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The objective of this study was to characterize the trophic structure of fish assemblages on the coasts of offshore islands and the eastern mainland of the Korean Peninsula. We compared the seasonal variability in the trophic structure of fish assemblages between the coasts of two island sites (Ulleungdo and Dokdo) and one mainland site (Hupo), which are on a similar latitude. We analyzed the stable carbon and nitrogen isotope ratios (δ13C and δ15N) of fish assemblages during spring (April) and summer (August) 2021. No temporal differences in the isotope values of fish and basal resources (i.e., suspended particulate organic matter (SPOM)) were found over the sampling period at the Hupo site. In contrast, at the Ulleungdo and Dokdo sites, the fishes and SPOM showed seasonal differences in the δ13C and δ15N values between the two seasons. In particular, the fish δ15N values at the island sites were relatively higher in summer compared to those in spring, suggesting the seasonal variation in the food chains and/or trophic status between consumers and their dietary sources. These regional isotopic variations also result in differences in the seasonal tendencies of the isotopic niche parameters of fish assemblages between the mainland and island coasts. Such differences in the seasonal isotopic patterns of fish assemblages suggest a relatively substantial shift in the dietary resources available to fish consumers on island coasts compared to those on the mainland coast. Overall, our results suggest that fish assemblages in offshore island coasts have distinct seasonal variability in trophic characteristics in response to changing environmental conditions, including basal resources, compared with fish food webs on the mainland coast at similar latitudes.
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1 Introduction

Ulleungdo and Dokdo are volcanic islands in the East Sea, located at the eastern extremity of the Korean peninsula. Because these islands are far from the mainland, they have contributed to preserving relatively pristine ecosystems with lower human impacts than more populated coastal areas. The coastal areas of Ulleungdo and Dokdo exhibit unique geological and geomorphological features, including rocky shores, kelp forests, and offshore reefs that provide diverse habitats and support a wide range of marine organisms (Ryu et al., 2012; Choi and Seong, 2021). In addition, these islands are known to have unique environmental and biological characteristics that are considerably different from those of mainland coastal regions at the same latitude (Kang et al., 2013; Kang et al., 2019; Chung et al., 2020; Kim et al., 2020). In particular, the coastal ecosystems of Ulleungdo and Dokdo are characterized by high biodiversity and are home to several endangered and endemic species (usually, marine invertebrates and plants) (Song et al., 2017; Kim and Yu, 2021; Kim et al., 2023). Thus, to understand the ecological features of these islands as biological hotspots, it is necessary to characterize the structure and function of marine ecosystems.

In general, island and reef topography is of great importance within marine ecosystems because it provides essential habitats and spawning grounds for marine organisms. The coastal zones adjacent to the islands are known to induce flow disturbances, such as upwelling and turbulence, which positively impact biological productivity owing to the influence of the island mass effect (Doty and Oguri, 1956; Gove et al., 2016). Changes in ocean currents around the island may alter the dynamics of organic matter and/or nutrients, which have significant implications for the quality of coastal waters and fluctuations in oceanic productivity (De Carlo et al., 2007). Furthermore, spatiotemporal variations in both biotic and abiotic factors in near-island ecosystems can propagate changes in the entire community structure, spanning from primary producers (e.g., micro- and macroalgae) to higher trophic levels (e.g., fish and marine mammals) through trophic cascades (Frank et al., 2005; Kortsch et al., 2015). Understanding the pathways and rates of organic matter transfer among different trophic levels can help researchers unravel the complex interactions and dependencies within the marine ecosystems around island waters (Polis and Hurd, 1996; Stanek et al., 2022). Accordingly, this knowledge is vital for managing and conserving marine resources, including fisheries and protected species, as well as for addressing broader environmental challenges such as climate change and biodiversity loss.

