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Coastal ecosystems surrounding the Korean Peninsula are undergoing rapid environmental changes 
driven by global climate warming, highlighting the need for efficient methods to monitor marine 
biodiversity. This study aimed to analyze fish communities across four coastal regions: the East Sea, 
South Sea, West Sea, and Jeju using environmental DNA (eDNA) metabarcoding. Underwater drones 
were employed to collect water samples. A total of 63 sampling sites were surveyed, detecting 167 fish 
species from 72 families, encompassing tropical, subtropical, temperate, boreal, polar, and deep-water 
taxa. The East Sea hosted a mix of cold- and warm-water species, while Jeju exhibited a relatively high 
proportion of tropical and subtropical fish. Additionally, 13 alien species were identified, underscoring 
the utility of eDNA for the early detection of non-native taxa expanding their ranges in response to 
ongoing warming trends. This study further validated that eDNA sampling using underwater drones 
offers a rapid, non-invasive approach to biodiversity assessments, effectively addressing many of the 
limitations associated with traditional survey techniques. Collectively, these findings highlight the 
potential of eDNA to generate critical and timely data on fish assemblages the emergence of alien 
species, providing valuable insights to inform proactive resource management, and climate change 
research in marine ecosystems.

Keywords  Environmental DNA, Metabarcoding, Alien species, Early detection, Fish habitat types

Coastal ecosystems are dynamic environments shaped by complex interactions among biological, physical, and 
climatic factors, serving as essential habitats for fish. The spatial distribution of fish assemblages in temperate 
coastal waters is particularly influenced by geographic and environmental factors such as water temperature, 
ocean currents, and depth1,2. For instance, Gadus chalcogrammus, a cold-water fish species that once represented 
a major commercial resource in the East Sea, has experienced a rapid population decline due to rising sea 
temperatures3. Similarly, in the European Atlantic, ocean warming has led to the disappearance of species that 
previously dominated (e.g., Echinorhinus brucus, Squatina squatina, Raja batis, R. brachyura, R. clavata, Dasyatis 
pastinaca, Myliobatis aquila, Galeorhinus galeus, Mustelus asterias). Concurrently, the distribution of tropical 
fish species has expanded northward4.

To conserve and sustain biodiversity in these rapidly changing ecosystems, precise surveys and continuous 
monitoring of marine biota are critical for generating data to inform effective management and conservation 
strategies. Fish assemblage data, in particular, are extensively utilized to understand and interpret changes 
in aquatic ecosystems, serving as critical data for environmental assessments, biodiversity conservation, and 
ecosystem management5,6. Fluctuations in the abundance of specific species may indicate alterations in habitat 
conditions, disruptions in food web structures, or anthropogenic disturbances, making them valuable indicators 
for evaluating ecosystem stability and health7. Additionally, such data provide a foundation for effective fisheries 
management, aiding in the prevention of resource depletion caused by overfishing or habitat destruction and 
ensuring the sustainable use of fish resources.

As in many coastal regions worldwide, the composition and diversity of coastal fish assemblages are 
influenced by geographic, environmental, and anthropogenic factors. South Korea is bordered by the sea on 
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three sides, with a coastline exceeding 15,000 km8 and spanning more than 500 km from north to south (Fig. 1). 
This encompasses a broad climatic range from subtropical to subarctic zones. Warm currents move northward 
along the southern coast, whereas cold currents flow southward along the eastern coast, converging in the East 
Sea to form highly productive coastal fishing grounds9. Historically, the East Sea supported a mix of cold-water 
and warm-water fish species. However, rapid changes in fish assemblages have occurred in recent years due to 
rising sea temperatures. Tropical fish species are increasingly prevalent in Jeju, whereas cold-water fish species 
in the East Sea have declined, and subtropical species have become more dominant. Predicting future changes in 
fish assemblages under these rapid environmental shifts remains a significant challenge.

Environmental DNA (eDNA) metabarcoding is a novel, simple, efficient, and highly sensitive method 
for surveying biodiversity by analyzing the total DNA extracted from environmental samples10. This tool 
is particularly suitable for monitoring fish populations across large areas under environmental changes. 
Furthermore, eDNA offers a non-invasive method for detecting species presence without the need to capture 
organisms or disrupt habitats, making it effective for identifying rare and invasive species. Recent studies 
have demonstrated the efficacy of eDNA in monitoring fish assemblages across diverse aquatic environments, 
including rivers, lakes, estuaries, and coastal regions11,12. Compared to traditional sampling methods, eDNA 
provides a more effective approach to studying fish distributions and diversity. For instance, a study conducted on 
the Qinghai-Tibet Plateau in China identified 90 fish species from water samples collected across 63 river basins, 
providing new ecological insights and highlighting potential invasive species13. Similarly, a study conducted in 
the mangrove estuaries of Malaysia utilized COI and 12 S rRNA markers to detect 178 fish species, showcasing 
eDNA’s practicality for assessing complex and diverse tropical fish assemblages within a short sampling period7.

eDNA studies typically rely on water sampling methods using plastic buckets, bottles, or plankton nets, either 
from the shore or boats14–16. Surface water sampling commonly employs plastic buckets, whereas deep-water 
sampling often utilizes Niskin bottles or rosette samplers17,18. Plankton nets can also be deployed vertically or 
horizontally to concentrate plankton DNA into plastic bottles19,20. However, shore-based sampling is limited 
to a radius to about 1 m from the land, and boat-based sampling is both time-consuming and labor-intensive. 
Moreover, these traditional methods are prone to contamination, potentially leading to complex challenges. To 
address these issue, uncrewed vehicles such as uncrewed aerial vehicles, drones, autonomous surface vehicles, 
and autonomous underwater vehicles have been developed to reduce the risk of DNA contamination during 
water sampling21–23. Underwater drones, in particular, offer significant advantages by enabling controlled 
sampling at specific distances and depths from the shore while minimizing the risk of contamination.

In this study, underwater drones were employed to collect water samples, and eDNA technology was applied 
to estimate fish diversity along the Korean coasts (Fig. 1). This approach aimed to early detection of previously 
unrecorded species in Korean coastal waters. This study underscores the composition and diversity of fish 
assemblages across different regions were analyzed, revealing spatial distribution patterns of fish communities. 
This study highlights the potential of eDNA as an effective tool for investigating fish diversity in Korea, a region 
at the forefront of climate change impacts.

Fig. 1.  Map of the 63 water sampling sites used for eDNA analysis in the Korean Peninsula. Sites are grouped 
into four regions: the East Sea, the South Sea, the West Sea, and Jeju. Each site is represented by a unique shape 
and color: pink diamonds for the East Sea, green triangles for the South Sea, yellow squares for the West Sea, 
and orange circles for Jeju.
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Results
Sea surface temperature trends around the Korean Peninsula (2012–2020)
Sea surface temperature (SST) trends around the Korean Peninsula were analyzed using SST data collected by 
the NIFS from 2012 to 2020, comparing the East Sea, South Sea, West Sea, and Jeju waters (Fig. S1). During 
this nine-year period, the average SSTs for each region were as follows: 16.23 °C in the East Sea, 16.39 °C in 
the South Sea, 14.35 °C in the West Sea, and 18.87 °C in Jeju waters. While Jeju, located at the lowest latitude, 
recorded the highest average temperature, whereas the West Sea exhibited relatively lower temperatures than 
the other regions. All regions showed a consistent warming trend, with the West Sea and East Sea in particular 
experiencing higher rates of temperature increase compared to the others.

