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Rising seawater temperatures are causing geographic shifts in the composition and abundance of the marine plankton that make up the microbial food web. Over the past few years, the water temperature around the Korea Strait has been increasing rapidly. Twelve cruise surveys were conducted in the Jeju Strait between 2017 and 2019 to monitor the presence of the tropical dinoflagellate genera Ornithocercus and Triposolenia, which are brought in by the Jeju Warm Current. Additionally, passive tracer experiments were performed using the Regional Ocean Modeling System to understand how the warm currents impact the Jeju Strait. The results of these simulations were then compared against the distribution ranges and abundance of Ornithocercus and Triposolenia. The study found that there were significant seasonal variations in abundance and spatial distribution of the tropical dinoflagellates during the sampling period, particularly during September and November when they were highly abundant and widely distributed. These patterns were closely related to the intensity and path of the Jeju Warm Current, particularly from southeastern offshore (EKB02; Eastern Kuroshio Branch02) rather than from southwestern offshore (EKB01; Eastern Kuroshio Branch01) of Jeju Island. The study also found no tropical dinoflagellates at any of the stations near the south coast of Korea during the sampling period. These findings suggest that the Ornithocercus and Triposolenia tropical dinoflagellate genera may serve as useful biological indicators to monitor the advection of warm currents into the Jeju Strait, Korea.
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Introduction

Dispersal is a fundamental component of the ecological and evolutionary process whereby an individual or multiple individuals move away from their birthplace to another location (Croteau, 2010). The dispersal of individuals can be either active or passive. Active dispersal, which is more common in animals, is where the animal redistributes itself through its own actions, while passive dispersal, which is more common in plants, is where organisms require assistance to move to new habitats (Putman and Mansfield, 2015). In marine environments, many microorganisms are expected to have a relatively broad distribution range because they are small in size and are affected by numerous atmospheric and oceanographic parameters (Finlay, 2002; Palumbi, 2003; Smayda, 2007). Therefore, understanding the dynamics of a geographic distribution range is essential for understanding biogeography and ecological niche (Crickenberger, 2014).

Since the mid-1970s, there has been increasing research on the effect of global climate change, particularly regarding the effect of increasing seawater temperatures on marine species (Cushing and Dickson, 1976; Southward et al., 1995; Intergovernmental Panel On Climate Change, 2007; Jung et al., 2017). An increase in seawater temperature can significantly affect the distribution of marine species by either widening or narrowing their range (Poloczanska et al., 2008). In addition, it can lead to changes in species composition, which is directly related to changes in the structure and function of the various marine ecosystems (Poff et al., 2002; Doney et al., 2012). The marginal seas surrounding the Korean peninsula are also affected by global climate change and marine ecosystems are gradually switching from temperate to tropical and/or subtropical conditions. The mean seawater temperature surrounding Korea has already increased by as much as 1.7°C in the East Sea, 1.4°C in the Korean Strait, and 0.3°C in the Yellow Sea over the past half century (KMA, 2019). Along with the increase in seawater temperature caused by changes in atmospheric circulation (Yeh and Kim, 2010), and the northward expansion of the Kuroshio Current with high salinity and temperature (Pang et al., 1996), the occurrence and habitats of tropical and/or subtropical marine organisms (e.g., fish, invertebrates, and macroalgae) surrounding the Korean peninsula are expanding northwards (Kim, 1992; Ju and Kim, 2012; Kim et al., 2020).

Lie and Cho (2016) reviewed the system of currents in the Yellow and East China Seas (YECS) and shows that the Kuroshio Current consists of the Western Kuroshio Branch (WKB) off the northeast coast of Taiwan, and the Eastern Kuroshio Branch (EKB) off the southwest coast of Kyushu, Japan (Figure 1). The EKB, which flows northward toward the Korea Strait (KS) divides into three further branches off western Kyushu: one turns clockwise to flow southwestern coast of Kyushu, a second flows northward to the Korea Strait and is known as the Tsushima Warm Current (TWC), and the third flows northwestward to the south and west of Jeju Island. A portion of the TWC flows northwestward and turns clockwise around Jeju Island, which is called as the Jeju Warm Current (JWC). The TWC and JWC bring warmer, saltier water from the East China Sea (ECS) to the East Sea through the Korea Strait and the Jeju Strait (Lie and Cho, 1997; Chang et al., 2004). The Jeju Strait is located between the southwestern coast of Korean peninsula and Jeju Island. This region is known to be affected by the variability of the JWC and is directly affected by increase in seawater temperature. The currents through the Jeju Strait have been investigated using a variety of methods (e.g. drift bottle, satellite-tracked drifter, short-term current meter observations, drift plate tracking, and acoustic Doppler current profilers) (Lee, 1983; Kim and Rho, 1997; Lie et al., 2000; Suk et al., 2000; Pang et al., 2003; Shin et al., 2022), and it is estimated that the temperature and salinity distribution range in the Jeju Strait varies greatly depending on the season. Because of the inflow of the JWC, it would be easy to observe tropical and/or subtropical marine microorganisms that are introduced into the Jeju Strait. While several studies have investigated phytoplankton community temporally and spatially in coastal sites very close to the Jeju Island (e.g., Lee et al., 1990; Lee et al., 1993; Choa and Lee, 2000; Kim et al., 2019), unfortunately, none has been done in the Jeju Strait until now, thereby making it difficult to understand seasonal succession pattern on phytoplankton community in the Jeju Strait.




