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Loggerhead and green turtles inhabit all oceans except the polar regions. External surfaces of sea turtles are often colonized by epibiotic chelonibiid barnacles. Barnacle taxonomy studies in Korea began in 1985, but until present, no turtle barnacles were recorded. This suggests that either the diversity and frequency of occurrence of turtle barnacles in Korean waters are low or the turtle barnacles have been understudied. This study complies with data collected over 6 years of sea turtle stranding events in Korea (2015–2020). We examined the diversity, frequency, and intensity of turtle barnacle occurrence. Of the 55 recorded strandings, loggerhead turtles were the most common (58%), followed by green turtles (33%). Only one species of barnacle, Chelonibia testudinaria, was found on both loggerhead and green turtles. The frequency of barnacle occurrence on loggerhead turtles was 28%, with an intensity of 2.4 ± 2.7 barnacles per turtle. Notably, 11% of green turtles had barnacles, with an average of one individual per turtle. The frequency and intensity of barnacle occurrence on green turtles analyzed in this study were five times lower than that on green turtle populations in Okinawan, Bornean, and Australian waters in the Indo-Pacific. Based on these new data and the available literature, we speculated that the barnacle larval pools in cold, high-latitude Korean waters are smaller than those occurring in other locations in the Indo-Pacific. The frequency and intensity of occurrence of barnacles on loggerhead turtles in Korea fall within the range recorded in other Indo-Pacific locations. The longer migratory routes of loggerhead turtles allow them to pass through different larval pools in the Indo-Pacific water, exposing them to higher barnacle abundances.
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INTRODUCTION

The loggerhead turtle (Caretta caretta) and green turtle (Chelonia mydas) are latitudinally and longitudinally widespread marine reptiles (FitzSimmons and Limpus, 2014). Carcasses of loggerhead and green turtles often carry epibiotic assemblages, including algae, meiofauna, decapods, and barnacles (Pfaller et al., 2008; Silver-Gorges et al., 2021). Chelonibiid barnacles are common epibionts on both loggerhead and green turtles (Zardus, 2021). Currently, sixteen confirmed species of turtle-associated barnacles are known (Zardus, 2021). The examples include the commonly occurring Chelonibia testudinaria attaching on the turtle carapaces (Zardus et al., 2014). Chelolepas cheloniae, in turn, bores into turtle carapaces, and Platylepas spp. attach to the skin (Hayashi, 2012; Zardus, 2021).

The diversity of epibiotic barnacle species on turtles in the Indo-Pacific has been studied in specific regions, including the Pacific coast of Japan (10 species, Hayashi, 2012), Malaysia (one species, Lim et al., 2021), Taiwan (two species, Chan et al., 2009), and China (nine species, Liu and Ren, 2007). These studies indicate a considerable diversity of species. Korean waters cover both the subtropical region around Jejudo Island and temperate waters around the Korean Peninsula, which is at the northern limit of the range of green turtles in the Western Pacific. Sea turtles have most often been recorded in Jejudo Island (Kim et al., 2017) and the east coast of Korea, in the East Sea (Sea of Japan).

Barnacle fauna of Korea have been comprehensively described by Kim (2011) and Kim H. K. et al. (2020), but there are no reports of turtle-associated barnacles, suggesting that either the diversity and occurrence rate of turtle barnacles in Korea is low or the local turtle barnacles have been understudied. It is also possible that commensal barnacles on green turtles inhabiting the northern edge of their range may show lower frequency and intensity of occurrence when compared to tropical turtle populations. This study reports the diversity and occurrence of turtle-associated barnacles based on the stranding records (2015–2020) of loggerhead and green turtles in Korean waters. We tested the hypothesis that the frequency and intensity of barnacle occurrence on sea turtles are lower in Korean populations than other previously investigated sea turtle populations in the Indo-Pacific.



