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Abstract Evaluating species composition and dynamic shifts within fouling communities is essential for developing effective strate-
gies to manage biofouling in marine fish aquaculture. The coastal area in the Yellow Sea is a key area for cage aquaculture in China;
however, this region faces significant challenges from biofouling organisms. Here, we employed an experimental approach in a filed
mesocosm in a net cage aquaculture area in the Yellow Sea, with weekly monitoring of changes in macrofouling species on mesh nets
and in the seawater, to assess the utility of water eDNA metabarcoding for identifying macrofoulers. We compared the temporal vari-
ation patterns in the composition and diversity of macrofouling communities identified through morphological method as well as COI
and /8S rRNA metabarcoding. The results showed that metabarcoding detected the majority of macrofoulers identified through mor-
phological method (64%), and revealed additional species that were overlooked by traditional monitoring approach. Furthermore, the
changes in diversity and community composition over sampling dates in CO/ data were generally consistent with those in morpholo-
gical identification, although a temporal lag existed between these two approaches. A notable shift in the fouling community occur-
red at the end of June with the appearance of Ectopleura crocea and Caprella sp., marking a pivotal change in its structure. Future re-
search could focus on developing targeted primers for these key fouling species, which would enhance the efficiency of monitoring
efforts.
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Rotaria, and Protozoa, various antifouling methods are de-
veloped in aquaculture to mitigate the negative effects of

1 Introduction biofouling, including net cleaning, chemical antifoulants,

Biofouling is one of the most persistent challenges in
the development of cage aquaculture (Fitridge et al., 2012;
Gao and Dong, 2023). An estimated 5% to 10% of the an-
nual value of the aquaculture industry is allocated to ad-
dressing issues related to biofouling (Diirr and Watson,
2010). Its pervasive nature imposes multiple ecological
and economic burdens. Biofouling by organisms like bar-
nacles and mussels can obstruct water exchange in net
cages, affecting oxygen levels and waste removal, which
impacts fish growth (Chen ef al., 2023). Additionally, bio-
fouling increases the risk of disease transmission, as foul-
ing species harbor pathogens (Diirr and Watson, 2010;
Fitridge et al., 2012). The biomass can also deform cages,
increasing maintenance costs and wear (Beveridge, 2004).
With the growth of cage aquaculture, it is urgent to develop
effective management solutions to cope with biofouling.

Facing the threats by different biofoulers, like algae,
sessile invertebrates (e.g., Balanus, Ostreidae, Actiniaria),
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and biological control (Gao and Dong, 2023). The effi-
ciency of these methods is contingent upon a comprehen-
sive understanding of the biofouling species and their dy-
namic changes. For example, net cleaning frequency
should align with the reproductive cycles of dominant
fouling species and larval settlement patterns, which reach
the peaks in spring and early summer in temperate seas in
northern China (Yan and Cao, 2008; Zhou et al., 2021).
Biological antifouling, such as co-culturing fish or inver-
tebrates that consume biofoulers (e.g., sea urchins and
hermit crabs), can reduce fouling by up to 50% in some
cases (Ross et al., 2004). However, this method is limited
by the feeding preferences of the antifouling species. For
example, a study in New Zealand found that Haliotis and
Cookia significantly reduced biofouling (>50%), whereas
Turbo and Patiriella had little effect on certain fouling or-
ganisms (Atalah et al., 2014). Therefore, prior to imple-
menting antifouling measures, it is necessary to have a
clear understanding of the fouling species and their shifts,
especially considering the significant variability of foul-
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ing organisms across different marine areas.

Traditionally, marine fouling organisms are identified
using a stereomicroscope (Salama et al., 2018; Subias-
Baratau et al., 2022). However, the traditional morpholog-
ical methods are time-consuming, resource-intensive (He
et al., 2019; Djurhuus et al., 2020), and heavily reliant on
specialized taxonomic expertise (Zhou et al., 2022). These
methods are also prone to human error and biases from
taxonomists, as well as being limited by a lack of suffi-
cient taxonomic knowledge (Bourlat et al., 2013; Lanzén
et al., 2021). Due to its time-consuming and labor-inten-
sive nature, morphological identification complicates
large-scale, long-term biodiversity monitoring (Elbrecht
et al., 2017; Hanzek et al., 2021). This makes it difficult
to meet the needs of comprehensive and extensive moni-
toring (Pawlowski et al., 2014; Frontalini et al., 2018).