Figure 1 | (A) Map of the study area (black solid rectangle) along with surface ocean currents system (colored vector; Park et al., 2017). Blue lines indicate cold currents and red lines indicate warm currents. Green lines indicate Changjiang Diluted Water (CDW). CCC, Chinese Coastal Current; WKCC, West Korea Coastal Current; JWC, Jeju Warm Current; TWC, Tsushima Warm Current. (B) Map of the study area showing the sampling sites. Black circles represent the sampling sites in the Jeju Strait during this study (W01 – W09).



The heterotrophic dinoflagellates of the order Dinophysiales, (which include Amphisolenia, Histoneis, Ornithocercus, Parahistoneis, and Triposolenia) are widespread in tropical and subtropical marine environments (Hallegraeff and Jeffrey, 1984; Hernández-Becerril et al., 2008; Saifullah et al., 2008; Tarangkoon et al., 2010; de Aquino et al., 2014; Lavanya et al., 2020) and are characterized by having symbiotic cyanobacteria and eukaryotes (Nakayama et al., 2019; Kim et al., 2021). If these dinoflagellates are therefore beginning to be found in new oceanic environments such as temperate regions, it would mean that those regions are becoming suitable habitats for them as a result of environmental changes such as increased seawater temperature. Indeed, tropical dinoflagellates can now be observed off Jeju Island all year round (Kim et al., 2008; Jung and Kim, 2013; Kim et al., 2013; Lee et al., 2015; Kim et al., 2021), implying that it can no longer be considered a temperate region. In this context, a growing concern is the extent to which these (sub) tropical dinoflagellates are expanding northwards in coastal waters around Korea. Their northward expansion range could be caused by an increase in seawater temperature because of global warming, thereby the subsequent adaptation of the introduced dinoflagellates to new oceanic environments, or changes in intensity and range of warm currents influencing Korean coastal waters and accompanying the introduction of the dinoflagellates, or both, although the exact reason for the expansion remains unknown.

This study aimed to investigate the spatiotemporal distribution of species belonging to two (sub) tropical dinoflagellates genera, Ornithocercus and Triposolenia, in the Jeju Strait off the south coast of Korea and then to determine whether their distribution is related to the intensity and path of the JWC, a branch of TWC originating from the Kuroshio Current. To this end, we determined two (sub) tropical dinoflagellates abundance in March, June, September, and November for a three-year period from 2017 to 2019, and simulated the spatiotemporal distribution of warm current using dye release experiments to determine whether their occurrence is related to the flow of warm currents through the Jeju Strait.





Materials and methods




Study area and sampling strategy

The study was carried out at nine stations (W01 – W09) between Wando (located off the south coast of Korea) and Jeju Island in March, June, September, and November 2017, 2018, and 2019 (Figure 1; Supplementary Table S1). Vertical profiles of seawater temperature and salinity were measured using a Conductivity-Temperature-Depth sensor (SBE 19plus V2, Sea-Bird Electronics, USA) mounted on a rosette sampler. Plankton samples were hauled vertically through the water column from a depth of 30 m (which corresponded to a thermocline depth, if present) to the surface using a 0.6 m diameter bongo net with a 20 µm mesh. At the center of the net mouth, a digital flowmeter (Hydro-Bios, Germany) was mounted to determine the volume of the seawater passing through the net. Highly concentrated samples were immediately fixed with neutral Lugol’s solution (final concentration 2%) in a 500 ml polyethylene bottle and wrapped with aluminum foil for microscopic observation.





