
Citation: Nhat, N.H.; Saito, M.;

Hamada, M.; Onodera, S.-i.

Evaluation of the Effects of

Environmental Factors on Seasonal

Variations in Fish Diversity on a

Coastal Island in Western Japan.

Environments 2024, 11, 60.

https://doi.org/10.3390/

environments11030060

Academic Editor: Federica Cacciatore

Received: 16 February 2024

Revised: 17 March 2024

Accepted: 18 March 2024

Published: 20 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

environments 

Article

Evaluation of the Effects of Environmental Factors on Seasonal
Variations in Fish Diversity on a Coastal Island in Western Japan
Nguyen Hong Nhat 1,2 , Mitsuyo Saito 3,* , Mayuko Hamada 4 and Shin-ichi Onodera 3

1 Graduate School of Environmental and Life Science, Okayama University, Okayama 7008530, Japan;
p1qd3i9i@s.okayama-u.ac.jp or nhnhat@agu.edu.vn

2 Faculty of Technology—Engineering—Environment, An Giang University, Vietnam National University Ho
Chi Minh City, Long Xuyen 880000, An Giang, Vietnam

3 Graduate School of Advanced Science and Engineering, Hiroshima University, Higashi Hiroshima 7398521,
Japan; sonodera@hiroshima-u.ac.jp

4 Ushimado Marine Institute (UMI), Graduate School of Environment, Life, Natural Science and Technology,
Okayama University, Okayama 7014303, Japan; hamadam@okayama-u.ac.jp

* Correspondence: misaito@hiroshima-u.ac.jp; Tel.: +81-82-424-6521

Abstract: Coastal habitats are crucial for supporting ecological processes and serve as vital ecosys-
tems for diverse fish species, providing essential functions such as feeding, nursery provision, and
reproductive habitats. Fish communities are ecologically important components of coastal ecosystems
and are affected by multiple environmental factors. Despite their importance, determining the effects
of environmental factors on seasonal variations in fish species diversity and community dynamics
remains a challenge. The advent of environmental DNA (eDNA) technology, an environmentally
conscious approach, has resulted in considerable advancements in recent years and has been pro-
gressively adopted for marine fish population monitoring. Here, we used environmental DNA
metabarcoding to study seasonal variations in fish community structure on a coastal island, and we
assessed the effects of environmental factors in structuring these communities. Our findings revealed
a rich diversity of 72 fish species across 40 families and 23 orders in the seawater surrounding an
island of the Seto Inland Sea (SIS), Western Japan. Notably, the composition of fish communities
varied significantly between seasons, with seawater temperature, salinity, and dissolved inorganic
phosphorus (DIP) concentration identified as important factors correlated with fish communities’
structures. In conclusion, our study provides useful information of fish diversity, and we suggest
that eDNA is a valuable technique for monitoring fish diversity in coastal areas. These findings are
crucial for ecological studies and the environmental monitoring of oceanic coastal environments.

Keywords: environmental DNA; fish diversity; environmental factors; seasonal variation; coastal island

1. Introduction

Coastal areas serve as the interface between inland and offshore ecosystems and pro-
vide important ecosystem functions (such as spawning, baiting, and nursery grounds) [1].
More species of global marine life have been recorded in coastal than in offshore regions [2].
Coastal fisheries make up 85% of marine capture fisheries [3], indicating that coastal areas
are essential for both ecosystem diversity and food security. As the top consumers in coastal
ecosystems, fish play a pivotal role that reflects the condition of ecosystems’ health. The
changes in fish communities are related to multiple factors, such as hydrological conditions,
seawater quality, and habitats [4–6]. For example, the structure of coastal fish communities
is potentially influenced by geographical factors (e.g., latitudes and longitudes, coastal
topography) [6,7]. Previous studies have discussed ecosystem diversity and fish commu-
nities in several domains such as in open oceans, continental shelves, enclosed seas, and
estuaries [7–12]. Within vast coastal ecosystems, coastal islands are characterized by greater
species diversity [12–14]. Coastal island ecosystems are diverse and include many types
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of habitats such as seagrass meadows, kelp forests, rocky shores, coral reefs, and sandy
beaches [1,15,16]. Due to their diverse physical settings, topography, and geologies, coastal
islands provide a rich array of marine habitats for the organisms that inhabit them [1,17,18].
In the environments of small-scale islands, terrestrial factors, such as freshwater discharges,
exert a greater influence, with significant seasonal variability, than open ocean factors such
as oceanic currents [13,16,19]. However, the effects of environmental factors on fish diver-
sity remain incompletely understood, particularly when considering seasonal variations in
fish community composition.