In contrast, environmental DNA (eDNA) metabarcod-
ing offers several advantages over traditional methods, in-
cluding reduced time and labor requirements, ease of
operation, and no dependence on expert taxonomists for
species identification (Rees ef al., 2014; Lanzén et al.,
2021). This method enables rapid and large-scale identifi-
cation of biological components in samples. Over the past
decade, eDNA metabarcoding has significantly enhanced
monitoring capabilities for marine biofoulers (Briand et
al., 2018; Rey et al., 2020). Despite its advantage, there
are some challenges for eDNA metabarcoding method,
such as PCR primer and sequencing biases, an incom-
plete reference database, and classification assignment bi-
ases (Beng and Corlett, 2020). Although both morphol-
ogy and eDNA methods have their own limitations, their
advantages are complementary. Therefore, integrating both
methods for the identification of biofoulers is an effective
approach (Ammon et al., 2018; Azevedo et al., 2020).

The coastal area of the Yellow Sea, a key net cage
aquaculture area in China, has seen a continuous expan-
sion in aquaculture scale, reaching a total of 180130 tons
in 2023, which accounts for 15.31% of the national net
cage aquaculture production (Fishery Bureau of Ministry
of Agriculture of the People’s Republic of China, 2024).
However, this region faces significant challenges from
fouling organisms (Yan and Cao, 2008; Zhou ef al., 2021).
Studies have indicated that aquaculture activities in this
area are impacted to varying degrees by fouling orga-
nisms such as mussels (Yan and Cao, 2008; Yang et al.,
2016). However, comprehensive research on the main
fouling organism taxa and their dynamic changes is still
limited. In this study, we aim to use water eDNA meta-
barcoding method to monitor biofouling organisms
around the net cages and compare the efficiency of two
molecular markers (COI and /8S rRNA), as well as assess
whether it can effectively reflect the species composition
and dynamic shift of the fouling community on the nets.

2 Materials and Methods

2.1 Experimental Design and Sample Collection

This study was carried out in a nearshore cage aquacul-

@ Springer

GU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2025 24: 1401-1413

ture site (35°14.558'N, 119°31.797'E) in the Yellow Sea,
in the Donggang District of Rizhao City, Shandong Pro-
vince. We employed an experimental approach in a filed
mesocosm as previously published studies (Fletcher et
al., 2017, Ammon et al., 2018; Azevedo et al., 2020), to
weekly monitor changes in macrofouling species on mesh
nets and in the seawater (Fig.S1a). Briefly, we built ex-
perimental nets with black polyethylene (PE) mesh, iden-
tical to those used in the cage aquaculture area. Each net
was mounted onto a stainless steel square frame measur-
ing 40 cmx40 cm. This study included seven experimen-
tal groups, each consisting of three nets connected by
stainless steel chains and ropes (Fig.S1b). After the de-
ployment into the seawater, each experimental group—
weighted with lead to maintain vertical orientation—had
nets positioned at approximate depths of 0.5, 2.5, and 4.5
m (Fig.S1a). On May 23, the seven experimental groups
were evenly suspended on the circular floating valve of a
net-cage structure (without a netting system). The float-
ing valve was located within the cage aquaculture area,
less than 1000 m from the nearest fish cage.

From May 30 to July 20, one of the seven experimen-
tal groups was randomly selected each week for morpho-
logical identification. All fouling organisms from the
three mesh nets within the selected group were collected,
placed in plastic bags, and transported to the laboratory at
4 °C. Organisms that could be easily identified were de-
termined and counted within 24 h; specimens that re-
quired further identification were preserved in formalin
for later analysis and enumeration. The samples were cha-
racterized by a team with over 10 years of experience in
marine macrobenthic taxonomy, using an optical micro-
scope at x10, x40 and x100 magnifications. Species were
identified to the lowest possible taxonomic level based on
their morphological characteristics, by consulting the book
An Illustrated Guide to Species in China’s Sea and the
World Register of Marine Species (WoRMS).

Seawater samples for eDNA metabarcoding analysis
were collected at the mesh net deployment site during
each sampling date. Three 1-L seawater samples were re-
spectively collected from three different depths (0.5, 2.5,
and 4.5 m) using a plexiglass water collector (Fig.S1a).
These samples were transferred into sterile bottles and
transported to the laboratory at 4 °C.

2.2 Water Filtration, DNA Extraction, Amplification,
and Sequencing

Seawater samples were filtered within 12 h of return-
ing to the laboratory. Prior to filtration, samples were
thoroughly shaken to ensure proper homogenization. Each
1-L sample was vacuum-filtered onto a 0.22 pm Sterivex
Millipore filter membrane, and the membrane was stored
at —80 °C until DNA extraction.

Each filter membrane was cut into pieces and im-
mersed in the mixture (containing 0.5 mL CTAB buffer,
2% CTAB, 1.4 mol/L NaCl, 20 mmol/L EDTA, 100
mmol/L Tris-HCI pH 8.0, 0.2% SDS, 30 pL of 20 mg/mL
Proteinase K, and 30 pL of 10 mg/mL RNase A), and in-
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cubated at 56 °C for 3 h to ensure complete cell lysis.
eDNA was then extracted using the modified CTAB me-
thod as previously described (Zhang and Lin, 2005). The
concentration and quality of eDNA was assessed using
1% agarose gel electrophoresis and NanoDrop spectro-
photometer.