MATERIALS AND METHODS


Korean Marine Ecoregions

There are three distinct ecoregions within the marine environment around the Korean Peninsula: the Yellow Sea ecoregion on the west coast, the East China Sea ecoregion along the southern coast and outlying islands, including Jejudo Island, and the East Sea ecoregion on the east coast, facing the East Sea. The Yellow Sea ecoregion is affected by the Korean Coastal Current which has opposite flow directions in summer and winter (Figure 1). The East China Sea ecoregion is affected by the Cheju and Tsushima Warm Currents (Figure 1). The East Sea ecoregion is influenced by the North Korean Cold Currents and the Tsushima Warm Current (Kim H. K. et al., 2020). The ecoregions differ mainly in winter water temperature (Figure 1). Waters in the Yellow Sea ecoregion have the lowest winter temperatures (∼2°C), followed by those in the East Sea ecoregion (∼10°C). The South Sea ecoregion is the warmest, with winter water temperature ranging from 12°C to 15°C (Figures 1B,C; Kim H. K. et al., 2020).
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FIGURE 1. (A) Records of stranded loggerhead and green sea turtles in Korea (Orange: Yellow Sea ecoregion, Red: East China Sea ecoregion, Blue: East Sea ecoregion). Locations of a loggerhead sea turtle with barnacles are represented by red circles. Locations of a loggerhead sea turtle without barnacles are represented by open red circles. Locations of a green sea turtle with barnacles are represented by green circles. Locations of a green sea turtle without barnacles are represented by open green circles. In each location, the year and number of strandings are stated in brackets; (B) Averaged winter surface seawater temperature (November 2020–February 2021) and oceanographic currents in Korean and adjacent waters; (C) Averaged summer surface seawater temperature (May–August 2021) and oceanographic currents in Korean and adjacent waters. Sea surface temperature map created from NASA Giovanni database version 4.36. KC, Korean Coastal Current; KB, Branch of Kuroshio Current; TWC, Tsushima Warm Current; CWC, Cheju Warm Current; CDW, Changjiang Diluted Water; NKCC, North Korean Coastal Current.




Stranded Turtles and Epibiotic Barnacles

Stranded sea turtle carcasses were collected from the Korean coastal regions from 2015 to 2020 by the National Marine Biodiversity Institute of Korea (MABIK). For each stranding, we recorded ecoregion, specific location, and turtle species. The curved carapace length of turtles was measured using tape rulers to the nearest millimeter. Barnacles were collected from the sea turtle head, plastron, and carapace using a stainless steel hand scraper. They were subsequently identified and counted.



Comparison of the Frequency and Intensity of Occurrence of C. testudinaria on Sea Turtles in the Indo-Pacific

The frequency of occurrence of barnacles on loggerhead and green turtles in this study was calculated as the ratio between the stranded turtles with barnacles and the total number of stranded turtles (2015–2020). The intensity of barnacle occurrence on a given sea turtle species was expressed as the average number of barnacles per turtle.

The frequency and intensity of C. testudinaria in other Indo-Pacific locations were extracted from the previously published studies conducted in Okinawa (Hayashi and Tsuji, 2008), Australia (Limpus et al., 1994; Doell et al., 2017), Aldabra Atoll, Seychelles (Frazier, 1971), Mabul Island in N. Borneo (Lim et al., 2021), Kyushu, Japan (Matsuura and Nakamura, 1993), and Natal, South Africa (Hughes, 1974; Supplementary Table 1). Although Hughes (1974) identified the barnacles observed on loggerheads as Chelonibia sp., we included his observations in the current dataset due to the general scarcity of distribution data for C. testudinaria on loggerhead turtles in the Indo-Pacific region (also refer to the literature cited by Zardus, 2021). To study the variation in sea surface temperature among the studied regions of C. testudinaria in the Indo-Pacific, a time-averaged overlay sea surface temperature map of the Indo-Pacific region was created using the NASA Giovanni Database version 4.361.




RESULTS


Frequency and Intensity of Barnacle Occurrence

From 2015 to 2020, we recorded 55 sea turtle stranding events. The following sea turtles were observed (Figures 1, 2): 32 loggerheads, 18 green turtles, two leatherbacks, two olive ridleys, and one hawksbill (Figure 2). Loggerhead and green turtle strandings were recorded in all three ecoregions: East Sea (23 and 5, respectively), East China Sea (8 and 12, respectively), and Yellow Sea (1 and 1, respectively) (Figure 1). Most of the stranded sea turtle carcasses were relatively fresh with no signs of decomposition. Most of the strandings occurred from May to October (Supplementary Table 2).
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FIGURE 2. Stranded sea turtles collected from 2015 to 2020 in Korea. (A) Percentage of stranded turtles collected from 2015 to 2020 and percentage of loggerhead and green sea turtles with barnacles; (B) Density (average number of barnacles per turtle) on stranded loggerhead and green sea turtles from 2015 to 2020.


