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Invasion and ecological impact
of the biofouling tube worm
Hydroides elegans (Polychaeta:
Serpulidae) in Korean

coastal waters

Sang Lyeol Kim and Ok Hwan Yu*

Ocean Climate Response & Ecosystem Research Department, Korea Institute of Ocean Science and
Technology, Busan, Republic of Korea

Biofouling, the colonization of submerged surfaces by organisms including
microorganisms, plants, algae, and animals, involves both natural and artificial
environments. The serpulid worm Hydroides elegans, known as an invasive species
in global port areas, creates extensive aggregations of calcareous tubes. In 2019, H.
elegans was found attached to the research vessel ISABU in Korea, and a
phylogenetic analysis was conducted to identify the species and determine its
genetic characteristics. Following its detection, mesocosm experiments with
plastic panels (PP, PE, PET, and EPS) were undertaken to investigate its
recruitment and adaptation processes within new ecosystems. During the 12-
week experiment, the biomass of H. elegans increased on all plastic types,
significantly contributing to the overall biomass accumulation. This invasive
species has replaced the previously prevalent native species Hydroides ezoensis,
achieving dominance over other taxonomic groups in biomass. These findings
demonstrate the significant ecological disruptions caused by non-indigenous
species introduced through maritime activities, highlighting the urgent need for
enhanced preventative and monitoring strategies
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1 Introduction

Marine biofouling, the accumulation of organisms on wet surfaces, poses challenges for
maritime industries (Sara et al., 2007; Fitridge et al., 2012; Bannister et al., 2019). Initiated
by the adsorption of organic molecules such as proteins and polysaccharides, it leads to the
attachment of microalgae, diatoms, and bacteria (Landoulsi et al., 2011; Mieszkin et al.,
2013; Zeriouh et al., 2017; Nagaraj et al., 2018). These microorganisms form a protective
biofilm that supports the colonization of larger organisms (Lappin-Scott and Bass, 2001;
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Ramsey and Whiteley, 2004). On ship hulls, this biological buildup
increases weight and frictional resistance, leading to higher fuel
consumption and maintenance costs due to reduced speed (Schultz,
2007). Additionally, biofouling facilitates the spread of invasive and
non-indigenous species (NIS), with ports and harbors particularly
at risk (Jaafar et al., 2012). These artificial substrates offer ideal
conditions for invasive species to thrive, often to the detriment of
native species (Ralston and Swain, 2014). The transportation of
invasive species by ships, through hull fouling and ballast water,
poses significant risks to coastal and estuarine environments (Piola
and Johnston, 2006; Schwan et al., 2016). Globally, the impact of
invasive species on native biodiversity and economic losses in
sectors such as agriculture are escalating (Daigle and Herbinger,
2009; Castro et al., 2017).

Hydroides elegans is a tube-building worm recognized as one of
the most prevalent biofouling organisms globally (Arenas-Mena
and Li, 2014). Its presence has been recorded in numerous harbors,
including Sydney Harbour, Australia; Pearl Harbor, Hawaii, USA;
the southern coast of China; Hong Kong; and southeastern Brazil
(Bastida-Zavala and ten Hove, 2002; Harder et al., 2002; Pettengill
et al.,, 2007; Bao et al., 2010; Zhang et al., 2010; Chen et al., 2012;
Schwan et al., 2016; Lema et al., 2019; Meng et al., 2019; Vijayan
etal., 2019). The free-swimming planktotrophic larvae of Hydroides
species, including H. elegans, are easily transported via ballast water,
ship hulls, and aquaculture infrastructure, where they settle and
mature into sessile adults (Xu et al., 2009; Zhang et al., 2014; Lema
et al,, 2019). The reproductive cycle of Hydroides species is defined
by sexual dimorphism, external fertilization, and planktotrophic
larval development from relatively small eggs (40-60 um in
diameter) (Kupriyanova, 2003). The transformation of H. elegans
larvae into juveniles is influenced by various induction mechanisms,
including contact with single-species bacterial biofilms or mature
mixed biofilms (Unabia and Had, 1999; Toonen and Pawlik, 2001).

H. elegans is regarded as a highly problematic fouling organism and
is noted for its efficient colonization of new submerged surfaces, a
remarkable growth rate of up to 1.5 mm per day, and the ability to
reach sexual maturity within a very brief period (9 days) in some
tropical harbor conditions (Carpizo-Ituarte and Hadfield, 1998). In
Pearl Harbor, Hawaii, H. elegans demonstrated the capability to
densely colonize plastic mesh within 1-2 months; successful larval
colonization hinges on a certain bacterial density, with neither larval
settlement nor bacterial adherence being influenced by changes in
surface wettability (Walters et al., 1997; Huggett et al., 2009).
Additionally, this species exhibits a relatively short larval stage,
leading to dense aggregation of its calcified tubes on submerged
surfaces that can increase in thickness by several centimeters within
1-2 months, as observed in Pearl Harbor, Hawaii (Huang and
Hadfield, 2003; Pettengill et al., 2007; Vijayan et al., 2019).