Environmental factors that can affect the fish community vary not only spatially, but
also temporally. For example, seasonal changes in physical and biogeochemical factors,
such as temperature and salinity, as well as nutrient loadings can significantly impact
the abundance and composition of fish communities [20,21]. During the rainy season,
high freshwater discharge can modify environmental conditions, leading to seasonal fluc-
tuations in temperature, salinity, and nutrient loadings [22–24]. Variations in nutrient
loadings influence the production and biomass of phytoplankton, impacting competition
for resources and predator–prey dynamics [24–26]. Seasonal seawater temperature patterns
impact the metabolism of fish species, the activities of larvae, and the distribution of fish
eggs [20,27–29]. The migration and spawning behaviors of fish species are likewise influ-
enced by seasonal variations in temperature and salinity, leading to fluctuations in species
number, biomass, and density [30–33]. Thus, to ensure sustainable use of fishery resources,
it is necessary to obtain basic information on fish communities and their responses to
changes in the seasonal variations in environmental factors.

Generally, monitoring marine species is difficult because of the challenges in accessing
marine habitats and developing methods that can accurately detect all species present.
Traditional methods for surveying fish diversity based on capture methods (e.g., traps,
tow nets, and beam trawls) are time-consuming, detrimental to biodiversity, rely on taxo-
nomic expertise, only select a subset of species at the time, and are spatially restricted to
certain areas. Other non-destructive survey methods such as underwater visual censuses
(UVCs) [34] and baited remote underwater video stations [35] may be affected by the
turbidity of underwater ecosystems, hindering the efficiency and accuracy of these meth-
ods. Nowadays, environmental DNA (eDNA) is utilized to detect species within specific
areas through the collection of sediment [36,37] and water samples [7,38,39], followed by
DNA extraction, PCR amplification, and high-throughput sequencing. All sites, including
rivers [40], lakes [41], lagoons [42], estuaries [43,44], and coastal waters [43,45] can be
easily sampled to collect eDNA. This technique is considered sensitive because it allows
for the identification of rare [40,46], invasive [47,48], or migratory species [49,50]. eDNA
metabarcoding enables simultaneous detection of multiple species using high-throughput
next-generation sequencing [51–53]. Thus, this approach is more accurate and simpler to
utilize than traditional methods [45,54]. This study aimed to (i) utilize eDNA technology to
reveal seasonal differences in fish community patterns and (ii) to identify the influence of
physical and biochemical factors associated with seasonal changes observed in an island of
the SIS, Western Japan. We compared fish communities in summer and autumn, exploring
regular and seasonal species habits, in addition to assessing how changes in environmental
factors correlate with fish community composition.

2. Materials and Methods
2.1. Study Area

Stretching over 3000 km from the subtropics to the subarctic, the Japanese archipelago,
comprising four main islands and numerous smaller ones, parallels the eastern rim of
the Eurasian continent. Its coast, influenced by two warm (Tsushima and Kuroshio) and
one cold (Oyashio) currents, hosts a diverse array of over 4500 warm- and cold-water
fish species across 370 families [5]. We carried out this research in the coastal area of
Ikuchijima Island, which is in the central region of the Seto Inland Sea (SIS) and far from
the two channels (Bungo channel and Kii channel) which connect to the Pacific Ocean
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(Figure 1b,c). This island appeared to be more influenced by terrestrial factors, such as
freshwater discharge, than oceanic currents, which seem to be nearly uniform around the
entire island [24,55]. The water temperature in the study area rises by 10 ◦C from early April
to August, peaking in the summer [56]. Rainfall is unevenly distributed, with the majority
falling during the rainy season (June to July), leading to increased terrestrial discharge in
the area [57,58]. We observed that the coastal area of this island is surrounded by sandy
beaches, rocky reefs, and clusters of seaweed and seagrass meadows. The seafloor substrate
in the seagrass area consists primarily of mud and sand [59,60]. Moreover, significant
agricultural production is carried out on this island, and it ranks as one of Japan’s foremost
citrus-producing regions. However, the substantial expansion in agricultural activities has
led to a notable surge in the discharge of domestic and agricultural pollutants, exerting
a substantial impact on the island’s marine ecosystem [61]. This scenario indicates that
nutrient loading predominantly arises from terrestrial sources [24,55].
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Figure 1. Map showing the location of the study area and sampling sites, with red dots indicating
sampling stations. (a) Japan; (b) Seto Inland Sea and (c) Ikuchijima Island.