Sequencing analysis and fish species composition
Mitochondrial 12 S rRNA (12 S rRNA) sequencing and diversity analyses were conducted on 63 water samples 
collected from Korea’s coastal waters, specifically the East Sea, South Sea, West Sea, and Jeju (Fig.  1). After 
sequence-length filtering, denoising, and chimera removal on the dataset obtained from the Illumina MiSeq 
dataset, a total of 4,675,239 ASVs (Amplicon Sequence Variants) were retained. The number of reads per region 
was as follows: East Sea:1,679,838 ASVs, West Sea: 1,230,757 ASVs, South Sea: 1,122,676 ASVs, and Jeju: 641,968 
ASVs.

A total of 167 species representing 136 genera and 72 families were identified. The East Sea (20 sites) 
exhibited the highest species richness, with 108 species recorded (13–48 species per site). The South Sea (15 
sites) accounted for 82 species (8–34 species per site), the West Sea (19 sites) recorded 69 species (5–28 species 
per site), and Jeju (9 sites) exhibited 94 species (15–38 species per site). The most dominant species was Engraulis 
japonicus, with 1,208,499 ASVs, accounting for 25.8% of the total fish detected. This was followed by Takifugu 
sp. (407,427 ASVs, 8.7%), Paralichthys olivaceus (263,482 ASVs, 5.6%), Nuchequula nuchalis (260,180 ASVs, 
5.6%), Acanthopagrus schlegelii (222,549 ASVs, 4.8%), and Pennahia argentata (217,467 ASVs, 4.7%) with all of 
these species exhibiting ASV values exceeding 200,000, underscoring their dominance in Korean coastal waters.

Biodiversity in each coastal region
The fish species detected in each coastal region were categorized into six characteristics (tropical, subtropical, 
temperate, boreal, polar, and deep-water) based on FishBase48. Temperate species, such as E. japonicus, N. 
nuchalis, and P. argentata, were predominant across all regions, accounting for 49.1% in the East Sea, 42.7% 
in the South Sea, 56.5% in the West Sea, and 42.6% in Jeju, reflecting their high prevalence along the Korean 
Peninsula coast (Table 1).

Tropical species, such as Johnius grypotus, Trachurus japonicus, and Sebastiscus marmoratus, and subtropical 
species, including P. olivaceus, A. schlegelii, and Mugil cephalus, were more prevalent around the waters of Jeju. 
In contrast, temperate, boreal (e.g., Gadus macrocephalus, Acentrogobius virgatulus, and Alcichthys elongatus), 
polar (e.g., Limanda sakhalinensis, Icelus spatula, and Gadus chalcogrammus), and deep-water species (e.g., 
Benthosema pterotum, Lycodes tanakae, and Malacocottus zonurus) were primarily identified in the East Sea.

An UpSet plot was used to visualize the overlap and exclusivity of fish species among regions, (Fig. 2). Of 
the 167 fish species detected along the Korean coast, 34 species were common across all regions. These included 
dominant species such as E. japonicus, Takifugu sp., P. olivaceus, N. nuchalis, A. schlegelii, and P. argentata, as well 
as subdominant species such as Hyporhamphus sajori, M. cephalus, Konosirus punctatus, Muraenesox cinereus, 
Hexagrammos agrammus, Pseudopleuronectes yokohamae, Scomber japonicus, and J. grypotus. Species exclusively 
detected in specific regions included 32 species in the East Sea, 26 in Jeju, 12 in the South Sea, and seven in the 
West Sea. Among these, subtropical and temperate species were observed along all coastal regions, whereas 
tropical species were restricted to Jeju and the South Sea, with 13 and four species, respectively. Boreal and polar 
species were exclusively identified in the East Sea, and deep-water species were found in the East Sea and South 
Sea, with eight and one species, respectively.

To complement the regional species composition analysis, we calculated alpha diversity using Shannon 
and species richness indices and compared fish communities across coastal regions. Jeju exhibited the highest 
average Shannon diversity (3.29 ± 0.11), which was significantly higher than that of the other regions (p < 0.01), 
followed by the East Sea (3.05 ± 0.08), South Sea (2.70 ± 0.12), and West Sea (2.63 ± 0.11) (Fig. 3a). Similarly, Jeju 

Region

Habitat types

No. of species Tropical Subtropical Temperate Boreal Polar Deep-water

East Sea 108 15
(13.9%)

28
(25.9%)

53
(49.1%)

3
(2.8%)

5
(4.6%)

10
(9.3%)

South Sea 82 18
(22.0%)

28
(34.1%)

35
(42.7%)

1
(1.2%)

2
(2.4%)

4
(4.9%)

West Sea 69 9
(13.0%)

22
(31.9%)

39
(56.5%)

1
(1.4%)

1
(1.4%)

3
(4.3%)

Jeju 94 27
(28.7%)

29
(30.9%)

40
(42.6%)

0
(0.0%)

0
(0.0%)

4
(4.3%)

Table 1.  Number of fish species and their corresponding habitat types detected in the East Sea, South Sea, 
West Sea, and Jeju waters of South Korea. The values in parentheses indicate the proportion of fish species 
detected in each sea area.
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recorded the highest average species richness index (6.49 ± 0.50), with the East Sea, South Sea, and West Sea 
exhibiting values of 5.39 ± 0.39, 4.23 ± 0.40, and 3.91 ± 0.34, respectively (Fig. 3b).

Detection of alien species in Korean waters
Among the total fish species detected, 13 species were identified as alien species that had not been previously 
recorded in South Korean waters (Table 2). The distribution patterns of these species varied across the different 
study regions. The East Sea exhibited the highest occurrence, with eight alien species detected, followed by Jeju 
(four species), the West Sea (three species), and the South Sea (one species). In terms of habitat characteristics, 
these alien species were classified as four tropical species, two subtropical species, five temperate species, and two 
polar species based on FishBase classifications48.

Regionally, the East Sea contained the largest number of alien species (n = 8), which included Glyptocephalus 
zachirus, I. spatula, A. virgatulus, Gasterosteus nipponicus, Pseudorhombus arsius, Platycephalus cultellatus, 

Fig. 3.  Regional differences in (a) Shannon diversity index and (b) species richness index across four coastal 
areas of Korea: East Sea, South Sea, West Sea, and Jeju. Each box represents the interquartile range (IQR), with 
the horizontal line indicating the median. Jittered points denote individual sampling locations, illustrating 
spatial variability. Whiskers extend to 1.5 × IQR, and outliers beyond this range are represented as dots.

 

Fig. 2.  UpSet plot of fish species detected by eDNA in the coastal waters of the Korean Peninsula (East Sea, 
South Sea, West Sea, and Jeju). The total number of fish species detected in each region is shown on the left. 
The yellow circles indicate the region(s) in which the species represented by the bars were detected, either 
exclusively or shared among multiple regions.
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Anisarchus medius, and Hippoglossoides robustus. These species were categorized into three temperate, two polar, 
and one each for tropical, subtropical, and unknown categories. In Jeju waters, four alien species were detected: 
Enneapterygius leucopunctatus, Eviota punctulata, Rastrelliger kanagurta, and Callogobius nigromarginatus. 
Among them, three were tropical species, while one (E. leucopunctatus) was subtropical. The West Sea exhibited 
the presence of three alien species: P. arsius, P. cultellatus, and Zoarchias neglectus. These species were categorized 
as two temperate species and one tropical species. The South Sea had the lowest occurrence of alien species, with 
only one species (Z. neglectus), detected. This species is classified as temperate.