This serpulid worm defends itself from predation and
environmental threats by forming calcareous tubes through a
complex and regulated calcification process (Vinn et al, 2008;
Tanur et al, 2010; Li et al, 2016). The planktotrophic larval stage
of Hydroides is brief, with settlement triggered by chemical and
bacterial signals allowing metamorphosis to complete within 4-5
days (Bryan et al, 1998; Lau and Qian, 2001; Toonen and Pawlik,
2001; Zhang et al., 2010; Vijayan et al., 2019). Adults of H. elegans
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produce calcareous tube material that can accumulate to several
centimeters in thickness, potentially causing structural damage to
ships and increasing frictional resistance during navigation (Zardus
et al., 2008). These tubeworms adhere to surfaces and construct their
calcareous tubes by incorporating seawater ions into a sophisticated
inorganic-organic matrix through physiological transformations
(Vinn et al,, 2009; Vinn and Kupriyanova, 2011; Meng et al., 2018,
2019). The significant build-up of H. elegans tubes on man-made
structures impacts the marine industry by obstructing aquaculture
operations and clogging seawater cooling or intake systems in coastal
facilities (ten Hove, 1974; Hadfield, 1998). The distribution of the
species is limited to subtropical and tropical waters, with temperature
being a crucial factor in its temperature tolerance, indicative of cryptic
diversity within marine species (Qiu and Qian, 1997; Miller et al.,
2009; Dennis and Hellberg, 2010; Sun et al., 2017).

Biofouling species such as H. elegans increase the surface roughness
of ships, resulting in increased frictional resistance and reduced vessel
speed, which inevitably lead to increased greenhouse gas emissions
(Champ and Seligman, 1996). Various methods are employed to
manage biofouling on ships, including prevention and removal. The
most common method is to apply antifouling coatings containing
copper or Irgarol 1051 (2-methythiol-4-tert-butylamino-6-
cyclopropylamino-s-triazine) to the hull surface (Cima and Ballarin,
2012). Another approach is to directly remove hull-fouling organisms,
either during dry docking of the vessel using water jets and scrapers, or
underwater by divers or robots designed for hull cleaning (Park et al,,
2022). Although technologies are being developed to capture debris
generated by underwater robotic cleaning and prevent its release into
the marine environment, there are limitations to using robots in less
accessible areas such as thruster tunnels and seawater intake gratings.
Among these, fouling release coatings, primarily silicon-based, stand
out for their environmentally friendly profile, offering the benefits of
low surface roughness and modulus (Hu et al., 2020).

As an invasive biofouling member of the Serpulidae family, H.
elegans rapidly replaces indigenous species (Cinar, 2013). However,
eradicating invasive species poses a complex challenge, requiring a
prolonged commitment to keep populations low and mitigate
ecosystem damage (Simberloff, 2014). While several projects have
managed to reduce invasive populations, their long-term success is
often hampered by discontinuous efforts, largely due to the financial
burdens of ongoing projects (Simberloff, 2021). In response to the
ecological threats posed by biofouling invasive species, the
International Maritime Organization (IMO) has established
guidelines for managing ship biofouling, with many nations
actively working to identify and eliminate invasive biofouling
organisms (IMO, 2011).

The ability of invasive species to adapt and prosper in new
environments is often detrimental to native species and ecosystems. It
is crucial to prevent the introduction of invasive species and to
control their expansion once established (Simberloff and Rejmanek,
2011). Although several initiatives have successfully reduced invasive
populations, they frequently fail due to high costs and a lack of
sustainability (Simberloff, 2021). To address ecological disruptions
caused by biofouling invasive species, the International Maritime
Organization (IMO) formulated guidelines for biofouling
management on ships (IMO [International Maritime
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Organization], 2011). In 2018, the IMO established the 5-year
GloFouling Partnerships project, which aimed to minimize aquatic
biofouling in developing countries. Within this period, the IMO 2020
policy was enacted to reduce pollutant emissions from ships in
marine environments (De Castro et al., 2018; Saez Alvarez, 2021).
This policy left most pollutants (e.g., carbon dioxide, nitrogen oxides,
sulfur oxides, and particulate matter) unregulated; consequently,
global emissions from ships are projected to increase more than
threefold between 2020 and 2050 (IMO, 2019). Overall, international
attention to ship-based pollution is increasing, regulations are being
strengthened, and there is a demand for efficient, environmentally
friendly ship-management methods.

Invasive species can significantly affect coastal ecosystems and
their management strategies. In 2019, H. elegans was detected for
the first time on the hull and propeller of a research vessel in South
Korea, displaying higher abundance than other typical fouling
organisms, such as barnacles and mussels. Following this initial
observation, a series of experiments using plastic panels was carried
out to evaluate the adaptability of H. elegans to the local marine
environment, focusing on attachment and settlement behaviors.
The present study aimed to identify the preferred plastic substrate
of this species by testing four different types of plastic plates. It also
investigated the competitive interactions between H. elegans and
native species, as well as their relationships with environmental
factors in their habitats. This research enhances our understanding
of the introduction, adaptation, and settlement of biofouling
invasive species in Korea’s coastal waters, thereby supporting
effective invasive species management strategies.