Stable isotope analysis is a valuable method for elucidating organic matter transfer through food webs in diverse aquatic ecosystems, including freshwater, estuaries, and oceans (Fry and Sherr, 1984; Peterson and Fry, 1987; Michener and Schell, 1994). This method offers several advantages for assessing consumer organisms by providing integrated information on the long-term assimilation of diets (Hobson and Sealy, 1991). In addition, it allows the elucidation of energy flow pathways with greater efficiency and less time investment compared to traditional techniques (i.e., stomach content analysis) for quantifying the dietary composition of consumer species (Boecklen et al., 2011). Specifically, stable carbon isotopes (δ13C) are utilized for tracing the origin of dietary sources for consumers, as they typically exhibit an enrichment of approximately 1‰ between prey and predator (Fry and Sherr, 1984; Layman et al., 2012). In contrast, stable nitrogen isotopes (δ15N) in consumer tissues tend to increase by 2−4‰ through isotopic fractionation from prey to predator, enabling assessment of the trophic position of predators (Post, 2002; McCutchan et al., 2003). Overall, these stable isotope ratios offer useful insights into trophic dynamics and the ecological roles of organisms within food webs, thereby providing a foundation for comprehensive ecological studies of marine ecosystems.

In this study, we assessed the spatial and temporal variability in the trophic structure of coastal fish assemblages in the East Sea of Korea by comparing the coastal regions of two islands, Ulleungdo and Dokdo, and the mainland, at similar latitudes. In general, spatial differences in a variety of oceanic factors, including currents, sea level, temperature, salinity, wind conditions, upwelling intensity, mixing layer thickness, and predator behavior, have the potential to significantly alter breeding habitats and food availability for fish species, consequently affecting the abundance of fish populations and their trophic interactions (Galarza et al., 2009; Riccialdelli et al., 2020). Accordingly, we hypothesized that divergent marine environmental conditions resulting from geographical dissimilarity between the mainland and island coasts due to the island mass effect would affect the trophic structure of fish assemblages. Our analysis involved examining the carbon and nitrogen isotope ratios of coastal fish assemblages encompassing three study sites in the East Sea during two distinct seasons. By evaluating these parameters, we attempted to elucidate the potential effects of temporal and spatial factors on the trophic dynamics of coastal fish assemblages in unique island regions.




2 Materials and methods



2.1 Study sites

The study was conducted at the Hupo site (St. H), located on the southwestern margin of the Ulleung Basin in the East Sea (EJS), and at the Ulleungdo (St. U) and Dokdo (St. D) islets situated in the central Ulleung Basin (Figure 1). The water depths at the sampling sites ranged from 60 to 120 m at Hupo and 20 to 30 m at Ulleungdo and Dokdo. The sampling site at Hupo is a continental margin that is 7–11 km wide and is known to be an upwelling area (Yoo and Park, 2009). Ulleungdo and Dokdo are islets 130 km and 80 km from the Korean Peninsula, respectively. Environmental conditions are generally affected by two currents, the East Korea Warm Current (EKWC) and the North Korea Cold Current (NKCC), which form subpolar fronts by seasonal expansion and contraction. The tidal amplitude in the Ulleung Basin is low (less than 40 cm) (Teague et al., 2005).




Figure 1 | Map of the three sampling areas in the eastern part (A) of Korean peninsula. The sampling sites were located at the Ulleungdo (B) and Dokdo (C) sites in the central Ulleung Basin and the Hupo (D) site in the southwestern margin of the Ulleung Basin in the East Sea.






2.2 Sample collection and processing

Seawater, suspended particulate organic matter, and fish samples were collected in April (spring) and August (summer) 2021 using a commercial fishing boat. For the collection of suspended particulate organic matter (SPOM) samples, Aliquots of 20−40 L of surface water were collected at each sampling site using a van Dorn water sampler and then filtered using a 200-μm mesh net to avoid the possible remains of zooplankton and large particles. The pre-filtered water samples were filtered through a pre-combusted (4 h, 450°C) Whatman GF/F glass fiber filter (pore size: 0.7 μm) in the laboratory. The collected SPOM was acidified with 1 N HCl to eliminate inorganic carbonate content and oven-dried at 60°C for 24 h. The filter samples were preserved at −80°C until isotope analyses. Water samples for chlorophyll a (chl-a) concentration were filtered through Whatman GF/F glass fiber filters after removing large particles and zooplankton using a 200-μm mesh net and kept at −80°C. The sample collection of zooplankton was performed by oblique towing with a Bongo net (2.0 m2 mouth opening, 350 μm mesh). The zooplankton samples of calanoid copepods for the isotope analysis were identified and collected using a stereomicroscope.