2.2. Sample Collection

Field surveys were conducted in the coastal area of Ikuchijima Island in August
2021 (summer) and November 2022 (autumn). These seasons were selected because the
fish assemblages and nutrient loadings have been shown to vary greatly between these
seasons [59,60,62]. Seawater samples were collected from the surface layer from a boat by
slowly circling around 13 stations of the island; the stations were chosen based on a previous
study [58]. Those stations are located approximately 100 m from the shore. At each station,
three 100 mL seawater samples were collected and transported to the laboratory and kept at
4 ◦C for chemical analysis. Parameters examined included the levels of ammonia nitrogen
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(NH4-N, mg/L); nitrite (NO2-N, mg/L); nitrate (NO3-N, mg/L); phosphate (PO4-P, mg/L);
and silicate (Si(OH)4-Si, mg/L). Chemical analyses were performed using an auto-analyzer
(swAAt, BLTEC). We define dissolved inorganic nitrogen (DIN) as the sum of ammonia
nitrogen (NH4-N, mg/L), nitrite (NO2-N, mg/L), and nitrate (NO3-N, mg/L). Phosphate
(PO4-P, mg/L) is reported as dissolved inorganic phosphorus (DIP), while silicate (Si(OH)4-
Si, mg/L) is reported as dissolved silicate (DSi). While collecting seawater samples, a
potable water quality analyzer (CTD-Diver, vanEssen Instruments) was employed to record
seawater temperatures and salinity at each station.

For eDNA samples, surface seawater samples were collected from 13 stations along
the coast of Ikuchijima Island for each survey. Two 1 L bottles of water were collected
per site (two replicates) from the surface layer using polypropylene bottles, with 1 mL of
10% benzalkonium chloride solution (Osvan 10%, Nihon Pharmaceutical Co., Ltd., Tokyo,
Japan) being immediately added to prevent eDNA degradation by bacteria. Field water
samples and 1 L distilled water (negative control) were kept on ice during sampling and
transport until filtration. Each 1 L water sample was filtered through a Sterivex-HV filter
(pore size, 0.45 µm; Merck Millipore, Burlington, MA, USA) using a luer-lock syringe
(TERUMO, Tokyo, Japan) and directly immersed in 1.5 mL of RNAlater (Thermo Fisher
Scientific, Waltham, MA, USA) to avoid DNA degradation. Filtered Sterivex units were
stored at −20 ◦C in the laboratory until DNA extraction.

2.3. Environmental DNA (eDNA) Analysis and Species Analysis

Total DNA was extracted by using a DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany), as described by Minamoto et al. [63] and following the manufacturer’s protocol
with minor modifications. After purification, the DNA was eluted with 100 µL elution
buffer (buffer AE) and stored at −20 ◦C.

The amplicon libraries of the spatial 12S rRNA region were constructed using the
universal Mifish primer sets (MiFish-E-F/R-v2:MiFish-U-F/R:MiFish-U2-F/R = 1:2:1) fol-
lowing the procedures described by Miya et al. [52]. KAPA HiFi HotStart ReadyMix
(KAPA Biosystems, Wilmington, MA, USA) was used for the amplification of eDNA, and
GeneRead Size Selection Kit (Qiagen, Hilden, Germany) and Agencourt AMPure XP (Beck-
man Coulter, Tokyo, Japan) for purification of first and second PCR products according
to the manufacturers’ protocols. Purified PCR products were quantified using a Qubit
2.0 fluorometer and dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA)
and a TapeStation 4150 and DNA High Sensitivity D1000 (Agilent, Santa Clara, CA, USA).
The obtained sequencing libraries were quantified using a Qubit 2.0 fluorometer and ds-
DNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and pooled in equal
concentrations. Libraries were sequenced using an Illumina MiSeq system with 600-cycle
chemistry (2 × 300 bp paired-end sequencing using the MiSeq Reagent Kit v3) (Illumina,
San Diego, CA, USA).

2.4. Bioinformatic Analysis

Sequence pairs of all samples were analyzed following Miya et al. (2015) and using the
publicly available bioinformatics pipeline, Mifish Pipeline [64]. All sequencing data under-
went quality control by FastQC, and low-quality 3′-tails were trimmed. FLASH was used to
merge paired-end reads and to remove erroneously merged reads (229 ± 25 bp by default).
The primer sequences were removed by TagCleaner. Finally, sequence data were clustered
and dereplicated into unique sequences, followed by the removal of singleton and chimera
sequences by Uclust and UCHIME. The ZOTUs (zero-radius Operation Taxonomic Units)
table was obtained and queried against the Mitofish database (fish mitochondrial genome
database) with a identification threshold of 97% and an e-value of 10−5 as determine by
Blast [65,66].