10.3389/fmars.2024.1416546

2 Materials and methods

2.1 H. elegans sampling from research
vessel hulls in 2019

Individuals of H. elegans were collected from the research vessel
ISABU in Jangmok Bay, Korea (34°59.581 N, 128°40.547 W) on
August 23, 2019. The R/V ISABU journeyed from Korea, through
the East China Sea and Taiwan, into the South China Sea (Figure 1),
before passing Singapore and crossing the Strait of Malacca into the
Indian Ocean. The vessel anchored in Sri Lanka and then in
Mauritius. Samples of H. elegans, found in clusters on the ship’s
side and propeller, were collected using a chisel and knife. These
specimens were preserved with 70% alcohol for DNA analysis in
situ and 10% formalin for morphological studies, and were
identified to the species level in the laboratory.

2.2 Morphological examination

Morphological examinations were conducted using a DMC
4500 camera attached to a Leica M205C stereomicroscope (Leica,
Wetzlar, Germany). Helicon Focus software (version 6; Helicon Soft
Ltd., Kharkiv, Ukraine) facilitated the creation of composite images
by stacking and merging multiple photographs. For scanning
electron microscopy (SEM), samples were rinsed in absolute
ethanol, dehydrated, coated with gold, and photographed using a
Hitachi S-4300 SEM.

FIGURE 1

Sailing route of research vessel ISABU. The red circle with a cross indicates the anchorage location and the black circle indicates the distribution area

of H. elegans.
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2.3 DNA amplification and
sequence alignment

DNA was amplified through polymerase chain reaction (PCR)
conducted using the DNeasy Blood and Tissue kit (Qiagen, Hilden,
Germany), targeting 185 rRNA (18S), mitochondrial cytochrome ¢
oxidase subunit 1 (COI) gene, and cytochrome b (cyt b) using the
primers listed in Table 1. PCR was performed in 35-pL reaction
mixtures. The genes were amplified with an initial denaturation
at 94°C for 5 min, followed by five cycles of 94°C for 30 s, 47°C for
30 s, and 72°C for 40 s, then 30 cycles of 94°C for 30 s, 51°C for 30 s,
and 72°C for 40 s, with a final 7-min elongation at 72°C. The PCR
products were visualized on 1% agarose gels in 1x TAE buffer
via electrophoresis.

2.4 Phylogenetic analyses

Phylogenetic analysis was conducted to confirm species
identity. This method determines evolutionary relationships
among organisms by analyzing their genetic information. For
phylogenetic reconstructions, mitochondrial COI sequences of
Hydroides species were obtained from the National Center for
Biotechnology Information (NCBI) database, using Scalibregma
inflatum as an outgroup. And, phylogenetic tree of the Hydroides
complex constructed using a combined dataset of the 18S, cytb, and
COI genes, generated through MrBayes analysis. Sequences were
aligned using ClustalW, and poorly aligned regions were trimmed
using MEGA X (Kumar et al, 2018). The sequences were then
compared against the GenBank database using the BLAST tool for
species identication.

The optimal model for phylogenetic tree reconstruction was
determined to be the K2+G evolutionary model according to the
Akaike information criterion (AIC) in jModelTest v2.1.10 (Darriba
et al,, 2012). A maximum likelihood (ML) phylogenetic tree was
constructed using RAXML (Stamatakis, 2014). The GTR+G+I

TABLE 1 Primers used for polymerase chain reaction (pcr).

Primer Sequence 5'-3’ References
18S
. Norén and
TimA AMCTGGTTGATCCTGCCAG .
Jondelius, 1999
Norén and
1100R2 CGGTATCTGATCGTCTTCGA .
Jondelius, 1999
COl
Hydro-COIF TCWRTWRTKACDGTKCATG CTA Sun et al., 2012
Hydro-COIR CMRYAGGWTSAAARAACCTAGTA | Sun et al, 2012
Cyt b
D24 f GGWTAYGTWYTWCCWTGRG Boore and
GWCARAT Brown, 2000
Burnette
COBr825 AARTAYCAYTCIGGYTTRATRTG ¢ al.. 2005
et al,, 2005
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model was selected as the best-fit nucleotide substitution model
based on the AIC. Bootstrap analysis was performed with 1000
replicates to assess the robustness of the tree topology. Bayesian
inference (BI) was conducted using MrBayes v3.2.7 (Ronquist et al.,
2012). The analysis was run under the GTR+G+I model, with two
independent runs of four Markov Chain Monte Carlo (MCMC)
chains for 1,000,000 generations, sampling every 1000 generations.
Convergence was assessed by ensuring an average standard
deviation of split frequencies of < 0.01, with the first 25% of trees
discarded as burn-in. The resulting phylogenetic trees were
visualized and annotated using FigTree v1.4.4, and clade
credibility values (posterior probability values for BI and
bootstrap values for ML) were mapped onto tree branches to
indicate statistical support for each clade.

A network analysis was performed to visualize the geographical
distribution and connectivity of biological samples collected from
various regions. Nodes represented sample groups, with node size
proportional to the number of samples from each region, and color-
coded pie charts indicating geographical origins (Europe, Oceania,
America, Asia). The COI haplotype network (excluding outgroups)
was reconstructed using POPART v.1.7 to investigate the
population structure (Leigh and Bryant, 2015).