Two genetic markers were amplified: an about 300 bp
fragment of the mitochondrial COI gene and an about 400
bp segment of the V1-V2 region of the /8S rRNA gene.
The primers used for COI gene amplification were ml-
COlintF and dgHCO2198 (Leray et al., 2013), and for the
188 rRNA gene, primers SSU F04 and SSU R22 were
applied (Meyer, 2003). PCR reactions were performed in
25 pL volumes with 12.5 uL. of 2x Taq PCR Mix (TTAN-
GEN), 1.5 uL DNA template, 1 pL of each primer, and
sterilized water. COI amplification involved an initial de-
naturation at 98 °C for 3 min, followed by 35 cycles of 98
°C for 15 s, 52 °C for 30 s, and 72 °C for 45 s, with a fi-
nal extension at 72 °C for 5 min. For /8S rRNA, the ther-
mocycling conditions were 98 °C for 30 s, followed by 35
cycles of 98 °C for 10 s, 57 °C for 30 s, and 72 °C for 30 s,
with a final extension at 72 °C for 10 min. PCR products
were confirmed by 1% agarose gel electrophoresis, and se-
quencing libraries were prepared using the NEBNext Ul-
tra II DNA Library Prep Kit (Cat. No. E7645B) and se-
quenced on the Novaseq 6000 platform (Illumina, PE250).

2.3 Bioinformatic Analyses

We used the EasyAmplicon pipeline to analyze eDNA
data (Liu et al., 2023). Primer sequences and low-quality
reads (parameter: --fastg_maxee_rate 0.01) were trimmed
using the --fastx_filter command, and paired reads were
merged into single sequences using the --fastq merge-
pairs in VSEARCH (v2.15.2) (Rognes et al., 2016). Re-
dundant sequences were removed using the derep full-
length in VSEARCH, and the data were denoised with the
unoise3 algorithm in USEARCH (Edgar, 2016) using the
parameter minsize>10 to filter out low-abundance noise.
Subsequently, chimeric sequences were identified and re-
moved from the denoised sequences using the uchime_ref,
with the BOLD database for COI and the PR2 database
for 18S rRNA sequences serving as reference databases.
Finally, the quality-controlled sequences were clustered at
97% similarity to generate the original amplicon se-
quence variants (ASVs) table.

2.4 Reference Database Construction and
Species Annotation

To improve species annotation accuracy, we construct-
ed a reference database containing COI and /8S rRNA
gene sequences for macrobenthos reported in China, fol-
lowing previously published methods (Castro-Cubillos et
al., 2022; Fleming, 2023; Pinna et al., 2024). First, we
compiled a macrobenthos species list using information
from the book Marine Macrobenthic Organisms in Chi-
na: Research and Practice. Corresponding COI and 18S
rRNA sequences were retrieved from publicly available
databases (e.g., NCBI, BOLD Systems, and PR2). Only
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sequences with appropriate length were included: COI se-
quences were typically between 600 bp and 700 bp, and
18S rRNA sequence ranged from 33 bp to 94 Mb. To en-
sure the accuracy of species names and taxonomic infor-
mation, we cross-checked and corrected annotations of
the quality-controlled sequences using the WoRMS and
the latest taxonomic literature. At the family level, the
self-constructed COI and I8S rRNA databases covered
85.47% and 75.58% of the macrobenthic species reported
in the Yellow Sea, respectively (please see Supplemen-
tary materials 1, 2, and 3 for detailed database informa-
tion). Representative ASV sequences from the ASV table
were then aligned to the reference database using blastn
v2.15.0 with the following parameters: blastn -query
test.fa -db macrobenthos -outfmt 6 -evalue le-5 -max_tar-
get_seqs 1 -num_threads 1 -out result.txt. This resulted in
a comprehensive annotation table for macrobenthos spe-
cies. To identify fouling organisms, a list of fouling ani-
mals in China was compiled based on the book Marine
Fouling and Its Prevention and recent surveys from litera-
ture. We then compared the macrobenthos annotation ta-
ble with the fouling species list, generating a macrofoul-
ing species annotation table.