Species lists obtained from the pipeline have yet to be verified; each species on the list
was checked against originally aligned sequences by the NCBI Basic Local Alignment Search
Tool [67]. Thereafter, only ZOTUs with a number of reads > 0.05% (i.e., ≥16 reads) were
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used for future analyses [6,23,44]. Any species that failed to meet these requirements were
excluded from the fish list, as failure indicates a highly suspicious sign of contamination.
This study focused exclusively on the coastal fish community, excluding non-fish and
freshwater fish species from the analysis. The total number of reads obtained is shown in
Table S1.

2.5. Statistical Analysis
2.5.1. Nonparametric Analyses

First, to illustrate the relative proportion of fish species detected, the raw read num-
bers were transformed into relative abundance [68]. For further analysis, the raw dataset
obtained from eDNA metabarcoding was transformed by Hellinger transformation, and
the environmental factors dataset was standardized [68]. The fish alpha diversity was
characterized using species richness (total number of species at each station) and the
Shannon–Wiener diversity index (H) [69]. To evaluate the disparity in fish community com-
position between two seasons, assessments of community dissimilarity were performed
through Analysis of Similarities (ANOSIM) utilizing a Bray–Curtis matrix within the re-
spective groups. In this analysis, 999 random permutations were performed to evaluate the
statistical significance of the differences in fish community structure between seasons [70].
Similarity Percentage (SIMPER) analysis of the Bray–Curtis matrix was used to identify
the key fish species with the most substantial contribution to the dissimilarity observed
between the two seasons. The cut-off threshold was set at >7% (Contrib%) [43] to identify
fish species that contributed substantially to the overall dissimilarity. Subsequently, the
average dissimilarity within each season was calculated, and this average dissimilarity was
divided into the contributions of each individual species [70].

2.5.2. Multivariate Analysis

Principal component analysis (PCA) was used to analyze correlations between the
fish alpha diversity index and environmental factors. The loadings of the original variables
on each principal component (PC) indicated their contributions to the overall variation
in the dataset. Positive or negative loadings indicated positive or negative correlations,
respectively, between the variables and the corresponding PC [71]. For the PCA, variables
with a cos2 value closer to 1 are more representative in the principal component, while those
closer to 0 are less representative. Variables that are close together and in the same direction
indicate a positive correlation, while those in the opposite direction indicate a negative
correlation. When the environmental vector is long, it accounts for a high percentage of
the variation. The ‘mvpart’ package and ‘MVPARTwrap’ package were used for multiple
regression tree (MRT) analysis. The multiple regression tree model utilizes environmental
factors as nodes for classification, effectively partitioning sampling stations into clusters
that represent cohorts of sampling points characterized by similar environmental conditions
and fish community compositions [72]. Spearman’s correlation was applied to find the
correlations between environmental factors and fish communities for each season [73].
The Mantel tests combined with Spearman correlation matrices were performed using the
‘linkET’ package (manteltest function) in R software to determine the correlations between
environmental factors and fish community composition [23,74]. To compare the fish species
detected by eDNA in this study with those identified in previous studies in the Seto Inland
Sea and other coastal areas, a comprehensive checklist of the fish species found in the Seto
Inland Sea was compiled. This checklist was established utilizing the eDNA detection
data from this study, supplemented by peer-reviewed publications. The methodologies
employed in each publication were meticulously documented alongside the respective
species lists. A Venn diagram was constructed to illustrate the comparative results. All
statistical analyses were performed using R version 4.2.0 [75].
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3. Results
3.1. Seasonal Variations in Water Temperature, Salinity, and Nutrients

The mean seawater temperature in summer was 26.5 ◦C ± 0.67 SD (standard devia-
tion), ranging from 26.0 ◦C to 28.0 ◦C. In contrast, during autumn, the seawater tempera-
tures ranged from 19.8 ◦C to 21.7 ◦C, with a mean seawater temperature of 20.7 ◦C ± 0.55 SD
being recorded. The mean salinity, ranging from 30.5 psu ± 0.19 SD to 33.5 psu ± 0.10 SD,
exhibited seasonal variation, with the highest levels observed during autumn and the
lowest during the summer survey. In terms of nutrient concentrations, dissolved inorganic
nitrogen (DIN) levels were lower in summer than in autumn. However, both dissolved
inorganic phosphorus (DIP) and dissolved silicate (DSi) concentrations were higher in sum-
mer (Table 1). In summary, the summer season demonstrated higher surface temperatures
and DIP and DSi concentrations but lower salinity and DIN concentrations than autumn.

Table 1. Mean ± standard deviation (SD) of environmental variables for both seasons.

Season Summer Autumn

Variable Mean SD Mean SD
Temp (◦C) 26.5 ±0.67 20.7 ±0.55 ***

Salinity (psu) 30.5 ±0.19 33.5 ±0.10 ***
DIN (mg/L) 0.02 ±0.02 0.06 ±0.01 ***
DIP (mg/L) 0.04 ±0.02 0.02 ±0.00 **
DSi (mg/L) 0.57 ±0.12 0.2 ±0.02 ***

Statistical significance markers: ** p < 0.05; *** p < 0.01.