2.5 Hydroides elegans plastic panel
attachment experiment

The Korea Institute of Ocean Science and Technology is
located.in Jangmok Bay, which houses a floating mesocosm
laboratory. This bay is off-limits to foreign ships, maintaining a
relatively pristine marine ecosystem (Figures 1, 2). Using this
mesocosm setup, the impact of microplastics on ecology,
physiology, and eutrophication has been studied targeting
mesozooplankton, phytoplankton, and bacterioplankton (Lee
et al,, 2005; Kim and Jang, 2008; Jang et al., 2010b, a; Shin et al.,
2010; Baek et al., 2011; Park et al., 2011).

Our experimental design was adapted from the method used by
Choi et al. (2011). Sampling frames consisted of four plastic panels
composed of polypropylene (PP), polyethylene (PE), polyethylene
terephthalate (PET), and expanded polystyrene (EPS), each
measuring 30 cm x 30 cm, suspended from a polyvinyl chloride
frame (Figure 3). For each sampling event, three frames were
collected to serve as replicates. Sites in Jangmok Bay were
sampled six times between July 20 and October 12, 2021, at 2-
week intervals. The experimental period and interval were
determined based on the observed settlement period of serpulid
polychaetes (Choi et al.,, 2011; Schwan et al,, 2016). To examine
settlement patterns, the composition ratio and biomass of fouling
organisms were analyzed by taxonomic group.

A conductivity-temperature-depth (CTD) profiler (YSI-
ProDSS) was used to measure environmental parameters,
including water temperature, salinity, turbidity (in nephelometric
turbidity units [NTU], mg/L), dissolved oxygen (DO, mg/L), and
pH, prior to sampling. These environmental parameters were
incorporated into the analysis to evaluate potential correlations
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H. elegans: (A, B) encrusted on the hull of the research vessel underwater; (C) piece detached from the hull of the research vessel; (D) specimen;

(E) operculum under scanning electron microscopy.

between habitat conditions and the recruitment, biomass growth,
and distribution patterns of Hydroides elegans.

Data were analyzed using three-way analysis of variance
(ANOVA), with the experiment (plastic panel type: PP, PE, PET,
and EPS), time (levels: 2, 4, 6, 8, 10, and 12 weeks), and taxon
(Hydroides elegans, Balanomorpha, Ascidiacea, Bivalvia, Anthozoa,
and Bryozoa) as factors. Prior to conducting ANOVA, normality and
equal variance assumptions were tested. The Shapiro-Wilk normality
test indicated a deviation from normality (P < 0.050), while the equal
variance test confirmed homoscedasticity (P = 1.000). Despite the
failed normality test, the ANOVA procedure was applied as the
design was robust to minor deviations from normality. A three-way
ANOVA was performed to assess the effects of plastic type, time, and
group on biomass. Post-hoc pairwise comparisons were conducted
using the Holm-Sidak method at an overall significance level of 0.05
to isolate specific differences between groups.

N

3 Results
3.1 Taxonomy

Family Serpulidae Linnaeus, 1758.
Genus Hydroides Gunnerus, 1768.
Species Hydroides elegans (Haswell, 1883).

3.1.1 Material examined

In total, 80 specimens were collected from the hull of research
vessel ISABU by diving. These samples were promptly fixed in a
70% ethanol solution.

3.1.2 Diagnosis
The branchiae of the specimens have up to 20 radioles on each
lobe. The peduncle is long and funnel-shaped, with an interradial

40 cm

le

FIGURE 3

Schematic diagram of the recruitment experiment using four types of plastic (PP, polypropylene; PE, polyethylene; PET, polyethylene terephthalate;

EPS, expanded polystyrene).
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groove extending half its length featuring up to 10 spines. The
operculum is equipped with up to 25 smooth verticil spines
(Figure 2E). These verticil spines are pointed, uniform in shape
and size, and have 0-4 pairs of lateral spinules, but they lack
external spinules. At the base, all spines converge to form a conical
shape, appearing slender and smooth beyond the interradial
groove. The central teeth of the operculum have small spinules
(Figure 2E). Collar chaetae are serrated, bayonet-shaped, have a
well-developed breast, and have two to four shorts, pointed teeth
that are denticulated in the proximal zone. A pseudoperculum is
short and was observed in only five specimens (Figure 2D). The
thorax comprises six chaetigers with limbate and capillary chaetae,
and thoracic uncini are saw-shaped with four to five-pointed,
fang-like teeth. The abdominal chaetiger count ranges from 20 to
62, featuring flat, trumpet-shaped chaetae; the width of the 3rd
chaetiger reaches up to 0.9 mm. Uncini possess three to five teeth
in a saw-shaped configuration. The total length can reach up to 18
mm, with the thorax measuring up to 1 mm in length. Operculum
and branchiae constitute one-third of the total length (Figure 2D).

3.1.3 Morphological variation

The holotype measures 5 mm in length and 0.9 mm in width.
Paratypes vary, with lengths ranging from 2-10 mm and widths
from 0.6-1.6 mm. All specimens were examined after the removal
of their calcareous tubes.

66/49]

100/100

2
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3.1.4 Remark

H. elegans has often been confused with other species in previous
studies due to morphological similarities. Notably, the shape of the
operculum is similar to those of H. norvegica Gunnerus, 1768, H.
longispinosa Imajima, 1976b, and H. multispinosa Marenzeller, 1884
(Gunnerus, 1768; Imajima, 1976; Marenzeller, 1884). H. elegans is
distinguished by the number of teeth on the collar, the number of side
spines, and the length of the central teeth.