2.5 Statistical Analyses

Morphological identification data from 21 nets (3 nets
per sampling datex7 sampling dates) were used for statis-
tical analysis, while 162 eDNA samples (3 depthsx3 repli-
cates per depthx9 sampling datesx2 molecular markers)
were included in the statistical analyses. We performed
diversity and community structural analyses on both mor-
phologically identified fouling organisms and the annotat-
ed fouling organism sequences obtained from eDNA. Al-
pha diversity was evaluated using the Shannon-Wiener in-
dex, Simpson index, Pielou evenness index, and Margalef
richness index, which were calculated using the ‘vegan’
package (Oksanen et al., 2022) in R 4.4.0 software (R
Core Team, 2024). To assess differences in alpha diversi-
ty among sampling dates, Kruskal-Wallis non-parametric
tests were performed using the ‘rstatix’ package (Kassam-
bara, 2023) in R. Generalized liner model (GLM) was em-
ployed to assess the effects of sampling date and depth on
alpha diversity with a Gaussian distribution in R with
‘MASS’ package. Beta diversity was quantified using
Bray-Curtis dissimilarity, and Principal Coordinate Ana-
lysis (PCoA) was used to evaluate variations in communi-
ty structure among sampling dates. Both Bray-Curtis dis-
similarities and PCoA were performed using the vegdist
and cmdscale functions in the ‘vegan’ package. The sig-
nificance of differences between dates was tested through
Permutational Multivariate Analysis of Variance (PER-
MANOVA) using the adonis2 function in the ‘vegan’
package. Additionally, the average contribution of indivi-
dual fouling species to within-group similarity and be-
tween-group dissimilarity was determined using Similari-
ty Percentage (SIMPER) analysis with Past 4.03 software.

Following the method of Alguer6-Muiliz et al. (2024),
we compared the detection sensitivity of the morphologi-
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cal method with that of each genetic markers (CO/ and
18S rRNA) by examining the taxa identified by both ap-
proaches on the same sampling dates. Specifically, for
each taxon detected by both methods, we calculated the
proportion of samples in which the taxon was identified
by only one of the two methods relative to the total num-
ber of samples. This metric reflects the degree of congru-
ence between the two methods for each taxon. Additional-
ly, we calculated the ratio of the number of samples iden-
tified by the morphological method to those identified by
each molecular marker for each taxon, and evaluated the
relative detection capacity of the morphological method
compared to metabarcoding analysis method employing
COI and 18S rRNA sequences.

3 Results

3.1 Morphological Identification of Biofouling Species

We identified 19 different taxa, belonging to 7 phyla, 9
classes, 10 orders, 13 families, 15 genera, and 14 species

(Fig.1a, Table 1). In this study, we did not include the
number of Ectopleura crocea (Cnidaria) individuals in the
subsequent statistical analyses because of two main con-
siderations. First, the individuals of this species were fra-
gile, and it was difficult to obtain intact specimens when
removing them from the mesh nets, making it impossible
to ensure accurate counts. Second, the abundance of E.
crocea was so high that it could potentially bias the re-
sults of the statistical analyses. For example, in one of the
mesh nets, E. crocea accounted for 99.60% of the total
number of Cnidaria individuals. After excluding E. cro-
cea, the most abundant phyla were Arthropoda (95.79%)
and Mollusca (2.52%), which dominated throughout the
study period (Fig.1b, Fig.2a). Between May 30 and June
13, only a few individuals of certain species, including
Caprella sp., Jassa marmorata, and Mytilus edulis, were
found on the bare nets (Fig.2b, Fig.Slc, Table S1). After
June 13, the nets were increasingly colonized by hydro-
zoans, while the numbers of other species, such as Ampi-
thoe valida, Stenothoe valida, and Nereis multignatha, al-
so increased.
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Fig.1 (a) Overview of the total amplicon sequence variants (ASVs)/species obtained from morphology, COI, and 18S
rRNA. The relative abundance of the three most numerous phyla in morphology (b), COI (¢), and 18S ¥rRNA (d).

Table 1 Taxonomic assignment of biofouling to morphology and different metabarcoding datasets

ASVs Phylum Class Order Family Genus Species
Morphology - 7 9 10 13 15 14
cor 33 5 7 11 13 15 17
18S rRNA 33 7 7 12 17 19 19
COI+18S rRNA - 8 10 18 25 30 32
All — 9 12 20 29 35 37

Note: —, not applicable.
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and /8S rRNA gene.

3.2 Biofouler Identification Based on
Metabarcoding Analysis

For the COI gene, the initial number of raw sequences
was 8515499, while for the /85 rRNA gene, it was
8553505. After applying stringent filtering procedures, we
obtained 8162322 high-quality reads for COI and 8325211
for 185 rRNA. Sequence clustering at 97% similarity yield-
ed 1876 ASVs for COI and 1371 ASVs for 18S rRNA, ac-
counting for 8090920 and 8072505 reads, respectively
(Table S2). The average read length was 378 bp for COI
and 414 bp for /8S rRNA.

Using a self-constructed macrobenthos database, we
classified about 84.00% (1575 of 1876 ASVs) of the COI
data and 60.76% (833 of 1371 ASVs) of the /8S rRNA da-
ta as macrobenthos. When compared to the Chinese near-

shore marine fouling database, 33 ASVs were identified
as macrofouling in both COI and /8S rRNA (Table S2).