All animal samples from the coastal sites of the mainland (Hupo) and islets (Ulleungdo and Dokdo) were collected using a coastal gillnet at a depth of 80 m. The fish specimens were immediately stored in an icebox and transferred to the laboratory. The specimens were identified to the lowest possible taxonomic level using an illustrated book on Korean fish (Kim et al., 2005). The size of individual specimens was measured as total length to the nearest 0.1 cm and weighed to the nearest 0.1 g. White muscle tissue was dissected from the anterior dorsal regions of fish specimens for stable isotope analysis. All fish samples were lyophilized for 72 h and ground into a homogeneous powder using a ball mill (MM200; Retsch GmbH, Haan, Germany).




2.3 Stable isotope analyses

Powdered samples (0.5–1 mg) were encapsulated into tin cups. The prepared filter samples were enclosed in tin disks for the stable isotope analysis. Subsequently, all samples were introduced into an automated CHN element analyzer (vario MICRO cube, Hanau, Germany) to combust at 1030°C. The carbon and nitrogen stable isotope ratios of the CO2 and N2 gases produced during combustion were examined using a continuous flow-through mass spectrometer (Isoprime CF-IRMS; Micromass, UK) connected to an elemental analyzer. The isotope abundances were expressed in delta (δ) notation and deviation in parts per 1000 (‰) relative to the differences between isotopic ratios of the sample and international standard material for carbon and nitrogen as follows: δX (‰) = [(Rsample/Rstandard) − 1] × 1000, where X is 13C or 15N and R is the corresponding proportions, 13C/12C or 15N/14N. Pee Dee Belemnite (PDB) and atmospheric N2 are the international standards for carbon and nitrogen, respectively. To calibrate the analysis results, International Atomic Energy Agency (IAEA) CH-6 (sucrose) and IAEA-N1 (ammonium sulfate) were used as international standard reference materials. The analytical precision of the analysis was approximately 0.2‰ for δ13C and 0.3‰ for δ15N, obtained by repeated measurements (> 20) of urea. Fish species generally contain high levels of lipids, which can lead to intraspecific differences in the concentration of 13C-depleted lipids, thereby causing a bias in their 13C values (Sweeting et al., 2006). Therefore, δ13C values of specimens with C/N ratios higher than 3.5 were lipid-normalized using the following equation of Post et al. (2007): δ13Cnormalized = δ13Cuntreated − 3.32 + 0.99 × C:N (ratios), where δ13C untreated is δ13C values of the not defatted sample. The TP for fish was calculated according to the equation: TPi = (δ15Ni − δ15Nbaseline)/Δ15N + 2, where δ15Ni represents the mean δ15N of the target species, δ15Nbaseline is the mean δ15N of trophic baseline consumers (i.e., calanoid copepods), Δ15N is the enrichment factor (3.4‰) in δ15N per TP, and 2 represents the baseline TP (Post, 2002).




2.4 Data analyses

Prior to statistical analyses, all data were tested for normality and homogeneity of variance using Shapiro–Wilk and Levene’s tests, respectively, using IBM SPSS software (ver. 21.0, IBM Corp., Armonk, NY, USA). Significant differences in the isotopic values of SPOM, zooplankton, and fish among the sampling sites and seasons were tested using a permutational multivariate analysis of variance (PERMANOVA). Two-way analysis of variance (ANOVA), followed by Tukey’s honest significant difference (HSD) multiple comparison post hoc test, were used to identify significant differences in the TP values of fish among sampling sites and seasons. The PERMANOVA test was conducted using PRIMER version 6 (PRIMER-e, Auckland, New Zealand) with the PERMANOVA + PRIMER add-on (PRIMER-e, Auckland, New Zealand).

Isotopic niche areas (‰2) of fish were compared between sites, seasons, and years using the package Stable Isotope Bayesian Ellipses in R (SIBER; Jackson et al., 2011) to assess the difference in their trophic pathways. Isotopic niche areas were compared using total area (TA) and small sample size-corrected standard ellipse area (SEAc), a quantitative proxy for the trophic diversity of consumer species, based on the spread and extent of isotopic data points (Layman et al., 2007; Newsome et al., 2012). The TA and SEAc were estimated to quantify the maximum potential overlap in the isotopic δ-space, considering uncertainty and biases by the occurrence of smaller sample sizes and errors due to the sampling processes (Jackson et al., 2011).