3.2. Seasonal Variations in the Composition of Fish Communities

Sequencing of the 12S libraries generated 6,600,220 raw reads. After quality filtering,
removal of chimeric sequences, filtering based on read length, denoising, and bioinformatic
identification using the Mifish pipeline, a final count of 2,999,240 reads were obtained
(964,886 and 2,034,354 reads in the summer and autumn surveys, respectively) (Table S2).
No fish species were detected in the negative controls, including the field/filtration blanks,
and PCR-negative controls. Based on a sequence consistency threshold of at least 97% [65],
72 fish species belonging to 40 families and 23 orders were identified in the 26 samples
collected from 13 different stations in summer and autumn, accounting for 2,999,240 reads.
The most abundant fish species sed on percent composition were blackhead seabream
(Acanthopagrus schelegelii), red seabream (Pagrus major), Japanese anchovy (Engraulis japonicus),
flathead grey mullet (Mugil cephalus), mottled spinefoot (Siganus fuscescens), and Japanese sillago
(Sillago japonica) (Figure 2).

Analysis of the eDNA metabarcoding revealed significant seasonal differences in fish
communities. A shift in the composition of fish communities was observed (Figure 3a),
with 56 fish species identified in summer and 55 species in autumn. Among all the species
detected, 17 fish species were exclusive to the summer season, whereas 16 fish species were
unique to autumn. There were 17 species of warm-water fish, 44 species of temperate-
water fish, and 11 species of cold-water fish, which represented proportions of 23.6%,
61.1%, and 15.3%, respectively, of the total fish species. Temperate-water species were
the dominant species, followed by warm-water and cold-water species. The number of
species found in cold water increased in autumn. The nonparametric test of ANOSIM with
Bray–Curtis distance demonstrated that fish communities’ compositions showed significant
differences between summer and autumn (R = 0.115, p = 0.0083) (Figure 3b). Using SIMPER
analysis, we identified fish species responsible for 73.05% of the dissimilarity observed in
the pairwise seasonal comparisons (Table S3). Notably, some of these species are known
to be migratory, and classified such as Japanese anchovy (Engraulis japonicus), flathead
grey mullet (Mugil cephalus), Japanese halfbreak (Hyporhamphus sajori), marbled rockfish
(Sebastiscus marmoratus), and (Seriola quinqueradiata), highly contributing to the dissimilarity.
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3.3. Influence of Environmental Factors on Fish Communities

Principal component analysis was performed to evaluate how environmental factors,
fish species richness, and fish diversity index (Shannon H) were correlated across the
two seasons (Figure 4). In summer, the results obtained from the PCA revealed that the
species richness and H index were highly correlated with water temperature, salinity, and
the concentration of nutrients (DIN, DIP, and DSi). PC1 and PC2 explained 51.3% and
27.1% of the total variance, respectively, as illustrated in Figure 4a,b. In autumn, PC1
and PC2 explained 31.5% and 21.3% of the variation, accounting for 52.8% of the total
variance. Specifically, water temperature, DSi, and DIP were highly correlated with fish
alpha diversity (species richness and Shannon H index) in PC1 (Figure 4c,d). In addition,
the fish diversity index and nutrient concentrations (DIP and DIN) were explained well by
PC3. PC3 reflected the correlation between nutrients and fish alpha diversity in autumn
(Figure 4d).
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circle obtained from the PCA; the color palette corresponds to the different cos2 values, and a higher
cos2 value indicates a larger contribution of variation to the principal component; the percentage (%)
indicates the proportion of variance; (b,d): PCA corrplot showing cos2 of variables in all principal
component (PC) dimensions.

A comprehensive multiple regression tree model was used to explore the relationship
between environmental factors and fish communities (Figure 5). In summer, a three-branch
tree is formed by two splits; the first based on seawater temperature (Temp < 26.2 and ≥26.2)
and then, for the low seawater temperature level, a second split based on DIP concentration
(<0.03 and ≥0.03). Analysis of the multiple regression tree model revealed seawater
temperature as the most influential predictor of fish community dynamics, followed by DIP
as the next most significant factor (Figure 5a). The model illustrates that during summer,
the fish community structure is primarily correlated to seawater temperature and DIP,
explaining 30.5% of the variance in community composition. In contrast, in autumn, the
model first splits based on DIP concentration (<0.02 and ≥0.02), and then, for high DIP
levels, it splits again based on DIN concentration (≥0.06 and <0.06). Moreover, DIP and
DIN emerge as the primary factors in autumn, contributing to 26.9% of the variance (Cb).
The top indicator fish species are shown in Figure 5 for each leaf of both trees. These results
indicate a seasonal shift in the biotic and abiotic factors influencing the structure of the
coastal fish community.