The two markers identified different numbers of macro-
fouling taxa across taxonomic levels. Of the 33 ASVs iden-
tified by COI, 5 phyla were represented, covering 7 class-
es, 11 orders, 13 families, 15 genera, and 17 species (Fig.1a,
Table 1). For the 33 ASVs identified by /8S ¥rRNA, 7 phy-
la were represented across 7 classes, 12 orders, 17 fami-
lies, 19 genera, and 19 species. The two markers totally
identified 8 phyla, 10 classes, 18 orders, 25 families, 30 ge-
nera, and 32 species.

The most abundant phylum identified by COI were
Arthropoda (75.61%), followed by Cnidaria (23.62%)
(Fig.1b). For 78S rRNA, Mollusca (60.89%), Cnidaria
(18.77%) and Annelida (17.49%) were the most abundant
phyla. The most abundant species identified varied across
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methods: Caprella equilibra, Caprella sp.1, and Caprella
sp.2 (Arthropoda) were most abundant in morphological
identification, while Jassa marmorata (Arthropoda), Obe-
lia bidentata (Cnidaria), and Metridium senile (Cnidaria)
were most abundant by COI gene identification (Fig.2b).
The most abundant species identified by /8S rRNA were
Crassostrea gigas (Mollusca), Arcuatula senhousia (Mol-
lusca), and Halosydna brevisetosa (Annelida). For COI,
the abundance of Arthropoda decreased initially (May 23
to 30), then increased (June 6 to 13), and then decreased
again (June 21 to July 20) (Fig.2b). In contrast, Cnidaria
abundance initially increased (May 23 to June 6) and then
decreased (June 13 to July 20). The abundance patterns of
dominant phyla in the /8S rRNA were different. Mollusca
and Cnidaria exhibited cyclical fluctuations, with Mollus-
ca initially decreasing and then increasing, while Cnidaria
increased before June 13 and later fluctuated cyclically. In
contrast, the abundance of Annelida followed a pattern of
initial increase (May 23 to 30), then decrease (June 6),
then subsequent increase (June 13 to 27), and a final de-
crease (July 5 to 20).

(@

18S rRNA Morphology

(¢c)  Morphology
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At the phylum level, both genetic markers identified 5
shared phyla (Fig.3, Table S3). Five phyla detected by
COI were fully represented by those identified through
morphology. Three phyla were exclusively detected by a
single method: two by /8S rRNA and one by morphologi-
cal identification, with no exclusive phyla detected by
COI. The percentages of shared taxa identified by the
three methods at different taxonomic levels were 33.33%
at the class level, 20.00% at the order level, 13.80% at the
family level, 8.57% at the genus level, and 8.11% at the
species level (Families, genera, and species not identified
by morphology were excluded) (Fig.3).

3.3 Differences in Detection Sensitivity Between
Morphological and Metabarcoding Methods

There were differences in detection sensitivity between
morphological and metabarcoding methods, with certain
taxa detected exclusively by one method while remaining
undetected by another (Tables S4 and S5). In the compari-
son between morphology and COI, Ectopleura, Jassa, and

Morphology

18S rRNA
Morphology

'

18S rRNA

(e) Morphology

18S rRNA

Morphology

18S rRNA

18§ rRNA

Fig.3 Venn diagram showing the shared and unique biofouling taxa recovered by morphology and gene markers (COI and
185 rRNA) at different taxonomic levels, including (a) phylum, (b) class, (¢) order, (d) family, () genus, (f) species.
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Nereis exhibited complete congruency across all sampl-
ing dates (with a discrepancy rate of 0%), whereas Ha-
losydna showed the highest discrepancy rate, reaching
86%. In the comparison between morphology and /8S
rRNA, the discrepancy rates for Caprella and Mytilus
were 14%, while Membranipora displayed a discrepancy
rate of 100%. For the taxa detected by both methods, we
further compared their relative detection sensitivity by cal-
culating the ratio of the number of samples in which each
taxon was detected by one method relative to the other
(Tables S4 and SS5). The results indicated that most taxa—
including Arcuatula, Halosydna, Planocera, Membrani-
pora, and Musculus—exhibited higher detection sensitivi-
ty in eDNA-based analyses. For certain taxa such as Ca-
prella, the morphological method demonstrated superior
detection capability.

3.4 Diversity Analyses and Temporal Variation of the
Most Abundant Groups

The temporal variation patterns in diversity indices dif-
fered across the morphological, COI, and /8S rRNA da-
tasets. For the morphological data, although no signifi-
cant differences were observed in the temporal changes of
the Shannon and Inverse-Simpson diversity indices, a
trend of initial increase (May 30 to June 21), followed by
a decrease (June 27 to July 5), and then a subsequent in-
crease (July 14 to 20) was observed (Figs.4a, 4b). The
Margalef index showed a trend of decreasing (May 30 to
July 5), followed by a slight increase (July 14 to 20)
(Fig.4c). The Pielou index revealed a significant change
in species richness over time (H=18.216, df=6, p=0.006),
with a trend of initial stability (May 30 to June 27) fol-
lowed by an increase (July 5 to 20) (Fig.4d).