3 Results



3.1 Environmental conditions

The surface water temperatures were similar between the sampling areas (14.3°C–26.8°C in the Ulleungdo/Dokdo areas and 14.1°C–29.6°C in the Hupo area) (Table 1). The water temperatures at the bottom layer in the two island areas were relatively high (12.8°C in April and 16.5°C in August) compared to those in the Hupo area (7.1°C in April and 12.0°C in August). The salinities of the bottom water were very similar between the sampling areas and seasons, ranging from 34.2 (Hupo in April) to 34.5 (Ulleungdo/Dokdo in August). In contrast, the salinities of the surface water were relatively high in the Ulleungdo/Dokdo areas (32.5–34.7) compared to those in the Hupo area (31.7–34.3). The chlorophyll a concentrations of the surface water varied between 0.89 μg/L (Hupo) and 1.90 μg/L (Ulleungdo/Dokdo) in April and between 0.7 μg/L (Hupo) and 0.28 μg/L (Ulleungdo/Dokdo) in August.


Table 1 | The surface and bottom environmental conditions (water temperature, salinity, and chlorophyll a) in the Ulleungdo/Dokdo and Hupo areas located in the eastern part of the Korean peninsula during April (spring) and August (summer) 2021.






3.2 Stable isotope values of organic matter sources and zooplankton

The δ13C and δ15N values of the SPOM differed significantly among the three sampling sites (PERMANOVA, pseudo-F 2, 25 = 16.69, p = 0.001) and between the two seasons (pseudo-F 1, 25 = 39.77, p = 0.001), and a significant effect of the interaction term (site × season, pseudo-F 2, 25 = 5.12, p = 0.007) was observed (Table 2). The mean δ13C and δ15N values of SPOM at the three sites ranged from –22.1 ± 0.4‰ (Site D in April) to –21.1 ± 0.3‰ (Site H in August) and from 4.9 ± 0.4‰ (Site D in April) to 7.2 ± 0.4‰ (Site H in August), respectively. There were no significant differences in the δ13C and δ15N values for SPOM between the Ulleungdo and Dokdo sites (pseudo-F 1, 15 = 0.64, p = 0.546), whereas the isotope values differed significantly between the seasons (pseudo-F 1, 15 = 40.64, p = 0.001). In contrast, no significant difference in the isotopic values of SPOM at the Hupo site was found between seasons (pseudo-F 1, 9 = 0.83, p = 0.437).


Table 2 | δ13C and δ15N values of organic matter (SPOM, suspended particulate organic matter) and zooplankton (calanoid copepods) collected at the Ulleungdo, Dokdo, and Hupo sites located in the eastern part of the Korean peninsula during April (spring) and August (summer) 2021.



Significant differences in the δ13C and δ15N values of the copepods were found among the sampling sites (pseudo-F 1, 16 = 10.15, p = 0.003) and between seasons (pseudo-F 1, 16 = 12.14, p = 0.002), with a significant effect of the interaction term (site × season, pseudo-F 1, 16 = 3.50, p = 0.048). The overall mean δ13C and δ15N values for copepods ranged from –21.3 ± 0.5‰ (Site U in April) to –20.8 ± 0.3‰ (Site H in August) and 6.0 ± 0.4‰ (Site U in April) to 7.6 ± 0.3‰ (Site H in August).




3.3 Stable isotope values of fish

A total of 9 and 17, 13 and 11, and 13 and 8 fish species were collected at three sampling sites (Ulleungdo, Dokdo, and Hupo) in April and August, respectively. The rock fish (family Scorpaenidae) dominated at the Ulleungdo and Dokdo sites (five species), whereas flat fish (family Pleuronectidae) was the dominant group at the Hupo site (six species).