Habitat characteristics of fish species by region
A self-organizing map (SOM) analysis was used to classify associations between sampling regions and fish 
habitat types, using presence-absence data of species and habitat traits derived from FishBase. The SOM 
training resulted in 12 output neurons (3 × 4 hexagonal grid), and hierarchical clustering grouped these into 
three distinct clusters (Fig. 4a). The robustness of clustering was statistically validated through a Multi-Response 
Permutation Procedure (MRPP), which showed significant differences among clusters (A = 0.2575, p = 0.001), 

Fig. 4.  (a) Fish species detected in the coastal areas of South Korea, projected onto a self-organizing map 
(SOM) with 12 output neurons arranged in a 4 × 3 grid. Hierarchical cluster analysis and U-matrix values were 
used to group the neurons into three clusters, which are indicated in the figure as follows: Cluster 1 (purple), 
Cluster 2 (blue), and Cluster 3 (red). (b) The component planes of the SOM illustrate the contribution of each 
variable to classifying coastal regions (East Sea, South Sea, West Sea, and Jeju) and fish habitat types (tropical, 
subtropical, temperate, boreal, polar, deep-water). Red neurons indicate high values for each variable, whereas 
white neurons indicate low values. These values were derived from the SOM learning process.

 

Species

Read counts (ASV values)

Habitat typesEast Sea South Sea West Sea Jeju

Glyptocephalus zachirus 34,841 0 0 0 Temperate

Icelus spatula 24,085 0 0 0 Polar

Acentrogobius virgatulus 3,280 0 0 0

Enneapterygius leucopunctatus 0 0 0 3,093 Subtropical

Gasterosteus nipponicus 2,721 0 0 0 Subtropical

Pseudorhombus arsius 5 0 2,099 0 Tropical

Platycephalus cultellatus 13 0 2,027 0 Temperate

Zoarchias neglectus 0 677 908 0 Temperate

Eviota punctulata 0 0 0 1,084 Tropical

Anisarchus medius 594 0 0 0 Polar

Hippoglossoides robustus 347 0 0 0 Temperate

Rastrelliger kanagurta 0 0 0 244 Tropical

Callogobius nigromarginatus 0 0 0 217 Tropical

Table 2.  Read counts (ASV values) of alien fish species detected via eDNA across four coastal regions in South 
Korea (East Sea, South Sea, West Sea, and Jeju). Habitat types were classified according to FishBase.
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indicating that the observed associations were not due to chance. Each SOM cluster reflected region-specific 
species composition: Cluster 1 primarily included species associated with the South Sea and Jeju; Cluster 2 
contained species broadly distributed across all regions; and Cluster 3 grouped species specific to the East Sea. 
These distributions corresponded to distinct habitat preferences and oceanographic conditions.

The relative contribution of each input variable (sampling region and habitat characteristic) to fish clustering 
is visualized on the SOM map (Fig. 4b). Neurons located in the upper left of the SOM map corresponded to 
tropical and subtropical species inhabiting warmer waters, whereas neurons in the lower right corresponded 
to boreal, polar, and deep-water species inhabiting colder environments. When comparing sampling regions 
and habitat types, the South Sea and Jeju exhibited neurons associated with tropical, subtropical, and temperate 
species. The West Sea displayed neurons corresponding to temperate and subtropical species, whereas the East 
Sea encompassed all habitat types, including certain tropical species. These clustering patterns highlight the 
diversity of habitats and species composition across the regions studied.

Spatial distribution of dominant species detected by eDNA
The spatial distribution patterns of the top 10 fish species detected along the Korean coastal waters were 
visualized using QGIS-generated heatmaps (Fig. 5, Table S1). Although these species were detected across all sea 
regions, distinct variations in regional distribution densities among species were observed.

Engraulis japonicus and Takifugu sp. were widely distributed across all regions, including the East Sea, South 
Sea, West Sea, and Jeju. Paralichthys olivaceus exhibited high densities around Jeju, whereas N. nuchalis exhibited 
high densities in the West Sea, particularly at site W4. Acanthopagrus schlegelii was abundant in the South Sea and 
around Jeju but had lower eDNA detection levels in the East Sea. Pennahia argentata was primarily concentrated 
along the southern coasts of the East Sea and West Sea, and H. sajori was evenly distributed across Jeju, the South 
Sea, and the West Sea. Ammodytes personatus, a species known to inhabit the West Sea, exhibited high densities 
in that region. Mugil cephalus was widely distributed in the East Sea. Lastly, K. punctatus exhibited high densities 
in the southern part of the East Sea, as well as around Jeju and the South Sea.

Discussion
This study demonstrates that eDNA analysis using underwater drones can be an effective method for assessing 
fish species diversity and distribution patterns in coastal waters around the Korean Peninsula. Compared to 
traditional water collection methods, such as using baskets or boats for water collection, underwater drones 
offer significant advantages, including improved time efficiency, standardized quantitative sampling, and a 
reduced risk of contamination. While previous studies have highlighted challenges such as high labor demands 
and contamination risks associated with boat-based sampling7,24, the use of underwater drones in this research 
minimized these limitations and enabled consistent sampling across diverse marine environments, such as 
shorelines, breakwaters, and beaches. Future applications of underwater drones in eDNA studies could further 
enhance biomonitoring efforts, particularly in ecologically sensitive or hard-to-access areas.

Recent data reveal a clear increase in SST around the Korean Peninsula, with the West Sea experiencing 
a higher rate of warming compared to the East Sea, South Sea, or Jeju25. This trend is likely influenced by the 
West Sea’s geographical characteristics, such as its relatively shallow depth and semi-enclosed waters. Marine 

Fig. 5.  Distribution patterns of the top 10 species detected by eDNA along the coast of the Korean Peninsula, 
visualized using GIS. ASV values were log-transformed, with red indicating higher detection values and white 
indicating lower detection values.
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heatwaves driven by global climate change pose significant threats to marine ecosystems, such as coral 
bleaching and fluctuations in fish populations, as documented in previous studies26–28. Furthermore, rising sea 
temperatures and marine heatwaves have been linked to large-scale fish die-offs29. Concurrently, the occurrence 
of alien species continues to be reported each year30–47. Over the past five years, several alien species have 
been reported in the waters around the Korean Peninsula. Four species were identified in 2024 (Ostorhinchus 
fleurieu, Lepidotrigla longifaciata, Symphurus longirostris, Lophiodes triradiatus), four in 2022 (Echidna nebulosa, 
Chlorophthalmus nigromarginatus, Oncorhynchus tshawytscha, Synodus kaianus), three in 2021 (Heniochus 
diphreutes, Cryptacanthodes bergi, Albula glossodonta), and eight in 2020 (Lepidocybium flavobrunneum, 
Glossogobius olivaceus, Strophidon sathete, Peristedion liorhynchus, Festucalex erythraeus, Lumpenopsis pavlenkoi, 
Hexanchus griseus, Alopias superciliosus).