Identification and abundance of tropical dinoflagellates

In the laboratory, the 10 – 50 mL subsamples were withdrawn from each fixed sample and transferred to either 60 mm petri dishes (SPL Life Sciences, Korea) or plant culture dishes (SPL Life Sciences, Korea). These dishes were used for species identification and enumeration of all tropical Ornithocercus and Triposolenia dinoflagellates using an inverted microscope (Axio Vert.A1, ZEISS, Germany) equipped with a full HD mini-box camera (MediCAM-Z, Comart System, Korea) at 200 or 400x magnifications. Ornithocercus and Triposolenia species were identified in line with the studies by Abe (1967) and Taylor (1971), and the species names were followed by Gómez (2005). Some species were not able to be classified because of a lack of micrographs or uncertain cell shapes, so they were assigned as either “Ornithocercus sp.” or “Triposolenia sp.”, respectively. Cell abundance (cells·m-3) was calculated based on the cell count data and the flowmeter revolutions.





Model configuration and dye release experiment

In this study, the Regional Ocean Modeling Systems (ROMS), which is a free-surface ocean model, was used to study the possibility of transport of tropical dinoflagellates to the northern Jeju Strait by the northward expansion of the JWC (Song and Haidvogel, 1994; Shchepetkin and Mcwilliams, 2005). The Boussinesq and hydrostatic approximations were used and the orthogonal curvilinear and stretched terrain-following coordinates were adopted as the horizontal and vertical coordinates, respectively. In the numerical model, the split-explicit time stepping method was used, which is efficient for the time integration of the equations because the barotropic and baroclinic modes are calculated separately. This model has a horizontal grid resolution of approximately 1/100° and its vertical grids consist of 41 layers. For the bottom topography data, the Korbathy30s (Seo, 2008) is used in the tilted rectangular model domain. The depth of the water greater than 120m in the Jeju Strait and become shallower toward the south coast of Korea. Open boundary data including temperature, salinity, currents, and sea level are supplied by the Mercator Ocean global 1/12° system PSY4V3R1, which was provided by Copernicus Marine Environment Monitoring Service (Lellouche et al., 2018; CMEMS, http://marine.copernicus.eu/). The ERA-interim reanalysis data were used as daily mean atmospheric forcing data including wind, relative humidity, air temperature, pressure, and solar radiation, and these were provided by the European Centre for Medium-Range Weather Forecasts (ECMWF, https://www.ecmwf.inf). Heat flux calculations at the ocean surface boundary were performed using the bulk formulation (Fairall et al., 2003). Also, the ten tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, Mf, and Mm) were provided by the Topex/Poseidon version 6 barotropic tidal model (TPXO6; Egbert and Erofeeva, 2002), which is applied for the propagation of tides from the open boundary to the model interior. The initial condition of this model was obtained from a spin-up simulation of ocean circulation for two years using atmospheric forcing and open boundary data from 2016.

Dye release experiments have previously been useful in tracing the transport path of the zooplankton and water masses (Keister et al., 2011; White, 2015). For the dye release experiment in this study, a multidimensional positive definite advection transport algorithm was applied to the tracer advection method, while the third-order upstream scheme and the fourth-order centered scheme were applied to the horizontal and vertical advection schemes for momentum, respectively. The K-profile parameterization (KPP) scheme was used to calculate the vertical mixing in the numerical model (Large et al., 1994). The equation for the advection and diffusion of a dye is as follows:



where, C represents the passive tracer concentration, and Ah and Av represents the horizontal and vertical diffusivities, respectively. The second term on the left-hand side represents the advection term, while on the right-hand side, the first and the second terms represent horizontal and vertical diffusion terms, respectively. τ represents the decay timescale of the tracer and Q indicates the source of the tracer supplied into the model domain.

To identify the inflow regions of warm water flowing into the Korea Strait from the northwestern Pacific, the vertical distribution of the temporal mean v-velocity along the southern open boundary from 2017 to 2019 was examined (Figure 2). The two strong v-velocity cores with current speed higher than 0.1 m·s-1 were exhibited over the entire depth from 126°E to 128°E, respectively (Figure 2B). The regions where the two v-velocity cores appeared were similar to the regions of the two EKB branches defined by Lie and Cho (2016), which are named EKB01 and EKB02, in this study. EKB01 and EKB02 are main pathways of the JWC and the current of the TWC, respectively. For the dye release experiment, dyes at concentrations of 10 kg·m-3 were injected over the entire depth profile of the EKB01 and EKB02 along the southern open boundary into the model interior at every time step from 2017 to 2019 (Figure 2A).