The δ13C and δ15N values of fish were significantly different among the three sampling sites (pseudo-F 2, 177 = 44.92, p = 0.001) and between the two seasons (pseudo-F 1, 177 = 188.92, p = 0.001), and significant effect of the interaction term (site × season, pseudo-F 2, 177 = 43.65, p = 0.001) was also found (Figure 2 and Tables 3 and 4). In contrast, no significant differences in δ13C and δ15N values were observed between the island areas (pseudo-F 1, 114 = 3.38, p = 0.072), whereas their isotope values varied significantly between seasons (pseudo-F 1, 114 = 247.25, p = 0.001). At the Ulleungdo and Dokdo sites, the mean δ13C values of fishes showed similar ranges from –19.4‰ to –16.9‰ and –20.0‰ to –18.2‰ in April and –19.8‰ to –16.7‰ and –19.9‰ to –16.3‰ in August, respectively. For the mean δ15N values, there was a similar seasonal pattern at both the Ulleungdo and Dokdo sites, which were relatively high in August (11.4‰ to 13.9‰ and 12.5‰ to 15.9‰, respectively) compared to those in April (7.6‰ to 10.9‰ and 7.4‰ to 10.8‰, respectively). In contrast, very similar ranges of the mean δ13C and δ15N values for fishes at the Hupo site were observed between the two seasons, from –20.3‰ to –16.5‰ and 11.3‰ to 14.7‰ in April and –19.6‰ to –17.1‰ and 11.5‰ to 15.8‰ in August, respectively.




Figure 2 | Dual isotope plots of δ13C and δ15N values of zooplankton and fish and their basal resource (suspended particulate organic matter, SPOM) at the Ulleungdo (A), Dokdo (B), and Hupo (C) sites in April (blue colors) and August (green colors) 2021. Values are presented as mean δ13C and δ15N (‰ ± 1 SD). Species codes indicate the fish consumers listed in Tables 3, 4.




Table 3 | δ13C and δ15N values and trophic position (TP) of fish assemblages collected at the Ulleungdo and Dokdo sites located in the eastern part of the Korean peninsula during April (spring) and August (summer) 2021. Data represent mean ± 1SD.




Table 4 | δ13C and δ15N values and trophic position (TP) of fish assemblages collected at the Hupo site located in the eastern part of the Korean peninsula during April (spring) and August (summer) 2021.






3.4 Isotopic niche areas and trophic positions of fish

The isotopic niche areas of fish at the three sites during April and August were assessed using TA and SEAc values (Figure 3). The TA and SEAc values showed different seasonal patterns at Ulleungdo (8.78 and 3.63 in April and 6.75 and 1.97 in August, respectively) and Dokdo (3.67 and 1.23 in April and 11.02 and 3.96 in August, respectively) sites. In contrast, the TA and SEAc values of fish at the Hupo site were relatively similar between the two seasons (6.93 and 2.39 in April and 7.62 and 3.27 in August, respectively).




Figure 3 | The isotopic niche areas (‰2) of fish assemblages collected at the Ulleungdo (black colors) and Dokdo (red colors) sites and the Hupo (green colors) site in April (A) and August (B) 2021 estimated as total area (TA, dotted line) and standard ellipse area (SEAc, solid line).



The calculated TP values of fish differed significantly among sites (Tukey’s HSD test, F2, 71 = 12.27, p = 0.01) and seasons (Tukey’s HSD test, F1, 71 = 58.78, p = 0.01) (Tables 3, 4). The fish TP values at the Ulleungdo and Dokdo sites were relatively high in August (3.22–3.96 and 3.54–4.55, respectively) compared to those in April (2.47–3.41 and 2.40–3.39, respectively). At the Hupo site, there were similar ranges in TP values between the two seasons (3.21–4.20 in April and 3.14–4.40 in August).





4 Discussion

Here, we describe the characteristics of fish trophic structure on the coasts of Ulleungdo and Dokdo by comparing the carbon and nitrogen stable isotope ratios of fish assemblages between the mainland coast and the island coast of the East Sea during two seasons. The results showed that the isotopic ratios and niches of fish assemblages on the island coasts showed more distinct seasonality than those on the land coast, with clear spatial differences in species composition. These results may be related to the specific oceanographic features of the regional island effects, leading to seasonal variations in prey availability and diet for fish consumers and their trophic interactions. Our study highlights the importance of stable isotope signatures in identifying temporal resource-use patterns of fish assemblages on offshore island coasts, which provide information on the fish trophic structure and functioning of marine ecosystems under unique environmental conditions.