3.2 Phylogenetic analyses

Phylogenetic trees were reconstructed used mitochondrial COI
sequences (Figure 4). The ML tree and BI analyses inferred from
Hydroides mitochondrial COI sequences yielded a consistent
topology for each region (Figure 4). The analysis provided strong
support, with Hydroides species from this study aligning closely
with existing H. elegans sequences (ML: 100%, BI: 85). The
phylogenetic relationships within the Hydroides complex were
inferred from a combined dataset of the 18S, cyt b, and COI
genes, using MrBayes for analysis (Figure 5). The tree illustrates
the evolutionary relationships among various Hydroides species,
with posterior probability values indicated at the nodes. The study
sample clusters closely with Hydroides elegans (Haswell, 1883) with
a high posterior probability of 1, indicating strong support for this
relationship. Other species in the tree include Hydroides amri,

o5/ [~ Hvdroides fusicola_MG892557
_(__E Hydroides fusicola_JQ885950
97587

Hydroides ezoensis_JQ885951

Hyvdroides sanctaecrucis_KU051505
Hydroides dianthus_KY123244
10098 Hyvdroides dianthus_KY386654
Hyvdroides recurvispina_JQ885945
Hyvdroides recurvispina_MG892627
Hydroides p inata_MF405946
Hydroides nigra_MF405952
Hydroides operculata_JQ885948
Hydroides operculata_MF405955
Hyvdroides amri_MG892504

100100 [ Hydroides norvegica_ MG892598
Hydroides norvegica_ MG892590
Hydroides elegans_MG892537
Hydroides elegans_MG892536
Hydroides elegans_MG892534
Hydroides elegans_MH339600
Hydroides elegans_KY235617
Hydroides elegans_KY235615
100/96 (— Hydroides kimberilevensis_MG892578
Hydroides kimberlevensis_MG892574

l00/100 | Hvdroides minax_MG892589
Hydroides minax_MG892588

44 Hydroides recta_MG892622
1001100 L Hydroides recta_MG892623

_{

Hydroides minax_MG892586

Hydroides heterocera_MG892564
1001 Hydroides heterocera_MG892565

Hydroides bandaensis_MG892512

——— Hyvdroides bandaensis_MG892508

99*94'

r Scalibregma inflatum CMC03_GU672569

Hydroides albiceps_MG892486
Hvdroides albiceps_MG892488

t Scalibregma inflatum CMC02_HM473802

FIGURE 4

Maximum Likelihood (ML) phylogenetic tree based on mitochondrial COI sequences of Hydroides species. Node labels support from ML and

Bayesian inference.
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Branchipolynoe pettiboneae Miura & Hashimoto, 1991

Hydroides amri Sun, Wong, ten Hove, Hutchings, Williamson & Kupriy ,2015

Hydroides sanctaecrucis Kroyer in Moreh, 1863

Hydroides minax (Grube, 1878)

Hydroides trivesiculosa Straughan, 1967

Hydroides elegans (Haswll, 1883)

08 This study

Hydroides norvegica Gunnerus, 1768

01

FIGURE 5
MrBayes tree of Hydroides-complex constructed from combined
dataset of 18S, cytb, and COI.

Hydroides sanctaecrucis, Hydroides minax, Hydroides trivesiculosa,
and Hydroides norvegica. The close clustering of the study sample
with H. elegans suggests it belongs to the same species or a closely
related lineage.

A network analysis using the mitochondrial COI gene of
Hydroides elegans was conducted to examine regional variation
(Figure 6). The results showed distinct clustering by region.
European samples (green) formed a cohesive cluster, indicating
high similarity and suggesting a shared environmental influence or
species distribution. Oceania samples (pink) were fewer and
relatively isolated, indicating unique species composition or
ecological conditions. American samples (teal) were more
dispersed, showing connections with both Europe and Asia,
implying ecological connectivity or shared species. Asian samples
(orange) showed overlap with both European and American
samples, possibly due to historical biogeographical exchanges or
similar environmental pressures. Strong connectivity within

European and Asian clusters indicated internal homogeneity,

1 samples
@ Europe
@ Oceania
@ America

@ Asia

FIGURE 6
Haplotype network of all Hydroides elegans populations from
different locations.
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while weaker, dispersed connections among American and
Oceanian nodes suggested greater diversity.

3.3 Plastic panel recruitment experiment

3.3.1 Environment variables

Water environmental variables measured over 12 weeks provide
valuable insights into the recruitment patterns of organisms
(Table 2). Temperature was initially highest at 25.9°C, rising to
30°C in week 2. It then gradually decreased to 23.5°C in week 12,
reflecting the transition from summer to fall. Salinity levels
generally remained within a narrow range of 27.21-30.92 psu,
with a low of 27.21 psu in week 6. Turbidity remained low,
peaking at 0.5 NTU on 17 August. DO decreased from 135.8%
(9.3 mg/L) initially to 79% (5.57 mg/L) in week 12. pH showed a
slight downward trend from 8.22 to 7.83 during the study period,
indicating slight acidification. Temperature and DO showed
seasonal trends, while salinity, turbidity and pH remained
relatively stable with minor fluctuations.