Loggerhead and green turtles hosted barnacles, while leatherback, olive ridley, and hawksbill turtles had no barnacles. C. testudinaria on stranded loggerhead turtles was mainly found in the East China Sea and East Sea ecoregions, with one record in the Yellow Sea ecoregion (Figure 1). On loggerhead turtles, the frequency of occurrence was 28%, and the intensity of occurrence was 2.4 ± 2.7 barnacles per turtle. Among the recorded barnacles, 82% of C. testudinaria were found on the carapace and 18% on the plastron (Figure 2). The curved carapace length of loggerhead turtles with barnacles ranged from 588 to 861 mm (subadults to adults).

Stranded green turtles with barnacles were only found in the East China Sea and East Sea ecoregion (Figure 1). In green turtles, the frequency of occurrence was 11%, and the intensity of occurrence was 1.0 ± 0.2 barnacles per turtle (Figure 2). The carapace lengths of green turtles with barnacles on their carapaces ranged from 460 to 740 mm (one juvenile and one subadult) (Figure 3). Stranded adult green turtles carried no barnacles (Figure 3).
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FIGURE 3. Frequency histograms of carapace length (mm) of (A) Loggerhead sea turtles and (B) Green sea turtles, with (black bars) and without (white bars) barnacles in Korea. The size range of live loggerhead and green sea turtles recorded in Korea in the study by Kim et al. (2017) is provided for comparison with the stranded turtles in this study. The definition of juveniles, subadults, and adults is based on the size range defined in the study by Hughes (1974).




Literature-Based Comparison of Frequency and Intensity of Occurrence of C. testudinaria on Sea Turtles in the Indo-Pacific

Based on the available data, we were able to calculate the following parameters. The frequency of occurrence of C. testudinaria on loggerheads from South Africa ranged from 18% (juvenile specimens from Natal) to 73% (Supplementary Table 1 and Figure 4). In green turtles, the frequency of occurrence exceeded 50% in all analyzed populations (Supplementary Table 1 and Figure 4).
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FIGURE 4. Comparison of the frequency of occurrence (%, black bar) and intensity of occurrence (number of barnacles per turtle, gray bars) in the Indo-Pacific of (A) Loggerhead sea turtles and (B) Green sea turtles in Korea. Data sources from geographical population: Okinawa (Hayashi and Tsuji, 2008), Queensland in Australia (Limpus et al., 1994; Doell et al., 2017), Aldabra Atoll (Frazier, 1971), Mabul Island in N. Borneo (Lim et al., 2021), and Natal and Tongland (Hughes, 1974). The frequency of occurrence of barnacles on loggerhead sea turtles on Natal and the frequency of occurrence and intensity of occurrence of barnacles in green sea turtles in N. Borneo were averaged from the data on juveniles, subadults, and adults. For details, refer to Supplementary Table 1; (C) Averaged winter sea surface temperature map of the Indo-Pacific (November 2020–February 2021), generated from NASA Giovanni database version 4.36. Black dots show the locations in panels (A,B).


The intensity of occurrence of C. testudinaria on loggerheads from Kyushu and Australia was 6.4 and 1.9 barnacles per turtle, respectively (Supplementary Table 1). In green turtles, the intensity of occurrence was 2.6 barnacles per turtle in Australia, 8.4 in Okinawa, and 19.3 in North Borneo. In the latter location, up to 43 barnacles per turtle were recorded in adult female populations (Supplementary Table 1 and Figure 4).