For the COI data, the Shannon, Inverse-Simpson, and
Pielou indices exhibited significant temporal changes
(p<0.05), with a trend of initial decrease (May 21 to June
13), followed by an increase (June 21 to July 5), and
eventually stabilized (July 14 to 20) (Figs.4e—g). The Mar-
galef index displayed a pattern where species richness re-
mained stable (May 21 to June 13) before beginning to in-
crease (June 21 to July 20) (Fig.4h). For the /8S rRNA da-
ta, no significant differences were observed in any of the
diversity indices across the study period, showing an M-
shaped fluctuation trend (Figs.4i-1).

GLM results indicated that sampling date significantly
influenced the Margalef (p<0.001) and Pielou indices
(»<0.01 in morphology, p<0.05 in COI) in both morpho-
logical and COI datasets. In the COI dataset, the Shannon
(»<0.01) and Inverse-Simpson (p<0.05) indices were also
significantly affected (Table S6).

In the PCoA analysis, inconsistent clustering patterns
were observed across the three methods. For the morpho-
logical data, two groups were observed: one group from
May 30 to June 13, and the other one from June 21 to Ju-
ly 20. These two groups were separated along the PCoAl
axis, which explained 70% of the total variance (Fig.5a).
For the COI data, all samples clustered into three groups:
the first group from May 23 to June 6, the second from
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June 13 to 27, and the third from July 5 to 20. The first
and third groups were separated along the PCoAl axis,
while both the first and third groups were separated from
the second group along the PCoA2 axis. The variances
that can be explained for these two axes were 46.75% and
20.94%, respectively (Fig.5b). For the /8S ¥rRNA data, al-
though no distinct grouping was observed, a gradual tran-
sition from the start of the experiment (May 23) to the end
(July 20) was evident (Fig.5c). The PERMANOVA re-
sults confirmed significant differences in community struc-
ture across sampling times (p=0.001).

SIMPER analysis was performed to assess the contribu-
tion of each species to the differences in community com-
position across sampling time points (Table 2). In the mor-
phological analysis, the top three species contributing to
community variation were Caprella equilibra (28.47%),
Mytilus edulis (22.62%), and Jassa marmorata (14.11%).
For the COI gene, community variation was primarily dri-
ven by differences in the relative abundance of Jassa mar-
morata (45.24%) and Obelia bidentata (40.79%). For the
18S ¥RNA gene, Crassostrea gigas (20.01%), Coryne pu-
silla (16.12%), and Arcuatula senhousia (15.15%) played
significant roles in community variation.

4 Discussion

Assessing species composition and dynamic changes of
fouling communities is a crucial prerequisite for develop-
ing effective biofouling management strategies in marine
net cage aquaculture. In this study, we evaluated the ef-
fectiveness of water eDNA metabarcoding in identifying
macrofoulers in a net cage aquaculture area in the Yellow
Sea. We found that metabarcoding not only detected most
of the macrofoulers identified by morphology (64%, i.e.,
9 out of 14 species) at the species level, but also unco-
vered many species missed by traditional monitoring (23
out of 32 species). There were also differences in species
identification between CO! and /8S rRNA markers. Addi-
tionally, there was a delayed or lagged effect of species
diversity between morphology and COI-comparison data.

4.1 Macrofouler Components Identified by
Different Approaches

Metabarcoding detected the same dominant phyla as
those through morphological identification. Both methods
showed that Arthropoda, Cnidaria, and Mollusca were the
main abundant phyla attached to the soft nets. With in-
creasing taxonomic resolution, the overlap in species iden-
tified by morphological and metabarcoding methods de-
creased. At the species level, 9 species were detected by
both morphological and metabarcoding approaches (ac-
counting for 64% of morphologically identified species),
while eDNA method found other 23 species that were miss-
ed by traditional monitoring. Our findings support the re-
sults of previous studies (Zaiko et al., 2016; Briand ef al.,
2018; Azevedo et al., 2020), which showed that tradition-
al and molecular approaches were consistent at high taxo-
nomic levels, while metabarcoding was able to identify a
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species, such as Ectopleura, Jassa, and Caprella, eDNA
generally showed greater sensitivity in detecting the ma-

much broader range of taxa at lower levels (e.g., genera,

species). The sensitivity of morphological and metabar-
coding methods also differed. While both methods de-

jority of taxa, such as Arcuatula, Halosydna, Planocera,

Membranipora, and Musculus.