Environments 2024, 11, x FOR PEER REVIEW 10 of 18 
 

 

followed by DIP as the next most significant factor (Figure 5a). The model illustrates that 
during summer, the fish community structure is primarily correlated to seawater temper-
ature and DIP, explaining 30.5% of the variance in community composition. In contrast, 
in autumn, the model first splits based on DIP concentration (<0.02 and ≥0.02), and then, 
for high DIP levels, it splits again based on DIN concentration (≥0.06 and <0.06). Moreover, 
DIP and DIN emerge as the primary factors in autumn, contributing to 26.9% of the vari-
ance (Cb). The top indicator fish species are shown in Figure 5 for each leaf of both trees. 
These results indicate a seasonal shift in the biotic and abiotic factors influencing the struc-
ture of the coastal fish community. 

 
Figure 5. Multivariate regression tree analysis of the relation between relative abundance of fish 
species and environment factors in (a) summer and (b) autumn. The statistics at the bottom of the 
figure are the residual error (Error), the cross-validated error (CVError), and the standard error (SE). 

To explore the association between the taxonomy of each fish and the environmental 
factors, the Spearman test and Mantel test were applied. At the family level, Spearman’s 
correlation test provided insights into the associations between specific fish families and 
environmental factors. Sillaginidae, Clupeidae, and Hemiramphidae were positively and sta-
tistically significantly correlated with seawater temperature, indicating that seawater tem-
perature increased with increasing relative abundance of those families. Blenniidae and 
Mugilidae were negatively associated with salinity and concurrently displayed positive 
associations with DIN, DIP, and DSi during summer (Figure S1), indicating that salinity 
increases with decrease in the relative abundance of those families. In contrast, through-
out autumn, Sillaginidae exhibited strong positive correlations with DIN and DIP. Girel-
lidae, Stichaeidae, and Carangidae all displayed robust positive associations with DIN. Ad-
ditionally, DSi was negatively correlated with Haemulidae, whereas only Leiognathidae dis-
played a substantial negative association with salinity (Figure S1). Overall, nutrient con-
centrations have strong correlations with the relative abundance of some specific families, 
except for a negative correlation with the relative abundance of Haemulidae. The Mantel 
test also revealed significant associations between water temperature, salinity, and spe-
cific fish groups at the species level in summer or autumn (Figure S2). 

3.4. Comparison of eDNA-Based Species with Previous Reports 
Based on the results of eDNA detection and additional data from various sources, we 

obtained a fish checklist composed of 72 species. Fishes included on the checklist also ex-
hibited a range of habitat preferences (i.e., warm water, cold water, and temperate), life 
history strategies (i.e., amphidromous, catadromous, oceanodromous, and marine), and 
the importance of fishery (Table S2). We observed a resemblance between the results of 
the eDNA methods in this study and those in previous databases which used catch 

Figure 5. Multivariate regression tree analysis of the relation between relative abundance of fish
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To explore the association between the taxonomy of each fish and the environmental
factors, the Spearman test and Mantel test were applied. At the family level, Spearman’s
correlation test provided insights into the associations between specific fish families and
environmental factors. Sillaginidae, Clupeidae, and Hemiramphidae were positively and
statistically significantly correlated with seawater temperature, indicating that seawater
temperature increased with increasing relative abundance of those families. Blenniidae and
Mugilidae were negatively associated with salinity and concurrently displayed positive
associations with DIN, DIP, and DSi during summer (Figure S1), indicating that salinity
increases with decrease in the relative abundance of those families. In contrast, throughout
autumn, Sillaginidae exhibited strong positive correlations with DIN and DIP. Girellidae,
Stichaeidae, and Carangidae all displayed robust positive associations with DIN. Additionally,
DSi was negatively correlated with Haemulidae, whereas only Leiognathidae displayed a
substantial negative association with salinity (Figure S1). Overall, nutrient concentrations
have strong correlations with the relative abundance of some specific families, except for
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a negative correlation with the relative abundance of Haemulidae. The Mantel test also
revealed significant associations between water temperature, salinity, and specific fish
groups at the species level in summer or autumn (Figure S2).

