 °C incubation, regardless of
the hibernation period (EJ Ko, unpublished data), and early colonies originate
from overwintered statoblasts (Oda 1984; Mukai 1998), the temperature
may be a cue signal for the rapid increase of statoblast attachment during
spring. In North America, P. magnifica was also observed in the field from
September to early January (Joo et al. 1992), further supporting the notion
that temperature is the main cue for growth and mortality. For practical
management, monitoring temporal variations of statoblasts could be used
as a temporal indicator to predict blooms of P. magnifica colonies (Wang
et al. 2017). Given the dispersal advantages of P. magnifica, the influx of
propagules is important; however, other factors also affect their
germination and growth. Indeed, the presence of colonies could represent
the presence of statoblasts, but not the inverse (Jones et al. 2000).
High water temperatures during the summer result in the detachment of
P. magnifica by accelerating the decay of gelatinous materials, or they may
naturally detach from the substrate by the gas generated within the colony
(Oda 1997). In East Asia, detachment of P. magnifica colonies could be
triggered by temperature and also concentrated rainfall and flooding during
the monsoon season. From the individual monitoring experiment, we could
compare the influence of flooding events on the growth of P. magnifica
during summer. Severe flooding can physically disturb P. magnifica
colonies and affect the colony density and growth. Sites in the Yeongsan
River experienced relatively weak flooding during the monsoon season,
and the final biomass of P. magnifica was the highest among the monitored
sites. In 2014, delayed monsoons provided sufficient time to grow P. magnifica
colonies in most of the rivers, and this year recorded one of the largest
P. magnifica proliferations in South Korea (NIER 2014). In addition to the
natural climatic factors, artificial infrastructure (i.e., dams, weirs) can
change the flow pattern and affect the growth of aquatic invasive species
(Stromberg et al. 2007). In the present study, the Yeongsan River had a
similar amount of rainfall during the monsoon season, but its flow was
limited owing to reduced discharge from the dam. Therefore, the timing
and amount of dam discharge can directly affect the growth of P. magnifica
in the river channel. The response of P. magnifica colonies to different
river flow patterns should be further evaluated to efficiently prevent and
control the proliferation of bryozoans in regulated river systems.
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