In this study, we identified a total of 13 alien species, most of which were native to neighboring countries, 
including Taiwan, China, Japan, and Russia48. Notably, species known to inhabit Russian waters, particularly the 
Bering Sea and the Sea of Okhotsk (H. robustus, G. nipponicus, I. spatula, G. zachirus), were exclusively detected 
in the East Sea. In contrast, tropical and subtropical species (C. nigromarginatus, R. kanagurta, E. punctulata, 
E. leucopunctatus) originating from southern regions like Taiwan and Japan, were predominantly found around 
Jeju. The detection of these non-native species in Korean waters may be influenced by multiple factors, yet 
oceanic currents are likely the primary driver of their dispersal. For example, the Kuroshio Current, which 
transports warm tropical and subtropical waters northward, may have facilitated the introduction of tropical 
and subtropical fish species into Korean waters. Conversely, the North Korean Cold Current, flowing southward 
along the eastern coast, could have contributed to the presence of polar fish species in the East Sea. Because 
eDNA degrades rapidly in seawater, typically within a few days, with an estimated empirical turnover rate of 
approximately 10 h—significantly faster than in freshwater—long-distance dispersal is improbable49,50. However, 
it is important to note that these detections are based on eDNA signals collected at a single time point and may 
not necessarily indicate the presence of established populations51. Although taxonomic assignments were made 
using well-curated databases, there remains a possibility of false positives, especially in the absence of additional 
bioinformatic validation or morphological confirmation. Furthermore, all species identified as ‘alien’ in this 
study have native distributions within the North Pacific Ocean, and their occurrence in Korean waters can be 
plausibly explained by natural dispersal mechanisms rather than anthropogenic introduction. Nonetheless, our 
findings highlight the potential of eDNA as a sensitive tool for the early detection of non-native species, offering 
valuable insights for long-term biodiversity monitoring and future marine ecosystem management.

The spatial distribution patterns of fish detected via eDNA in this study appear to be closely linked to 
the climatic and oceanographic features of the waters surrounding the Korean Peninsula. The East Sea, 
characterized by its considerable deep and the interaction of cold and warm currents, supported the presence 
of polar, boreal, and deep-water species. For example, cold-water species such as G. chalcogrammus inhabit the 
East Sea; however, ongoing warming trends may eventually drive these species further north3. In contrast, the 
West Sea, characterized by its shallow depth and a semi-enclosed coastline, experiences significant temperature 
fluctuations and substantial freshwater inflow, such as from Yangtze River. These conditions make it particularly 
vulnerable to climate change52,53. Over approximately the last decade, the West Sea has exhibited the fastest 
warming rate among the regions studied54. Species detected in this region included coastal residents (e.g., A. 
personatus and Chelon haematocheilus) as well as migratory fish, suggesting that future habitat shifts driven 
by climate change could profoundly impact both residential and migratory species. Jeju, the southernmost 
region with higher proportion of tropical and subtropical fish, such as C. nigromarginatus and R. kanagurta, 
highlighting the potential for range expansion these species under continued warming. Moreover, these findings 
suggest that the ecosystem structure around Jeju—and, by extension, the broader Korean Peninsula—may 
undergo significant transformations, emphasizing the need for proactive resource management and ecological 
conservation measures to mitigate potential impacts.

The geographic isolation of Jeju from the Korean Peninsula may have contributed to its relatively high 
fish diversity. The surrounding waters are characterized by structurally complex reef systems, including hard 
corals and rocky substrates, which provide diverse microhabitats for fish species. Furthermore, Jeju is located 
more than 80  km from the mainland, resulting in lower levels of anthropogenic disturbances, such as dam 
construction, industrial complexes, and land reclamation. Similar patterns have been observed globally, where 
fish assemblages in remote, less disturbed island ecosystems tend to exhibit higher diversity compared to those 
in areas with high human activity55,56. Therefore, the combination of reduced human impact and the influence 
of ocean currents facilitating the dispersal of tropical and subtropical fish species may have played a crucial role 
in shaping the diverse fish communities observed in Jeju waters.

Traditional methods for monitoring fish communities typically require considerable investment of personal, 
time, and the sacrifice of numerous fish, in addition to potential habitat damage caused by fishing gear. For 
instance, in marine environments, researchers commonly utilize various types of gear, including gill nets, 
fyke nets, and bottom trawls57. Gill nets and fyke nets typically require more than 24 h from deployment to 
retrieval, and bottom trawling can disturb benthic ecosystems58. Moreover, the choice of specific gear types 
can influence the composition of sampled fish assemblages, potentially leading to misperceptions regarding 
species dominance59,60. Consequently, even within the same study area, researchers may overestimate or 
underestimate fish community composition depending on their choice of sampling gear61. In contrast, eDNA 
sampling requires only a small water sample, is non-invasive, and can be analyzed rapidly50. In our study, water 
sample collection required about 30 min per site, enabling us to complete sampling at 63 sites within two weeks. 
Despite conducting a single round of sampling, we detected 167 fish species on a large scale across the Korean 
Peninsula. This finding underscores the feasibility of using eDNA to rapidly and effectively identify marine 
species, including alien species, in rapidly changing environments, providing critical data to inform strategic 
responses to environmental change.
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Although this study successfully characterized large-scale fish communities and their distribution patterns 
along the Korean peninsula’s coasts using underwater drones and eDNA analysis, several limitations were 
identified, highlighting the need for further refinements. Despite detecting a wide range of species at the species 
level, certain groups (e.g., Takifugu, Sebastes, Thunnus, Platycephalus, Repomucenus) could not be identified 
below the genus level. This limitation arises when employing a single 12  S rRNA marker, as closely related 
species may be difficult to distinguish due to insufficient base sequence variation or the lack of adequate 
reference sequences in genetic databases. Similar limitations have been reported in eDNA studies conducted 
in Japan62. To address this issues, future research could adopt multi-locus approaches (e.g., COI, 16 S rRNA) or 
metatranscriptome analysis, which may enhance species-level identification and provide insights into ecological 
functions and viability63,64.

This study focused on a single time point in March 2024, conducting intensive surveys at 63 sites. However, 
marine ecosystems are subject to substantial temporal and spatial variability driven by environmental 
factors such as seasonal fluctuations in water temperature, salinity, and ocean currents65. Given the relatively 
rapid degeneration of eDNA in seawater, multi-seasonal or year-round monitoring would provide a more 
comprehensive understanding of species diversity and shifts in distribution patterns. Notably, integrating long-
term eDNA datasets with temperature records could further enhance its utility as a foundational tool for climate 
change research and biodiversity conservation.

Despite being a highly efficient and innovative approach for monitoring biodiversity, eDNA metabarcoding 
still faces challenges that must be addressed to enhance monitoring accuracy and reliability. First, if a species 
lacks a reference sequence in public databases, species-level classification may be difficult. The absence of 
reference sequences can lead to misidentifications, where an organism is incorrectly assigned to a different 
species. Therefore, expanding reference databases is crucial for improving taxonomic resolution and ensuring 
more accurate species detection in future studies. Second, mutations in primer-binding sites can interfere with 
primer annealing, leading to inefficient amplification of certain taxa. As a result, some species that are present in 
the environment may be underrepresented or even undetected due to low amplification efficiency. This limitation 
can lead to an underestimation of biodiversity, affecting the overall reliability of eDNA-based assessments. 
Nonetheless, these biases can be mitigated through multi-locus approaches that incorporate multiple genetic 
markers or through rigorous primer validation and optimization. These strategies can improve amplification 
success and reduce primer bias, ultimately enhancing the robustness of eDNA-based biodiversity monitoring.