3.3.2 Recruited taxa

In the 12-week experiment, initial observations revealed biofilm
coverage on the panels by the second week, with few macro-organisms
(Figures 7, 8). The average biomass increased over time across all four
types of plastic. The taxa observed included Cnidaria, Echinodermata,
Mollusca, Arthropoda, and Chordata. Cnidaria had the highest
biomass, averaging around 60 g/m’. Polychaeta also had a
considerable biomass of approximately 30 g/m® By contrast, the
biomass of taxa such as Echinodermata, Mollusca, and Bryozoa was
much lower, often below 10 g/m* (Figure 9).

The three-way ANOVA results for the biomass of invertebrates on
plastic panels (Substrate: PP, PE, PET, EPS; Time: 2, 4, 6, 8, 10, 12
weeks; Taxon: Hydroides elegans, Balamorpha, Ascidiacea, Bivalvia,
Anthozoa, Bryozoa) indicated that substrate type (Su) had no
significant effect on biomass (F = 0.653, P = 0.583) (Table 3).
However, time (Ti) and taxon (Ta) both significantly influenced
biomass (F = 36.56, P < 0.001 and F = 46.788, P < 0.001,
respectively). There was no significant interaction between substrate
and time (Su x Ti, F = 0.185, P = 1) or between taxon and substrate (Ta
x Su, F = 0.493, P = 0.94). However, the interaction between time and
taxon (Ti x Ta) was significant (F = 5.576, P < 0.001), indicating
varying biomass accumulation patterns among taxa over time.

3.3.3 H. elegans recruitment and growth

H. elegans exhibited an increase in biomass across all plastic
types as the experiment progressed (Figure 10). Until the 10th week,
biomass accumulation was comparable across all materials.
However, by the 12th week, PP recorded the highest increase,
followed by PE, with PET and EPS showing no significant
changes between the 10th and 12th weeks. The growth of
calcareous polychaete tubes contributed to an increase in overall
biomass over the duration of the experiment.
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TABLE 2 Environmental variables in the experimental area (NTU, nephelometric turbidity units; TSS, total suspended solids; DO, dissolved oxygen).

Week Date Temperature (°C)  Salinity (psu)
0 2021.07.20 259 30.11 02 48.52 135.8 93 8.22
2 2021.08.03 30 3036 02 48.59 113.9 7.29 8.01
4 2021.08.17 268 30.92 05 62.63 123.9 8.37 817
6 2021.08.31 276 27.21 0.2 484 128.1 8.63 8.02
8 2021.09.14 243 298 0.2 4858 89 63 7.94
10 2021.09.28 236 30.04 0.1 53.51 84.4 6.02 7.79
12 2021.10.12 235 30.63 03 54.17 79 5.57 7.83

4 Discussion

4.1 Invasive biofouling species in Korea

This study marks the first observation of the biofouling invasive
species H. elegans attached to a ship in Korea. Previously
documented species of the Hydroides genus in Korea include H.
albiceps, H. ezoensis, and H. uncinatus, with most of these species
being well-established, particularly H. ezoensis, which is commonly
found in coastal waters (Paik, 1989). Carpizo-Ituarte and Hadfield
(1998) noted that H. elegans quickly becomes predominant on
artificial substrates following its settlement (Carpizo-Ituarte and
Hadfield, 1998). Given its quick settlement, dense populations, and

the construction of robust calcareous tubes, H. elegans is recognized
as a crucial contributor to fouling communities on man-made
structures, which has significant ecological and economic
repercussions (Chandra Mohan and Aruna, 1994; Nedved and
Hadfield, 2009; Tovar-Hernandez et al., 2009). While this study
was limited to ship-based occurrences, the potential for tube-
building worms such as H. elegans to spread across various man-
made structures is evident. In other nations, this species has been
identified on aquaculture farms and power stations, where it
impairs energy efficiency, highlighting the necessity for effective
countermeasures and anti-biofouling solutions.

Marine biological surveys in the northwestern Pacific Ocean
have revealed the invasion of nonindigenous species (NIS) into

10 weeks

FIGURE 7

12 weeks

Photos of the plastic panel experiment (PP, polypropylene; PE, polyethylene; PET, polyethylene terephthalate; EPS, expanded polystyrene) at
different experimental durations: (A) 2 weeks, (B) 4 weeks, (C) 6 weeks, (D) 8 weeks, (E) 10 weeks, (F) 12 weeks.
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FIGURE 8

Recruitment and growth of H. elegans on PET (polyethylene terephthalate) panels at different experimental durations: (A) 6 weeks, (B) 8 weeks, (C)

10 weeks, (D) 12 weeks.

certain regions, including the coastal waters of Korea (Chavanich
et al,, 2010). Notably, the South China Sea (SCS) has experienced a
significant influx of NIS, which has had detrimental effects on
biodiversity and local economies (Xiong et al., 2017). Several studies
on hull-fouling organisms have been conducted in Korea, focusing
on taxa ranging from bacteria to large invertebrates (Lee et al., 2008,
2024; Kim et al,, 2021; Park et al., 2023; Hyun et al., 2024). For
example, 15 invasive marine species (1 sponge, 2 bryozoans, 3
mollusks, 1 polychaete, 4 cirripedes, and 4 ascidians) were identified
in a survey conducted in major Korean ports (Park et al,, 2017).
Among these, the serpulid tubeworm Ficopomatus enigmaticus
resembles Hydroides elegans, which was found in the present
study. Korean populations of F. enigmaticus originated from
coastal waters of the Indian Ocean, including those off Australia
(Dittmann et al., 2009), and were introduced to shallow seas
worldwide, where they alter habitats and cause biofouling
(Schwindt et al., 2004; McQuaid and Griffiths, 2014). This species
also acts as a bioengineering organism by modifying the physical
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characteristics of the invaded environment and providing refuge for
other species (Dittmann et al., 2009; Yee et al.,, 2019).