DISCUSSION

Only one barnacle species, i.e., C. testudinaria, was found for the first time as a turtle-associated barnacle in Korean waters. Prior to this study, this species had not been recorded in Korea, although the taxonomic studies of Korean barnacles began in 1985 (Kim, 2011). Among the 13 sea turtle barnacles reported from the Indo-Pacific region (Zardus, 2021), Platylepas hexastylos was recorded from a “stuffed turtle specimen” kept in a university museum without any information on the collection site (Kim, 2011) and thus may not be of Korean origin. It has been suggested that the diversity of epibiotic turtle-associated barnacles in Korea was likely lower than that in adjacent regions, including the Pacific coast of Japan (Hayashi, 2012). Thus, C. testudinaria is not expected to be common in Korean sea turtle populations. Some of the sea turtle populations from the adjacent Pacific waters may be separated from Korea, resulting in differences in the diversity of turtle-associated barnacles among regions (Jang et al., 2018). The relatively low temperature of Korean waters, as compared to the adjacent regions, may limit the diversity of turtle barnacles in Korea.

The frequency and intensity of occurrence of C. testudinaria on Korean loggerhead turtles (28%, 2.4 barnacles per turtle) fell within the ranges estimated for other Indo-Pacific populations (18–73%, 1.9–6.4 barnacles per turtle). Both the frequency and intensity of occurrence of C. testudinaria on green turtles (11%, one barnacle per turtle), in turn, were several times lower than the values calculated for other Indo-Pacific populations. Another study investigating Korean green turtles (Moon et al., 2009) presented a photograph of a wild turtle carrying a single barnacle on its carapace. Although the specimen was identified as a Balanus species, the photograph clearly indicates that the taxon in question was C. testudinaria (refer to Figure 8 in Moon et al., 2009). Observations made by us over the years (the personal observations of Y. N. Choi, C. Yi, I.-H. Kim, and Y. N. Choi), as well as photographs provided by other authors (Moon et al., 2009; Kim et al., 2017, 2019; Kim I. H. et al., 2020), suggest that green turtles in Korea (but also hawksbills and olive ridleys) rarely carry any barnacles.

Satellite tracking studies of green turtles in Korea and Japan indicate that these animals can stay in waters surrounding Jejudo Island for up to 1 year and migrate between Kyushu, the Korean Peninsula, and Jejudo Island in the East Sea region (Jang et al., 2018). As previously suggested (Kim H. K. et al., 2020), lower water temperatures in this region may limit the larval pools of C. testudinaria and other barnacles. For example, in Malaysia, leatherback, olive ridley, and hawksbill turtles are often colonized by C. testudinaria (Lim et al., 2021). In Korean waters, these sea turtle species have not yet been observed to host C. testudinaria.

We speculated that the local loggerhead turtles do not follow this trend due to their longer migratory routes (Bowen et al., 1995). Satellite tracking of juvenile loggerheads revealed that they are restricted to the pelagic feeding grounds located in the Central North Pacific, where they stay for up to 1–2 years (Briscoe et al., 2016). During non-reproductive periods, numerous loggerheads are also observed in the East China Sea enclosed by Korea, eastern China, Taiwan, and Kyushu (Kobayashi et al., 2011). Therefore, loggerhead turtles in the West Pacific would have had to pass through the more diverse and possibly larger larval pools than green turtles during their migrations. Considering the life span of C. testudinaria (up to 2 years; Doell et al., 2017), barnacles present on Korean loggerheads might have settled on these animals in different geographical regions.

It has to be highlighted that this study analyzed barnacles that present solely on the carcasses of stranded sea turtles, and it is possible that such data would not accurately reflect the actual trends in living sea turtle populations. However, based on the low degree of decomposition of the carcasses used in this study, we are confident that all animals resided in Korean waters. Somewhat in support of this statement, the distribution patterns of the Korean sea turtles shown by Kim et al. (2017) largely agree with the stranding locations (this study). Similarly, the size range of sea turtles recorded in Korean waters (Kim et al., 2017) overlaps with that of the analyzed carcasses.

We acknowledged the relatively small sample size of 55 individual sea turtles, as well as the general scarcity of similar studies in the Indo-Pacific region, and emphasized that our results should be interpreted with caution. It is likely that the local sea turtle barnacle diversity remains underestimated, and more studies (preferably including living turtles) are necessary to further investigate the correctness of some of our assumptions. Given the possible significant effect of water temperature on sea turtle barnacle abundance and ranges, in the future, more barnacle species may be observed in Korea due to global warming. The analyses of preserved sea turtle carcasses and carapaces may help detect such temperature-related changes over different time scales.
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