monstrated high congruency for several dominant fouling

pringer

fs



GU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2025 24: 1401-1413

1409

(@) R*=0.8, p=0.001 (b) R=0.71, p=0.001 (©) R=0.46, p=0.001
I I I
021 | . |
0.3 1
—_ ~ 03 - Y
& | 9 | QCI% < °0 °2 |
Q 3 g g O s
- 4 | = I e o €% doo B
T 0= = — — Q T ol _y
~ o 0= — — 4 — = — - _r o
<g Sampling date <g & <g °
O o May 23 | O | © O [
& o May 30 - o lo 2 &
Jun. 6 g 00 -0.3
-0.2 Jun. 13 | 03 = |Oo v |
Jun. 21 : -0l
Jun. 27 S
Jul.’5 | | o |
olJul. 14
oJul. 20 | | -0.6 |
050 025 0 025 03 0 0.3 04 0 0.4

PCoA 1 (63.09%)

PCoA 1 (46.75%)

PCoA 1 (21.2%)

Fig.5 Structure of biofouling community in (a) morphology, (b) COI, (c) 18S rRNA using principal coordinate analysis
(PCoA) based on the Bray-Curtis difference index.

Table 2 Contributions of various species/ASVs to biofouling
community difference as indicated by SIMPER analysis

Species Contribution (%)  SD
Caprella equilibra 28.47 0.102
Mpytilus edulis 22.62 0.163
Morphology Jassa marmorata 14.11 0.083
Caprella sp.2 12.36 0.042
Caprella sp.1 11.35 0.035
Stenothoe valida 6.68 0.045
cor Jassa marmorata 45.24 0.293
Obelia bidentata 40.79 0.252
Crassostrea gigas 20.01 0.162
Coryne pusilla 16.12 0.132
Arcuatula senhousia 15.15 0.119
18S rRNA Mytilus edulis 9.87 0.098
Halosydna brevisetosa 7.40 0.079
Pennaria disticha 6.72 0.048
Pinna muricata 5.10 0.039

Note: Only species/ASVs with a contribution >5% are shown.

The failure of metabarcoding to identify 36% of the
morphologically identified species may be associated with
the following factors: i) the DNA of target species may
have been diluted or dispersed by water movement, result-
ing in the absence of their genetic material in the collect-
ed samples; ii) degradation of target species’ DNA may
have occurred, reducing its detectability; iii) the DNA
concentration of target species may have been too low,
leading to insufficient primer amplification efficiency and,
consequently, affecting detection outcomes (Rees et al.,
2014; Roussel et al., 2015); iv) the incompleteness of re-
ference databases, particularly the lack of sequence data
for certain species, may have limited the accuracy of taxo-
nomic assignment; and v) potential amplification bias dur-
ing PCR, which could result in the failure to amplify tar-
get species or misidentification during database matching
(Cowart et al., 2015).

Here, we observed significant difference in the major
phyla and species identified by COI and 18S rRNA, re-
spectively. Differences in species identification among

molecular markers are primarily influenced by primer am-
plification bias, variations in the evolutionary rates of tar-
get gene regions, the completeness of reference databases,
and the taxonomic resolution of different markers (Ha-
jibabaei et al., 2019; Kelly et al., 2019; van der Loos and
Nijland, 2021). Among the potential reasons, the sensiti-
vity of molecular markers is likely the most significant
factor, as it directly affects the determination of fouling
community composition, as well as community diversity
and structure (Deiner et al., 2016; Portas et al., 2022).
Therefore, to achieve a more comprehensive monitoring
of fouling species, it is important to combine multiple mole-
cular markers.

The most abundant macrofoulers are often the key spe-
cies that affect the service life of net cages and the effi-
ciency of aquaculture operations. Therefore, whether meta-
barcoding technology can accurately identify the domi-
nant local macrofoulers is a critical factor determining the
applicability and widespread adoption of this method. The
top abundant species identified by COI and /8S rRNA did
not correspond to the species with the highest abundance
observed in morphology in the present study. Ectopleura
crocea (Cnidaria) and Caprella sp. (Arthropoda) were
most abundant in morphological identification, whereas
Jassa marmorata (Arthropoda), Obelia bidentata (Cni-
daria), and Metridium senile (Cnidaria) dominated in COI
identification, and Crassostrea gigas (Mollusca), Arcua-
tula senhousia (Mollusca), and Halosydna brevisetosa (An-
nelida) were the most abundant in /8S ¥RNA identifica-
tion. Designing specific markers to track important foul-
ing species is strongly recommended (Marshall and Stepi-
en, 2019). For instance, targeted markers were successful-
ly used to detect the quagga mussel in the Rhine River
harbor of Basel (De Ventura ef al., 2017) and zebra mus-
sel in the Red River off Lake Winnipeg (Gingera et al.,
2017), both of which were missed by traditional morpho-
logical monitoring. Therefore, we suggest employing com-
plementary targeted metabarcoding assay to monitor do-
minant macrofouling species in this region for future mo-
nitoring efforts.
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4.2 Changes in Taxonomic Diversity and
Biofouling Community