In this study, we considered geographical features, species’ climatic zones, and long-term warming trends. 
However, we did not include detailed analyses of ocean current dynamics or transport estimates, which are 
critical factors in influencing the northward movement and range expansion of alien, tropical, and subtropical 
species, and can also influence eDNA distribution patterns7. Incorporating GIS and marine modeling to quantify 
ocean current patterns and eDNA degradation rates could provide researchers with more accurate predictions of 
potential habitat ranges and strengthen the ecological validation of newly detected species.

Methods
Study sites and water sampling
The coastal waters of the Korean Peninsula are bordered by the East Sea, Yellow Sea, and East China Sea. For 
this study, the coastal waters were categorized into four regions: the East Sea, South Sea, West Sea, and Jeju. To 
examine long-term trends in sea surface temperature (SST) around the Korean Peninsula, SST data collected by 
the National Institute of Fisheries Science (NIFS, https://www.nifs.go.kr/risa/main.risa) from 2012 to 2020 were 
analyzed to estimate the warming trends for each region.

To analyze fish communities using eDNA, water samples were collected from 63 locations across the coastal 
waters of the Korean Peninsula in March 2024. This included 20 sites in the East Sea, 15 in the South Sea, 19 in 
the West Sea, and 9 around Jeju, with sampling locations spaced approximately 20–40 km apart (Fig. 1).

Water samples were collected offshore using an underwater drone (FIFISH V6 EXPERT, QYSEA) from coastal 
areas or breakwaters. The drone collected 1 L of water at a depth of 1 m below the surface and 5–10 m from 
the shore, which was stored in sterilized collection bags. The bags were kept in an icebox under refrigeration 
during transportation. Subsequently, the water samples were filtered using mixed cellulose ester membrane 
filters (0.45 μm pore size, 47 mm diameter, Advantec, Japan). The filtered samples were stored at − 80 °C until 
DNA extraction.

DNA metabarcoding
The eDNA extraction process followed a modified protocol, utilizing glass beads and the DNeasy Blood and 
Tissue Kit (Qiagen, Germany). Extracted DNA was analyzed using a microplate reader (Thermo Fisher, USA), 
which provided the total DNA concentration as well as the 260/230 and 260/280 ratios for each sample. Ratios 
outside the optimal range of 1.8–2.2 typically indicate the presence of contaminants, such as dissolved proteins, 
which can interfere with the polymerase chain reaction (PCR).

The 12 S rRNA gene NGS library was prepared using a two-step PCR process. In the first PCR, universal 
fish primers (Mifish-U-F: ​G​T​C​G​G​T​A​A​A​A​C​T​C​G​T​G​C​C​A​G​C; Mifish-U-R: ​C​A​T​A​G​T​G​G​G​G​T​A​T​C​T​A​A​T​C​C​C​
A​G​T​T​T​G)66 were employed, and the process was performed in triplicate for each sample and negative control. 
The reaction mixture consisted of 20 ng of DNA from field samples, DNA extraction blanks, and PCR blanks; 
20 pM of each 12 S rRNA primer; and 10 mM Tris-HCl, in a total reaction volume of 20 µl. The thermal cycling 
protocol included an initial denaturation step at 95 °C for 3 min, followed by 35 cycles of denaturation at 95 °C 
for 30 s, 55 °C for 30 s, and 72 °C for 30 s, with a final extension at 72 °C for 3 min. The amplified PCR products 
were purified and size-selected using AMpure XP beads (Beckman Coulter, USA), and their concentrations were 
quantified using the Qubit dsDNA HS kit with a Qubit 4.0 fluorometer (Thermo Fisher, USA). A second PCR 
was performed using the Nextera XT Index kit (Illumina, USA), followed by purification and concentration 
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measurement under the same conditions as the first PCR products. The prepared library was diluted to a 
concentration of 2 nM, pooled to achieve a final dilution of 6 pM, and supplemented with a 10% PhiX control 
for sequencing. Paired-end sequencing was conducted on the Illumina Miseq platform using the MiSeq Reagent 
Micro Kit v2 (paired-end, 2 × 150 bp).

Bioinformatics
The 12 S rRNA read libraries generated on the MiSeq platform were processed using the Qiime2 framework 
and its associated plugins67. Prior to data analysis, primers were removed from the sequences using Cutadapt68. 
Additionally, the DADA2 error-filtering algorithm was employed to denoise the sequences by identifying and 
removing errors based on a sample-specific error model69. This process yielded 12 S rRNA amplicon sequence 
variants along with their corresponding read counts for each sample. Taxonomic assignments for the ASVs were 
obtained using the BLASTn algorithm and the MitoFish database70,71. Genus- or species-level classifications 
were provided if the sequence identity exceeded 97%. To mitigate the impact of false sequences and sequencing 
errors associated with low-abundance taxa, ASVs with 10 reads or fewer were excluded from further analysis.

Identification of alien species
We classified alien species if it was not listed in the National List of Korea72. This list serves as the official 
reference for fish species in Korean waters. Any species detected through eDNA analysis that was absent from 
this database was categorized as an alien species. Additionally, species identification was cross validated using 
FishBase48 to confirm their known geographic distributions.

Statistical analysis
All detected fish species were categorized into six habitat types, tropical, subtropical, temperate, boreal, polar, 
and deep-water, based on information from FishBase48. For taxa identified only at the genus level (e.g., Takifugu 
sp., Sebastes sp., Thunnus sp., Platycephalus sp., and Repomucenus sp.), habitat data for species known to occur 
in Korean waters were used.

Statistical analyses were conducted using R software (2022.07.1). Shared fish species among the four coastal 
regions were visualized using an UpSet plot generated with the ComplexUpset package73. Shannon diversity 
and species richness indices were calculated for each sampling point and compared across regions using 
boxplots created with the ggplot2 package74. Self-organizing maps (SOM), an unsupervised artificial neural 
network comprising input and output layers connected by weight vectors, were utilized to classify the habitat 
characteristics of fish species detected in each region75. For SOM training, binary presence/absence data of 
fish species from each region, along with habitat information from FishBase, were used as input data. Twelve 
SOM output units (N = 3 × 4) were employed to ensure biologically relevant clustering. The SOM analysis was 
performed using the kohonen package76. To evaluate the statistical significance of the SOM-derived clusters, a 
Multi-Response Permutation Procedure (MRPP) was performed using Bray–Curtis dissimilarity with the vegan 
package77. This analysis tested whether within-group dissimilarities were significantly smaller than between-
group dissimilarities.

The geographic distribution characteristics of the 20 most dominant fish species in Korean waters were 
visualized using QGIS 3.26 (QGIS Geographic Information System, QGIS Association). ASV data for the 
detected fish species were log-transformed for analysis and visualized as a heat map to illustrate species 
distributions effectively.