4.1 Effect of environmental factors on fish community in the offshore islands

Ulleungdo and Dokdo are well known for their distinctive marine ecosystems, which are geographically far from mainland and have relatively little influence from human activities. Geographical effects may be reflected by a noticeable difference in fish composition between the mainland and island coasts. The composition of the fish species collected at the Hupo site was mainly resident and benthic temperate fish, such as Glyptocephalus stelleri and Gymnocanthus herzensteini, which is consistent with a previous report on the eastern coast of the Korean peninsula (Choi et al., 2012; Park et al., 2020a). The fish communities on the east coast of the Korean peninsula are characterized by a high proportion of the endemic and resident species (Sohn et al., 2015). In contrast, relatively few species of tropical and subtropical fish taxa, such as Thamnaconus modestus and Sebastes zonatus were found in assemblages collected from the Ulleungdo and Dokdo sites. The reef-associated fish species on these island coasts are a major group resulting from the geological traits of the rocky terrain (Chung et al., 2015). The geological type of bottom habitats can affect the species composition and diversity of fish assemblages (Gaertner et al., 1999; Farré et al., 2015). Considering that the bottom type of mainland coastal zones, including the sampling area, consists mainly of muddy sand and sand (Kim and Kim, 2001), such regional differences in species composition and taxonomy may be substantially influenced by differences in the bottom habitat environments. In contrast, physical factors such as water temperature and currents may also lead to contrasting species compositions of fish assemblages between areas. In particular, migratory fishes such as the genera Trachurus and Seriola on the coasts of Ulleungdo and Dokdo were likely influenced by the warm Tsushima Current, which is supported by the similarity of fish assemblages between the coastal areas of Dokdo and Jeju (Lee et al., 2010). Therefore, regional environmental variations in geological and physical factors may contribute to spatial differences in species composition of fish assemblages between the mainland and island coasts.




4.2 Food web characteristics in the offshore islands

In the present study, the δ13C and δ15N values for SPOM at all the sampling sites were certainly within previously reported isotopic ranges (–24 to –18‰ for δ13C and 2–10‰ for δ15N) of general marine phytoplankton and SPOM in coastal waters of the eastern Korean peninsula and other temperate regions (Fry and Sherr, 1984; Park et al., 2020a; Shin et al., 2022). These results indicate that organic matter derived from phytoplankton may be the greatest source of the SPOM pool on both the mainland and island coasts. However, our study showed the spatial differences in the δ13C and δ15N values for SPOM between the mainland and island coasts and also the dissimilar seasonal pattern. Although no temporal variation in the isotopic values of SPOM was observed at the Hupo site, the two island sites displayed significant seasonal differences. Isotopic ranges are generally influenced by physical/chemical (e.g., water temperature and availability of dissolved inorganic carbon and nitrogen) and biological (e.g., phytoplankton taxonomy and physiology) factors (Cifuentes et al., 1988; Goering et al., 1990; Kurle and McWhorter, 2017). Thus, such dissimilar patterns in spatial and seasonal variability in the isotopic values of SPOM suggest different environmental conditions between sampling areas. Furthermore, our results suggest that the spatial isotopic differences of SPOM as a trophic base can result in the difference from lower to higher trophic levels along the food chain between the mainland and island coasts.

Similarly, the stable isotope values of fish in our study showed different seasonal patterns between the mainland and island sites. No temporal differences in the isotope values of the fish were found during the sampling period at the Hupo site. These results are consistent with those of a previous study on the limited seasonal isotopic variations in resident fish in the Hupo coastal area during spring and summer (Park et al., 2020a). In the Hupo coastal area, the presence of migrating pelagic fishes, despite their relatively low abundance and species numbers, during specific seasons (i.e., fall and winter) has been reported to result in seasonal variation in the trophic structure of fish with changing environmental conditions (Park et al., 2020a). However, because our study was conducted during spring and summer and only benthic fishes were collected, we did not determine seasonal variations in the fish trophic structure within the community structure. It is worth noting that the δ15N values of fish at the Hupo site were relatively higher than those at the two island sites, suggesting the differences in the environmental conditions and, thus, trophic baselines (Goering et al., 1990; Sato et al., 2006). Moreover, anthropogenic effects may influence mainland coasts more than the offshore island coasts (Kim and Park, 2014). The δ15N of consumers generally increases with the human population density due to the high δ15N of sewage from anthropogenic activities (Cabana and Rasmussen, 1996; McClelland et al., 1997).