Both morphological and COI data revealed similar pat-
terns of change in the diversity and community structure
of the fouling species in the present study, with these
changes being significantly influenced by sampling date.
Regarding the changes in biodiversity of fouling orga-
nisms attached to the nets, the diversity and richness in-
dices on June 27 were relatively low compared to those
on other sampling dates. We suggest that the appearance
of E. crocea was a key factor leading to this shift, as hy-
drozoans are often the first colonizers on mesh nets, sig-
nificantly affecting subsequent biodiversity and species
richness (Bloecher et al., 2013; Xie et al., 2019). The
presence of E. crocea led to the replacement of previous-
ly attached organisms, resulting in a decrease in diversity.
However, as E. crocea and Caprella sp. covered most of
the nets, the numbers of other fouling organisms began to
increase, causing an increase in both species diversity and
richness, with evenness also stabilizing. These results are
consistent with our observations on the nets. Beta diversi-
ty analysis revealed significant differences in community
composition between May 30 to June 13 and June 21 to
July 20, and E. crocea, Caprella sp., M. edulis, and J.
marmorata contributed significantly to community varia-
tion. These results further support the idea that the arising
of hydrozoans and amphipoda at the end of June repre-
sented a crucial turning point in the structural changes of
fouling organism communities in this region. A hanging
panel experiment at Beiguan Port in the East China Sea
also revealed similar phenomena (Li et al., 2018). We
suggest that implementing targeted interventions for these
key species at the beginning of summer may help to re-
duce the impact of fouling organisms on net cages in this
region.

For water eDNA metabarcoding, the trend in diversity
changes for the COI marker closely mirrored the morpho-
logical results. Unlike morphological diversity, however,
the lowest points for COI diversity and richness occurred
on June 13, which was earlier than observed in the mor-
phological results. Beta diversity analysis with COI se-
quence also indicated that June 13 and June 27 formed
distinct clusters, separating this group from the preceding
and subsequent samples, suggesting that changes in spe-
cies composition and diversity occurred during this peri-
od, leading to the shifts in community structure. In addi-
tion to these trends, we also noted that water eDNA me-
tabarcoding detected abundance peaks for some biofoul-
ing species earlier than those from morphological obser-
vations. For example, the maximum abundance of J. mar-
morata was observed on June 21, but was detected on
June 13 with COI, and on May 30 with /8S rRNA. Simi-
larly, the maximum abundance of H. brevisetosa occur-
red on July 14, but was detected on June 27 with both
COI and 18S rRNA markers. For 4. senhousia, the peak
abundance was observed on July 20, while with COI and
18S rRNA, it was detected on July 14. The early detection

@ Springer

GU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2025 24: 1401-1413

of metabarcoding for biofouling species has been well-
documented (De Ventura et al., 2017; Gingera et al.,
2017; Marshall and Stepien, 2019). Thus, we propose that
water eDNA metabarcoding could be a valuable tool for
informing preventative management decision (e.g., tim-
ing of treatment), potentially reducing the costs associat-
ed with biofouling management in this region.

Two main factors might lead to the observed divergent
temporal trends in diversity indices in COI and morpho-
logical datasets. First, methodological limitations in meta-
barcoding (e.g., primer bias, the completeness of refer-
ence databases) may result in incomplete or inaccurate de-
tection of certain taxa. As discussed above, these limita-
tions could contribute to temporal inconsistencies in the
observed patterns of diversity change. Second, there is a
temporal lag between the diversity patterns captured by
eDNA from water samples and those observed in mor-
phology on mesh nets. Most macrofoulers experience a
planktonic phase before settlement, potentially allowing
eDNA to detect their presence in the water column ahead
of their physical attachment to the nets. For example, the
earlier detection of J. marmorata in seawater than on
mesh nets could contribute to its planktonic phase (Franz
and Mohamed, 1989). Similar methodological lag effects
have also been reported in other studies. For instance,
some planktonic organisms exhibit significant lagged ef-
fects on fish gill health, highlighting the importance of
understanding ecological processes during the planktonic
phase of marine species (Alguerdo Muiiz et al., 2024).

5 Conclusions

eDNA from water samples is, to some extent, indica-
tive of the presence and temporal changes in the diversity
of macrofoulers on cage nets, as detected by traditional
morphological method, in the coastal area of the Yellow
Sea. The appearance of E. crocea and Caprella sp. at the
end of June marked a substantial turning point in the
change of biofouling communities. Future studies could
design targeted primers for these key fouling species to
improve monitoring efficiency.
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