Conclusion
Our research demonstrates that underwater drone-based eDNA metabarcoding provides a robust and high-
throughput method for assessing fish diversity across extensive coastal regions under rapidly changing 
environmental conditions. By integrating nine years of sea surface temperature (SST) data with spatial patterns 
of fish assemblages, we identified significant warming trends in the West Sea and East Sea and documented shifts 
in fish community composition, including the northward expansion of warm-water species and the sustained 
presence of cold-water taxa in deeper areas. The early detection of alien species further underscores the pivotal 
role of eDNA in biological monitoring and resource management. However, several limitations remain, including 
the need for multi-marker approaches to resolve taxonomic ambiguities and the importance of multi-season 
sampling to capture temporal variability. Additionally, incorporating detailed ocean current modeling could 
provide deeper insights into how physical factors influence fish distributions and eDNA dispersal. Despite these 
challenges, our findings highlight the immense potential of eDNA as an essential tool for large-scale marine 
biodiversity monitoring, particularly in the context of ongoing climate change.

Data availability
The sea surface temperature (SST) data analyzed in this study were obtained from the National Institute of 
Fisheries Science (NIFS) and are publicly available at https://www.nifs.go.kr/risa/main.risa. The datasets ​g​e​n​e​
r​a​t​e​d during the current study are available in the NCBI BioProject repository under accession number PRJ-
NA1223655. For access inquiries, please contact the corresponding author, Prof. Ihn-Sil Kwak.

Received: 10 February 2025; Accepted: 15 May 2025

Scientific Reports |        (2025) 15:18827 9| https://doi.org/10.1038/s41598-025-02685-6

www.nature.com/scientificreports/

https://www.nifs.go.kr/risa/main.risa
http://www.nature.com/scientificreports


References
	 1.	 Olivar, M. P. & Beckley, L. E. Latitudinal variation in diversity and abundance of mesopelagic fishes associated with change in 

oceanographic variables along 110°E, south-east Indian ocean. Deep-Sea Res. Pt Ii. 198, 105053 (2022).
	 2.	 Orfanidis, G. A., Touloumis, K., Koutrakis, E. & Tsikliras, A. C. Fish assemblages along a bathymetric gradient in the Northern 

Aegean Sea: an ecomorphological approach. Deep-Sea Res. Pt I. 207, 104223 (2024).
	 3.	 Kim, Y. Y. et al. Potential impact of late 1980s regime shift on the collapse of Walleye Pollock catch in the Western East/Japan sea. 

Front. Mar. Sci. 9, 802748 (2022).
	 4.	 Osland, M. J. et al. Tropicalization of temperate ecosystems in North America: the northward range expansion of tropical organisms 

in response to warming winter temperatures. Glob. Chang. Biol. 27, 3009–3034 (2021).
	 5.	 Kennard, M. J., Pusey, B. J., Harch, B. D., Dore, E. & Arthington, A. H. Estimating local stream fish assemblage attributes: sampling 

effort and efficiency at two Spatial scales. Mar. Freshw. Res. 57, 635–653 (2006).
	 6.	 Magurran, A. E. et al. Divergent biodiversity change within ecosystems. Proc. Natl. Acad. Sci. U. S. A. 115, 1843–1847 (2018).
	 7.	 Abidin, D. H. Z., Nor, S. A. M., Lavoué, S., Rahim, M. A. & Akib, N. A. M. Assessing a megadiverse but poorly known community 

of fishes in a tropical Mangrove estuary through environmental DNA (eDNA) metabarcoding. Sci. Rep. 12, 16346 (2022).
	 8.	 Watson, P. J. & Lim, H. S. An update on the status of mean sea level rise around the Korean Peninsula. Atmosphere 11, 1153 (2020).
	 9.	 Moon, I. J. & Kwon, S. J. Impact of upper-ocean thermal structure on the intensity of Korean Peninsular landfall typhoons. Prog. 

Oceanogr. 105, 61–66 (2012).
	10.	 Thomsen, P. F. et al. Monitoring endangered freshwater biodiversity using environmental DNA. Mol. Ecol. 21, 2565–2573 (2012).
	11.	 Ruppert, K. M., Kline, R. J. & Rahman, M. S. Past, present, and future perspectives of environmental DNA (eDNA) metabarcoding: 

A systematic review in methods, monitoring, and applications of global eDNA. Glob. Ecol. Conserv. 17, e00547 (2019).
	12.	 Stoeckle, M. Y., Soboleva, L. & Charlop-Powers, Z. Aquatic environmental DNA detects seasonal fish abundance and habitat 

preference in an urban estuary. Plos One. 12, e0175186 (2017).
	13.	 Gao, H. K. et al. Fish communities and diversity in river ecosystems on the Qinghai-Tibet plateau revealed by environmental DNA 

(eDNA) method. Ecol. Indic. 156, 111185 (2023).
	14.	 Curtis, A. N., Tiemann, J. S., Douglass, S. A., Davis, M. A. & Larson, E. R. High stream flows dilute environmental DNA (eDNA) 

concentrations and reduce detectability. Divers. Distrib. 27, 1918–1931 (2021).
	15.	 Spens, J. et al. Comparison of capture and storage methods for aqueous macrobial eDNA using an optimized extraction protocol: 

advantage of enclosed filter. Methods Ecol. Evol. 8, 635–645 (2017).
	16.	 Zhang, H., Yoshizawa, S., Iwasaki, W. & Xian, W. W. Seasonal fish assemblage structure using environmental DNA in the Yangtze 

estuary and its adjacent waters. Front. Mar. Sci. 6, 515 (2019).
	17.	 Liu, Y. et al. Application of environmental DNA metabarcoding to Spatiotemporal finfish community assessment in a temperate 

embayment. Front. Mar. Sci. 6, 674 (2019).
	18.	 Truelove, N. K., Andruszkiewicz, E. A. & Block, B. A. A rapid environmental DNA method for detecting white sharks in the open 

ocean. Methods Ecol. Evol. 10, 1128–1135 (2019).
	19.	 von Ammon, U. et al. A portable cruising speed net: expanding global collection of sea surface plankton data. Front. Mar. Sci. 7, 

615458 (2020).
	20.	 von Ammon, U. et al. Net overboard: comparing marine eDNA sampling methodologies at sea to unravel marine biodiversity. Mol. 