In contrast, at the Ulleungdo and Dokdo sites, the fish with a basal resource (i.e., SPOM) showed seasonal differences in the δ13C and δ15N values between spring and summer. In particular, their δ15N values were relatively higher in summer compared to those in spring, suggesting the seasonal variation in the food chains and/or trophic status between consumers and their dietary sources. In general, seasonal variability in the trophic structure of marine ecosystems is likely to be closely related to various environmental factors, resulting in the utilization of available resources and diversity of dietary items (Cresson et al., 2020; Park et al., 2020a). Complex trophic pathways may support food web structures involving diverse biotic and abiotic components within marine ecosystems. The interactions between environmental factors (especially water temperature and food availability) and organisms can have important effects on seasonal variability in the species composition and trophic structure of fish assemblages (Wilson and Sheaves, 2001). Moreover, the dynamics of the phytoplankton concentration and community as a basal resource can lead to changes in the trophic interactions between organisms and their trophic levels in marine ecosystems through bottom-up processes (Ullah et al., 2018; Park et al., 2020b). In this respect, the phytoplankton community around Dokdo Island has been reported to respond sensitively to ambient environmental conditions and thus shift seasonally from a high biomass of micro-sized phytoplankton in spring to a small biomass of nano-sized phytoplankton (more than 70% proportion) in summer (Lee et al., 2022). Because of the trophic importance of phytoplankton as a fundamental component of marine food webs, seasonal changes in the dominance of micro-phytoplankton over nano-phytoplankton can affect the dynamics of trophic structures on island coasts (Rolff, 2000; Park et al., 2020b). Therefore, the seasonal shift in the isotopic values of fish assemblages at the Ulleungdo and Dokdo sites may have been influenced by the alteration in the basal resources supporting the food web, which is related to the different oceanographic conditions between spring and summer.




4.3 Trophic niche characteristics in the offshore islands

The isotopic niche parameters of TA and SEAc have been used to elucidate the spatial and seasonal variability in the food web structure by altering prey-predator relationships due to ambient environmental changes (Layman et al., 2007; Abrantes et al., 2014; Park et al., 2020a). In our study, the differences in the seasonal tendencies of TA and SEAc of fish assemblages between the mainland and island coasts likely reflect the regional isotopic variation in the different prey-consumer relationships due to differing environmental conditions and food availability, as mentioned above (Cherel et al., 2007). Some studies have reported that spatial differences in isotopic niche variability occur due to the alteration of basal resources for fish consumers and their trophic relationships within the community under different environmental conditions (Kingsbury et al., 2020; Shin et al., 2022; Park et al., 2023). In addition, spatial environmental differences related to various physicochemical and biological factors can change fish components within a community, which may lead to regional distinctions in TA and SEAc (Krumsick and Fisher, 2019; Wang et al., 2021). Our results also suggested that clear spatial differences in fish composition between the mainland and island coasts may influence the different temporal patterns in isotopic niche areas. Accordingly, seasonal patterns in the isotopic niche indices likely result from regional differences in environmental conditions and nutritional resources supporting food webs, with a distinction in the species composition of fish assemblages.

In conclusion, our isotopic data on fish assemblages demonstrated differences in the seasonal pattern of the fish food web structure between the mainland and the offshore island coasts of the Korean Peninsula. Given that basal resources supporting fish food webs and environmental conditions showed seasonally different patterns between the sampling areas, the seasonal differences in the isotopic signatures and isotopic niche indices for fish assemblages suggest a relatively substantial shift in dietary resources available to fish on the island coasts compared to those on the mainland coast. Overall, our results suggest that fish assemblages in offshore island coasts have distinct seasonal variability in trophic characteristics in response to changing environmental conditions, including basal resources, compared with fish food webs on the mainland coast at similar latitudes. Further studies on annual and long-term variations in the trophic structure of fish assemblages based on stable isotope techniques, coupled with regular monitoring of environmental factors and fish communities, are needed to better understand the ecological functioning of unique island marine ecosystems.
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