4.2 H. elegans appearance according to
the migration routes of the research vessel
(East China Sea, Taiwan, South China Sea,
Singapore, Malacca Strait, Malaysia, Sri
Lanka, and Mauritius)

The research vessel involved in this study previously made
anchorages in Sri Lanka and Mauritius in the Indian Ocean. The
journey traversed several critical maritime regions, including the
East China Sea, Taiwan, the South China Sea, Singapore, the Strait
of Malacca, and Malaysia, before reaching Sri Lanka and Mauritius.
In the vicinity of these routes, specifically in India near Sri Lanka, H.
elegans was identified off the east coast in 2015, although Sri Lanka
itself has not officially reported the species (Raghunathan et al,
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FIGURE 9

Average biomass and standard deviation of invertebrate taxa
attached to plastic panel experiments.

2019). Singapore, known as a major global shipping and logistics
center with numerous ports and extensive artificial marinas, faces a
high risk of invasions by exotic marine species, including H. elegans
and various invasive species such as fish, mollusks, dinoflagellates,
and polychaetes (Jaafar et al., 2012; Seebens et al., 2013; Lim et al,,
2017; Wells et al,, 2019). A recent review of NIS in estuarine and
marine environments of Singapore reported 17 invasive species,
including 2 bivalve molluscs, 1 polychaete worm, 2 dinoflagellates,
and 12 fish species (Jaafar et al., 2012); however, the authors did not
discuss the potential negative impacts of these species on the marine
environment. Similarly, the presence of H. elegans has been
confirmed in Taiwan, Hong Kong, and China, regions that have
experienced a rapid increase in the number of non-indigenous
species and biofouling organisms (Mak, 1982; Yang and Sun, 1988;
Paxton and Chou, 2000). This situation highlights the need for
increased ship inspections and broader investigations along these

TABLE 3 Results of three-way ANOVA of the biomass of invertebrates
recruited on plastic panels (Substrate; PP, PE, PET, EPS/Time; 2, 4, 6, 8,
10, 12/Taxon; Hydroides elegans, Balamorpha, Ascidiacea, Bivalvia,
Anthozoa, Bryozoa).

Factor DF SS MS F P
Substrate (Su) 3 3856.529 1285.51 0.653 0.583
Time (Ti) 5 359667.395 71933.479 36.56 <0.001
Taxon (Ta) 5 460294.432 92058.886 46.788 <0.001
Sux Ti 15 21875.498 1458.367 0.185 1
Tix Ta 25 288775.575 11551.023 5.576 <0.001
Tax Su 15 50448.506 3363.234 0.493 0.94
Residual 75 147567.578 1967.568
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international maritime routes, demonstrating the importance of
managing bioinfestations at a national level.

4.3 Environmental factors affecting the
attachment of biofouling species

Temperature levels are key factors influencing biofouling patterns,
with the dominance of specific taxa suggesting favorable ecological
conditions (Liu et al, 2020b). These findings underscore the need for
further research on marine organisms’ interactions with plastic
materials, especially concerning marine pollution and ecological
impacts. In previous studies in the Jangmok mesocosm, calcareous
polychaetes were identified as the dominant group in October, with
evidence suggesting that accession occurred in August when water
temperatures exceeded 25°C (Choi et al, 2011). In this study, water
temperatures remained above 25°C from early July and surpassed 30°C
in August before gradually decreasing, while the biomass of Hydroides
elegans on various plastic substrates increased. At approximately 25°C,
H. elegans larvae commence feeding 12 h post-fertilization and achieve
metamorphic competence by the fifth day (Nedved and Hadfield, 2009).
Many Hydroides species have temperature-restricted distributions; for
example, H. elegans inhabits tropical and subtropical waters (Qiu and
Qian, 1997), H. ezoensis is found in temperate waters, and H. dianthus is
reported across a broad temperature range, from temperate to tropical
regions (Zibrowius and Thorp, 1989). The declining trend in DO
towards the end of this study, coupled with stable pH levels, may
have favored certain organisms, such as Hydroides elegans, that are more
tolerant of lower oxygen conditions. These environmental factors,
particularly temperature and DO, likely influenced the overall biomass
accumulation and the specific taxa that colonized the plastic substrates.
These observations suggest that the water column environment in the
study area is transitioning to a subtropical state, potentially leading to
more frequent invasions by non-indigenous species.