Ecol. Resour. 23, 440–452 (2023).
	21.	 Eriksen, C. C. et al. Seaglider: A long-range autonomous underwater vehicle for oceanographic research. IEEE J. Ocean. Eng. 26, 

424–436 (2001).
	22.	 Ore, J. P., Elbaum, S., Burgin, A. & Detweiler, C. Autonomous aerial water sampling. J. Field Robot. 32, 1095–1113 (2015).
	23.	 Yan, R. J., Pang, S., Sun, H. B. & Pang, Y. J. Development and missions of unmanned surface vehicle. J. Mar. Sci. Appl. 9, 451–457 

(2010).
	24.	 Rivera, S. F. et al. Fish eDNA metabarcoding from aquatic biofilm samples: methodological aspects. Mol. Ecol. Resour. 22, 1440–

1453 (2022).
	25.	 Shin, J., Olson, R. & An, S. I. Projected heat wave characteristics over the Korean Peninsula during the twenty-first century. Asia-

Pac J. Atmos. Sci. 54, 53–61 (2018).
	26.	 Doney, S. C. et al. Climate change impacts on marine ecosystems. Annu. Rev. Mar. Sci. 4, 11–37 (2012).
	27.	 Hughes, T. P. et al. Global warming transforms coral reef assemblages. Nature 556, 492–496 (2018).
	28.	 van Hooidonk, R., Maynard, J. A., Manzello, D. & Planes, S. Opposite latitudinal gradients in projected ocean acidification and 

bleaching impacts on coral reefs. Glob. Chang. Biol. 20, 103–112 (2014).
	29.	 Roessig, J. M., Woodley, C. M., Cech, J. J. & Hansen, L. J. Effects of global climate change on marine and estuarine fishes and 

fisheries. Rev. Fish. Biol. Fish. 14, 251–275 (2004).
	30.	 Choi, S. W. & Kim, J. K. First record of Lizardfish, Synodus kaianus (Synodontidae) based on postflexion larva collected from Jeju 

Island, Korea. Korean J. Fish. Aqua. Sci. 55, 189–194 (2022).
	31.	 Choi, S. W., Lee, S. J. & Kim, J. K. Molecular identification and morphological description of larvae of the previously unrecorded 

species Cryptacanthodes bergi (Zoarcoidei: Cryptacanthodidae) collected from Gangwon Province, Korea. Korean J. Fish. Aqua. 
Sci. 54, 188–193 (2021).

	32.	 Choi, Y. & Im, M. Y. Two unrecorded species of sharks in Korean waters. Korean J. Fish. Aqua. Sci. 53, 965–967 (2020).
	33.	 Jang, J., Ji, H. S., Yu, H. J. & Kim, J. K. Molecular identification and morphological description of larva of the previously unrecorded 

species Lepidotrigla longifaciata (Scopaenoidei: Triglidae) from the southeastern sea of Jeju Island of Korea. Korean J. Ichthyol. 36, 
101–106 (2024).

	34.	 Jang, J., Lee, Y. J. & Kim, J. K. New record of Chlorophthalmus nigromarginatus (Aulopiformes: Chlorophthalmidae) from Korea. 
Korean J. Fish. Aqua Sci. 55, 730–735 (2022).

	35.	 Jang, S. H., Kim, J. K. & Yu, H. J. Morphological description and molecular identification of juvenile Peristedion liorhynchus 
(Peristediidae, Pisces) from Jeju-do Island, Korea. Korean J. Fish. Aqua Sci. 53, 794–799 (2020).

	36.	 Kang, C. B., Lee, Y. J., Kim, J. K. & Han, S. H. First record of Echidna nebulosa (Anguilliformes, Muraenidae) from Korea. Korean 
J. Fish. Aqua Sci. 55, 478–483 (2022).

	37.	 Kim, B. Y., Koh, S. J., Kim, M. J. & Song, C. B. First record of the slender giant Moray, Strophidon sathete (Muraenidae, 
Anguilliformes) from Korea. Korean J. Ichthyol. 32, 21–25 (2020).

	38.	 Kwun, H. J. First record of Glossogobius olivaceus (Perciformes: Gobiidae) from Korea. Korean J. Ichthyol. 32, 32–36 (2020).
	39.	 Lee, H. L., Lee, S. J. & Kim, J. K. First record of Lumpenopsis pavlenkoi Soldatov, 1916 (Pisces: Stichaeidae) collected from Gosung, 

Gangwon Province, Korea. Korean J. Fish. Aqua Sci. 53, 960–964 (2020).
	40.	 Lee, J. H. & Kim, J. K. First reliable record of the red pipefish Festucalex erythraeus (Syngnathidae: Perciformes) from Korea. 

Korean J. Fish. Aqua Sci. 53, 784–789 (2020).
	41.	 Lee, Y. J. & Kim, J. K. New record of the schooling Bannerfish Heniochus diphreutes (Perciformes: Chaetodontidae) from Pohang, 

Korea. Korean J. Fish. Aqua Sci. 54, 1017–1022 (2021).
	42.	 Lee, Y. M., Ji, H. S. & Kim, J. K. Molecular identification and morphological description of newly recorded Albula glossodonta 

(Forsskål, 1775) (Albulidae, Albuliformes) leptocephalus in Korea. Korean J. Fish. Aqua Sci. 54, 568–573 (2021).
	43.	 Lee, K. H., Ahn, S. C. & Kim, J. K. First record of the flower Cardinalfish, Ostorhinchus Fleurieu (Apogonidae) collected from 

Jejudo Island, Korea. Korean J. Ichthyol. 36, 193–198 (2024).

Scientific Reports |        (2025) 15:18827 10| https://doi.org/10.1038/s41598-025-02685-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	44.	 Lee, Y. J. & Kim, J. K. New record of Chinook salmon, Oncorhynchus tshawytscha (Walbaum, 1792)(Salmoniformes: Salmonidae) 
from Sokcho, Korea. Korean J. Fish. Aqua Sci. 55, 736–741 (2022).

	45.	 Seo, Y. J., Kim, J. K., Yu, H. J. & Myoung, S. H. Molecular identification and morphological description of juvenile of the previously 
unrecorded species long-snout tonguefish, Symphurus longirostris (Cynoglossidae) from the Southern sea of Jeju Iisland, Korea. 
Korean J. Ichthyol. 36, 288–294 (2024).

	46.	 Shin, U. C., Song, Y. S., Kim, E. H. & Seo, Y. I. New record of Lophiodes triradiatus (Lophiiformes: Lophiidae) from Dokdo, Korea. 
Korean J. Fish. Aqua Sci. 57, 567–574 (2024).

	47.	 Song, Y. S., Myoung, S. H. & Kim, J. K. First record of the escolar Lepidocybium flavobrunneum (Perciformes: Gempylidae) from 
Jeju Island, Korea. Korean J. Ichthyol. 32, 26–31 (2020).

	48.	 Froese, R. & Pauly, D. FishBase. World Wide Web Electronic Publication. https://www.fishbase.org (2024).
	49.	 Dell’Anno, A. & Corinaldesi, C. Degradation and turnover of extracellular DNA in marine sediments: ecological and methodological 

considerations. Appl. Environ. Microb. 70, 4384–4386 (2004).
	50.	 Thomsen, P. F., Willerslev, E. & Environmental DNA - An emerging tool in conservation for monitoring past and present 

biodiversity. Biol. Conserv. 183, 4–18 (2015).
	51.	 Darling, J. A., Pochon, X., Abbott, C. L., Inglis, G. J. & Zaiko, A. The risks of using molecular biodiversity data for incidental 

detection of species of concern. Divers. Distrib. 26, 1116–1121 (2020).
	52.	 Liu, X. C. et al. Exploring Spatiotemporal changes of the Yangtze river (Changjiang) nitrogen and phosphorus sources, retention 

and export to the East China sea and yellow sea. Water Res. 142, 246–255 (2018).
	53.	 Zhu, Y. G. et al. Modelling the variation of demersal fish distribution in yellow sea under climate change. J. Oceanol. Limnol. 40, 