3.4. Comparison of eDNA-Based Species with Previous Reports

Based on the results of eDNA detection and additional data from various sources,
we obtained a fish checklist composed of 72 species. Fishes included on the checklist also
exhibited a range of habitat preferences (i.e., warm water, cold water, and temperate),
life history strategies (i.e., amphidromous, catadromous, oceanodromous, and marine),
and the importance of fishery (Table S2). We observed a resemblance between the results
of the eDNA methods in this study and those in previous databases which used catch
methods in the central SIS area. Specifically, we identified 31 overlapping families between
Ikuchijima and the previous surveys in the SIS [59,60]. This similarity strongly suggests
that the sampling areas were relatively homogeneous. In addition, Sardinella lemuru (near-
threatened) and Epinephelus akaara (endangered), two species on the IUCN Red list, were
only detected by eDNA metabarcoding in this study and were not detected in previous
studies. In this study, we also compared the number of fish species across various coastal
habitats, including coastal bays, shelves, estuaries, and gulfs (Table S5). Our observations
revealed that the waters surrounding Ikuchijma Island contain a notably higher number of
fish species compared to other surveyed areas.

4. Discussion
4.1. Controlling Factors of the Seasonal Fluctuations in Fish Community Compositions

Seasonal variations in fish communities are driven by an interplay of environmental
factors and biological traits, including reproductive behaviors and migrations. Through
the eDNA analysis, and incorporating principal component analysis, a multiple regression
tree model, and Mantel tests, we identified temperature as a key environmental factor
influencing both warm-water and cold-water fish communities (Figure S2). Species such
as Acanthopagrus schlegelii and Pagrus major, endemic to the Seto Inland Sea, exhibit eco-
logical attributes that enable adaptation to diverse temperature and salinity conditions,
indicative of their high physiological adaptability [76–79]. While these species were de-
tected across seasons, their relative abundance exhibited seasonal variation (Table S3). The
autumn season is distinguished by a pronounced prevalence of resident coastal fish species,
predominantly Acanthopagrus schlegelii, with its relative abundance exceeding that of the
summer season.

In summer, the eDNA abundances of Japanese gizzard shad (Konosirus punctatus),
Japanese halfbreak (Hyporhamphus sajori), and marbled rockfish (Sebastiscus marmoratus)
were higher than in the autumn (Table S2). These species, particularly Konosirus punctatus
(an oceanodromous species) and Hyporhamphus sajori (an amphidromous species) are
typically found in coastal and bay environments from June to August. While these species
do not undertake long-distance migrations during their lifetime, they do exhibit small-scale
seasonal migrations. The high seawater temperature in summer plays a crucial role in the
reproductive biology of these species. For instance, it creates optimal conditions for the
spawning and larval development of Konosirus punctatus [80]. Similarly, Hyporhamphus also
exhibits a peak in reproductive activities during the summer, resulting in higher abundances
due to increased food availability and favorable environmental conditions [81]. In addition
to temperature, the presence of larger seagrass patches at shore sites during the summer
season contributes to a higher relative abundance of some fish species. For example,
Konosirus punctatus and Hyporhamphus sajori are usually found near the sites where seagrass
and seaweed are present. Females of these species often enter seaweed beds and attach their
eggs to seaweeds or drifting seaweeds during their spawning season [30,80,82]. During
the summer season, the seagrass meadows of Ikuchijima Island serve as the spawning and
nursery grounds for some fish species, leading to a high relative abundance of these species.
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This highlights the importance of these habitats in supporting the life cycles of various
fish species.

During the autumn season, the compositions of fish communities are significantly
influenced by the arrival of migratory fish species. These include Engraulis japonicus, Mugil
cephalus, Sillago japonica, and Seriola quinqueradiata (Table S3). As the temperature begins
to drop, Engraulis japonicus (Japanese anchovy), known for its migratory behavior, tends
to migrate toward coastal areas. These areas provide suitable conditions for feeding and
spawning [83,84]. Similarly, the catadromous species, adult M. cephalus, usually forms
large schools and migrates to coastal areas for spawning in early autumn [85]. Our study
documented an elevated eDNA abundance of this species during the November survey,
which aligns with the spawning season trend of M. cephalus. Another species, Seriola
quinqueradiata (yellowtail), which is an oceanodromous species, undergoes a northward
migration in its early life stages. This migration to recruit marine waters occurs from
autumn to early winter [86]. Our study revealed a similar trend in which the yellowtail
migrated to the shallow coastal shoreline as the water temperature declined during the
autumn survey. Salinity also had a significant influence on the fish community in the
study area. Salinity levels were discovered to have a negative correlation with essential
nutrient concentrations, such as nitrogen and phosphorus, vital for aquatic life. These
fluctuations persist across seasons as the ecosystem reacts to changing environmental
factors. Consequently, these variations directly influence the distribution of fish species
within the ecosystem. When conditions shift, species with specific habitat preferences may
migrate, leading to changes in biodiversity [21]. In addition, fishing activity can also impact
the seasonal composition of fish populations. For example, the fishing season for Japanese
sillago runs from May to August annually, while Hong Kong grouper’s season spans from
June to August [87]. Fishing activities in the study area occur from late November to
August each year [87].