4.4 Vessel coating and painting

Before this study, the research vessel ISABU was cleaned and
treated with a copper-based antifouling paint and coating.
Subsequently, it navigated through the South China Sea and
Indian Ocean, docking in Mauritius and Sri Lanka. Calcareous
polychaetes attached in patches where biofilms formed. Extended
voyages will result in the increased accumulation of fouling
organisms, which settle and adhere to substrates due to the
influence of ocean currents (Callow and Callow, 2002). Species
associated with the research vessel ISABU are widespread globally
(Park et al., 2023), which increases the likelihood of their
attachment to anchorages when the vessel enters Korean waters.
Moreover, these species are resistant to copper-based antifouling
coatings, which presents challenges in managing biofouling (Park
et al,, 2023). Copper stress is thought to have a significant effect on
the settlement of H. elegans larvae, with the effect likely increasing
with the exposure period (Bao et al, 2010). Recent efforts have
aimed at enhancing the efficacy of fouling-release coatings and
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various studies have examined the settlement patterns of Hydroides
larvae in relation to biofilms (Lau and Qian, 2001; Shikuma and
Hadfield, 2005; Xu et al., 2009; Hu et al., 2020).

4.5 Changes in the dominant
calcareous polychaete

A previous study investigated the colonization patterns of sessile
benthic organisms using artificial settlement plates, and revealed that the
dominant species varied seasonally; in October, Ulva pertusa
(Chlorophyta) and Hydroides ezoensis (tube worm) were the dominant
species attached to the plates (Choi et al., 2011). Comparing experiments
conducted in 2007 and 2011 to the current study, the major taxa
observed did not differ. However, the dominant species shifted from
H. ezoensis to H. elegans (Choi et al., 2011; Park et al,, 2011). The present
study was conducted from July to September, which coincides with the
settlement period of tubeworms. Therefore, we infer that tubeworm
settlement occurred earlier in our study compared to previous studies.
The timing of settlement is closely linked to the inherent life cycle of a
marine organism; it may vary among species but is generally fixed within
species (Chung and Youn, 2012). Therefore, it is important to evaluate
the influence of the settlement substrate on the larval settlement patterns
of various marine species (Choi et al,, 2011).

Invasive species may outperform native species; for example,
Halophila stipulacea competes with native seagrasses, often replacing
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species such as Syringodium filiforme, Halodule wrightii, and Halophila
decipiens (Christianen et al., 2019; Alidoost Salimi et al., 2021). In the
Mediterranean Sea, the invasive seaweed Caulerpa taxifolia has
replaced native seagrasses (Montefalcone et al, 2015). Hydroides
elegans has a survival advantage because it can live in various
environments differing in temperatures, salt concentrations, and
oxygen levels (Mak and Huang, 1982; Link et al, 2009). Invasive
species can outcompete native species for resources such as food,
habitat, and light, which can lead to declines in the populations of
native species (Montefalcone et al., 2015). These factors contribute to
the ability of H. elegans to outcompete other species and survive in
various environments (Shikuma and Hadfield, 2005; Nedved and
Hadfield, 2009; Shikuma et al., 2016). The native calcareous
polychaete in Jangmok Bay, H. ezoensis, appears to have been
displaced by the invasive H. elegans; further experiments are needed
to investigate the relationship between these two species.

4.6 Other fouling organisms within
genus Hydroides

Calcareous tube worms are causing many economic and ecological
problems in many ports and countries, and their spread is increasing.
Hydroides elegans is a notable biofouling invasive species frequently
encountered in new ecosystems, such as on ship hulls (Bastida-Zavala
et al, 2017). It adheres to artificial substrates, causing economic
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damage. Both H. elegans and H. ezoensis have been documented in
Roman marinas, where they were identified as non-indigenous species,
highlighting their status as long-established invaders in the
Mediterranean (Ferrario et al., 2016). Recent discoveries include the
newly identified Hydroides species H. amri, H. dolabrus, H. glasbyi, H.
gracilis, H. lirs, H. nikae, and H. qiui, each posing potential biofouling
threats (Kupriyanova et al, 2015; Sun et al, 2015, 2016; Tovar-
Hernandez et al,, 2016; Read et al,, 2017). The calcareous lugworm
most frequently compared to H. elegans is Hydroides dirampha, which
has greater tolerance of low salinity, with adult numbers exceeding
those of H. elegans during the rainy season when salinity levels decrease
markedly (Liu et al, 2020a). This species has not been reported in
Korea, but continues to be monitored because it has appeared in many
countries. The present study focused on identifying biofouling on an
international research vessel, and further research is required for
container ships traversing multiple nations. With thousands of
vessels operational worldwide, local marine ecosystems and native
species face ongoing threats from invasive species.

5 Conclusion

The serpulid worm H. elegans was identified in Korea for the first
time in 2019, likely introduced via maritime vessels. A mesocosm
experiment using plastic panels was conducted to investigate the
recruitment and adaptation of this species within a new ecosystem.
The findings revealed that H. elegans experienced an increase in
biomass on all types of plastic materials, with the most significant
growth observed on PP and PE by the 12th week. By this time, the
biomass of H. elegans had surpassed that of barnacles, establishing its
dominance over other taxonomic groups in biomass terms. These
outcomes emphasize the importance of strengthening preventative
actions and monitoring efforts to prevent the invasion of non-
indigenous species through shipping activities.
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