1544–1555 (2022).
	54.	 Park, K. A., Lee, E. Y., Chang, E. & Hong, S. V. Spatial and Temporal variability of sea surface temperature and warming trends in 

the yellow sea. J. Mar. Syst. 143, 24–38 (2015).
	55.	 Stevenson, C. et al. High apex predator biomass on remote Pacific Islands. Coral Reefs. 26, 47–51 (2007).
	56.	 McLean, D. L. et al. Distribution, abundance, diversity and habitat associations of fishes across a bioregion experiencing rapid 

coastal development. Estuar. Coast Shelf Sci. 178, 36–47 (2016).
	57.	 Bonar, S. A., Hubert, W. A. & Willis, D. W. Standard Methods for Sampling North American Freshwater Fishes (American Fisheries 

Society, 2009).
	58.	 Bergman, M. J. N. & van Santbrink, J. W. Mortality in megafaunal benthic populations caused by trawl fisheries on the Dutch 

continental shelf in the North sea in 1994. Ices J. Mar. Sci. 57, 1321–1331 (2000).
	59.	 Han, J. H., An, S. L. & An, K. G. Application of different fish sampling gear in Korean reservoirs and the analysis of sampling 

efficiencies. J. Asia-Pac. Biodivers. 12, 528–540. https://doi.org/10.1016/j.japb.2019.10.002 (2019).
	60.	 Yu, T. S., Ji, C. W., Park, Y. S., Han, K. H. & Kwak, I. S. Characterization of fish assemblages and standard length distributions 

among different sampling gears using an artificial neural network. Fishes 7, 275; (2022). https://doi.org/10.3390/fishes7050275
	61.	 Olds, B. P. et al. Estimating species richness using environmental DNA. Ecol. Evol. 6, 4214–4226 (2016).
	62.	 Kume, M. et al. Factors structuring estuarine and coastal fish communities across Japan using environmental DNA metabarcoding. 

Ecol. Indic. 121, 107216 (2021).
	63.	 Lin, M. X. et al. Landscape analyses using eDNA metabarcoding and Earth observation predict community biodiversity in 

California. Ecol. Appl. 31, e02379 (2021).
	64.	 Wu, J. Y. et al. Comparative performance of a multi-locus barcoding approach to enhance taxonomic resolution of new Zealand 

mosquitoes (Diptera: Culicidae). Aust. Entomol. 62, 77–95 (2023).
	65.	 Lin, C. L., Su, J. L., Xu, B. R. & Tang, Q. S. Long-term variations of temperature and salinity of the Bohai sea and their influence on 

its ecosystem. Prog. Oceanogr. 49, 7–19 (2001).
	66.	 Miya, M. et al. MiFish, a set of universal PCR primers for metabarcoding environmental DNA from fishes: detection of more than 

230 subtropical marine species. R. Soc. Open Sci. 2, 150088 (2015).
	67.	 Bolyen, E. et al. Reproducible, interactive, scalable and extensible Microbiome data science using QIIME 2. Nat. Biotechnol. 37, 

852–857 (2019).
	68.	 Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10–12 (2011).
	69.	 Callahan, B. J. et al. DADA2: High-resolution sample inference from illumina amplicon data. Nat. Methods. 13, 581–583 (2016).
	70.	 Sato, Y., Miya, M., Fukunaga, T., Sado, T. & Iwasaki, W. MitoFish and mifish pipeline: A mitochondrial genome database of fish 

with an analysis pipeline for environmental DNA metabarcoding. Mol. Biol. Evol. 35, 1553–1555 (2018).
	71.	 Zhu, T., Sato, Y., Sado, T., Miya, M. & Iwasaki, W. MitoFish, mitoannotator, and mifish pipeline: updates in 10 years. Mol. Biol. Evol. 

40, msad035 (2023).
	72.	 National Institute of Biollogical Resource (NIBR). National List of Korea National Institute of Biological Resouces. Incheon ​h​t​t​p​s​:​/​

/​k​b​r​.​g​o​.​k​r​​​​ (2023).
	73.	 Lex, A., Gehlenborg, N., Strobelt, H., Vuillemot, R. & Pfister, H. UpSet: visualization of intersecting sets. IEEE T Vis. Comput. Gr. 

20, 1983–1992 (2014).
	74.	 Wickham, H. et al. ggplot2: Create Elegant Data Visualizations Using the Grammar of Graphics R package. ​h​t​t​p​s​:​​​/​​/​s​e​a​r​c​​h​.​​r​-​p​r​o​j​e​​​c​t​.​

o​​r​​g​/​C​​R​A​N​​/​r​e​f​m​​​a​n​s​/​g​g​​p​​l​o​t​2​/​​h​t​m​l​/​g​g​​p​l​o​t​2​-​p​a​​c​k​a​g​e​.​h​t​m​l (2024).
	75.	 Kohonen, T. The self-organizing map. Proc. IEEE. 78, 1464–1480 (1990).
	76.	 Wehrens, R. & Kruisselbrink, J. Flexible self-organizing maps in Kohonen 3.0. J. Stat. Softw. 87, 1–18 (2018).
	77.	 Okasen, J. et al. vegan: Community Ecology Package. R package version 2.5-6. https://CRAN.R-project.org/package=vegan  (2019).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant [NRF-2018-
R1A6A1A-03024314] and [NRF-2020-R1A2C-1013936].

Author contributions
I.-S.K. and T.-S.Y. conceived and designed the study. T.-S.Y. and W.-S.K. conducted field sampling and eDNA 
extraction. W.-S.K. performed sequencing and bioinformatics analysis. T.-S.Y. and I.-S.K. analyzed the data and 
interpreted the results. T.-S.Y. conducted statistical analyses and visualization. T.-S.Y. wrote the first draft of the 
manuscript, and all authors contributed to manuscript revisions and approved the final version for submission.

Declarations

Competing interests
The authors declare no competing interests.

Scientific Reports |        (2025) 15:18827 11| https://doi.org/10.1038/s41598-025-02685-6

www.nature.com/scientificreports/

https://www.fishbase.org
https://doi.org/10.1016/j.japb.2019.10.002
https://doi.org/10.3390/fishes7050275
https://kbr.go.kr
https://kbr.go.kr
https://search.r-project.org/CRAN/refmans/ggplot2/html/ggplot2-package.html
https://search.r-project.org/CRAN/refmans/ggplot2/html/ggplot2-package.html
https://CRAN.R-project.org/package=vegan
http://www.nature.com/scientificreports


Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​0​2​6​8​5​-​6​​​​​.​​

Correspondence and requests for materials should be addressed to I.-S.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        (2025) 15:18827 12| https://doi.org/10.1038/s41598-025-02685-6

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-02685-6
https://doi.org/10.1038/s41598-025-02685-6
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Underwater drone-based eDNA metabarcoding reveals regional differences in fish communities and early detection of alien species around the Korean Peninsula
	﻿Results
	﻿Sea surface temperature trends around the Korean Peninsula (2012–2020)
	﻿Sequencing analysis and fish species composition
	﻿Biodiversity in each coastal region
	﻿Detection of alien species in Korean waters
	﻿Habitat characteristics of fish species by region
	﻿Spatial distribution of dominant species detected by eDNA

	﻿Discussion
	﻿Methods
	﻿Study sites and water sampling
	﻿DNA metabarcoding
	﻿Bioinformatics
	﻿Identification of alien species
	﻿Statistical analysis

	﻿Conclusion
	﻿References