Our study provides empirical evidence underscoring the role of chemical factors in
shaping fish community compositions. We documented seasonal fluctuations in nutrient
concentrations in the coastal seawater surrounding Ikuchijima Island, with DIP and DSi
concentrations being higher in summer than in autumn, indicative of nitrogen-limited
conditions. During the summer, increased insolation and elevated temperatures stimulate
biological activity, such as plant uptake and phytoplankton growth, leading to a reduction
in seawater nitrogen concentration [62]. Concurrently, high precipitation, particularly dur-
ing the summer, increases the amount of DIP and DSi in surface water and groundwater,
which then increases the amount discharged into the sea [88,89]. Conversely, in autumn,
seawater temperatures drop, growth rates for these vital organisms decrease, and excessive
stratification may hinder the mixing of essential nutrients from deeper layers to the sur-
face [24]. Moreover, diminished terrestrial discharge, which serves as a significant source
of nutrients like nitrogen and phosphorus, further compounds the issue by potentially
lowering nutrient concentrations in coastal seawater [90,91]. The nutrient availability in
marine ecosystems fosters the proliferation of planktonic organisms, a primary food source,
which in turn can have cascading effects on numerous fish species [92,93]. Additionally, the
intricate relationship between nutrient availability and fish composition is further compli-
cated by the specific nutrient requirements of different fish species and the presence of their
prey in the food web [83,94,95]. Our observations underscore a robust association between
nutrient availability and the ecological dynamics of local coastal ecosystems. Furthermore,
our findings reveal that fish community composition exhibits local-scale variations due to
environmental factors, which were found to differ between summer and autumn.

4.2. Comprehensive Fish Species Detection through This Study

In this study, we found that the eDNA method detected far more fish at the species and
family levels compared to the findings of previous studies which used the catch method
(net sampling) during the same season in the SIS (Table S4). The greater detectability of fish
when using eDNA methods compared to traditional methods has been reported previously.
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Traditional methods (i.e., gillnetting, seine netting, and fyke nets) are selective, such as
mesh size, net diameter, and materials used to determine the catch; for example, small
fish can escape through large mesh sizes. Furthermore, the eDNA method is sensitive
enough to detect larvae and small-size fish, which may be overlooked by conventional
netting techniques [45,96]. In summary, our study highlights that eDNA metabarcoding is
an effective tool for monitoring fish diversity that provides useful information that may be
used to manage coastal ecosystems.

In addition, the results of our study indicate that the Ikuchijima Island area is a highly
diverse ecosystem, with a higher number of species detected compared to some other
coastal areas, despite the small size of the research area [12–14,97]. The nearshore regions
surrounding this island are characterized by a seafloor substrate primarily composed of
mud and sand [59,98]. These areas are also characterized by a diverse array of habitats,
including sandy beaches, rocky reefs, and clusters of seaweed and seagrass meadows. Ex-
tensive patches of seagrass are observed during the summer season. These features suggest
that the Ikuchijima Island area serves as a suitable habitat for ichthyofauna, harboring
a wide species diversity that often includes threatened species due to its relatively high
biodiversity and productivity [13,20,97,99]. The waters around Ikuchijima Island are also
home to a variety of fish species, from objects of high-production commercial fisheries
(e.g., Japanese anchovy, Japanese pufferfish, yellowtail) to endangered species on the IUCN
Red List, such as Sardinella lemuru (near-threatened) and Epinephelus akaara (endangered)
(Table S2). Thus, the high species diversity and unique ecosystem of the Ikuchijima Island
area make it an important area for conservation and further study.

5. Conclusions

This study represents the first analysis of seasonal variations in fish community com-
position in the seawater surrounding an island in the Seto Inland Sea using the eDNA
metabarcoding method, while also exploring the impact of physical and biochemical fac-
tors on the community composition. Our observations identified key factors influencing
coastal fish communities, notably emphasizing the significant influences of seawater tem-
perature and salinity between the two seasons on the fish species within the community.
Furthermore, among the chemical factors, DIP was shown to influence the structure of
fish communities in both seasons. Through the analysis of eDNA metabarcoding data, we
successfully identified seasonal variations in the composition of fish communities, indicat-
ing that fish migration occurred during summer and autumn. In conclusion, our findings
highlight the potential of eDNA metabarcoding as a tool for monitoring fish communities
and enhancing our understanding of their seasonal dynamics, particularly in the context of
changes in coastal environments.
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