Figure 2 | (A) Model domain and bathymetry and (B) vertical distribution of temporal mean v-velocity in the southern open boundary from 2017 to 2019.







Data analysis

To analyze the relationship between total cell abundance of Ornithocercus and Triposolenia and concentration of dyes originating from EKB01 and EKB02, the data were analyzed or processed using the SigmaPlot (Version 13, Systat Software Inc., San Jose, CA, USA).






Results




Microscopic observations of the Ornithocercus and Triposolenia

A total of nine species from two genera were identified during this sampling period. The majority (seven species) belonged to the genus Ornithocercus within the family Dinophysiaceae and had cyanobacterial ectosymbionts. The species were O. heteroporoides, O. magnificus, O. quadratus, O. cf. skogsbergii, O. splendidus, O. steinii, and O. thumii. The remaining two species had endosymbionts and belonged to the genus Triposolenia within the family Amphisoleniaceae. The species were T. bicornis and T. cf. depressa (Figure 3).




Figure 3 | Light micrographs of tropical dinoflagellates Ornithocercus and Triposolenia cells from field samples. (A), Ornithocercus heteroporoides; (B, C), O. magnificus; (D) O. quadratus; (E), O. cf. skogsbergii; (F), O. steinii; (G), O. thumii; (H), Triposolenia bicornis; (I, J), T. cf. depressa. Scale bars = 50 µm.



All Ornithocercus spp. cells observed in this study had the typical morphological features of Ornithocercus, and rod-shaped cyanobacterial symbionts were observed inside the girdle list (Figures 3A–G). Unfortunately, O. splendidus was lost during observation under the microscope, so a micrograph could not be obtained. The Triposolenia species were observed to have endosymbionts typical of the genus (Figure 3H–J). Although their morphology was similar between the species, there were differences in size. Overall, T. bicornis was larger than T. cf. depressa (140 and 100 µm, respectively).





Seasonal fluctuation in the abundance of Ornithocercus and Triposolenia

The abundance of the tropical dinoflagellates Ornithocercus and Triposolenia cells showed large seasonal variations. During the study period, Ornithocercus spp. were observed more frequently than Triposolenia. The abundance of tropical dinoflagellates Ornithocercus and Triposolenia averaged 742 and 506 cells·m-3, respectively. Ornithocercus species were observed throughout the entire duration of the sampling period, regardless of the season, and in water temperatures of 12.4 – 24.5°C and salinities of 31 – 34.6 (Figure 4A). By comparison, Triposolenia spp. occurred only in March and November and in water temperatures of 15.2 – 20.2°C and salinities of 33.4 – 34.2 (Figure 4B).




Figure 4 | Temperature-salinity diagram showing the abundance of Ornithocercus (A) and Triposolenia species during this study (B). Circle sizes are proportional to the abundance (cells·m-3). The colors of the circles indicate each sampling month. Red: March, Yellow: June, Green: September, Blue: November.



Cell abundance of Ornithocercus spp. was highly variable and ranged from undetectable levels to 4818 cells·m-3 in November 2018 (Figure 5A). Abundances were either negligible or undetectable in March and June, before starting to gradually increase from September and reaching a peak in November. Similar trends were seen for each of the three years. Ornithocercus species diversity was also highest in November (five or six species) and lowest in March and June (two or three species). Among them, O. magnificus was the most abundant, accounting for about half of the total cell abundance in almost all sampling times, and accounted for 100% in March 2019, although the total cell abundance was low (Figure 5A). Surprisingly, however, O. magnificus cells were absent in June 2018 and represented less than half of the total Ornithocercus abundance in September 2017 and 2018. The second most common species was O. thumii, which had the highest abundance at 85.7% in June 2018, although its mean abundance was 17.7% over the study period. Some Ornithocercus species only occurred at certain times. For example, O. heteroporoides and O. splendidus occurred only in November 2018, while O. cf. skogsbergii was observed in September and November but not in March.




Figure 5 | Total abundance of the Ornithocercus (A) and Triposolenia species (B) as functions of sampling dates. Absolute total number (lines, left y-axis scale) and proportion (bar, right y-axis scale) of two genera. Bar colors indicate each species within a genus.



Triposolenia cells were only observed in March and November, ranging from undetectable levels to 931 cells·m-3 in November 2018 (Figure 5B). Although the abundance of Triposolenia species was attributed to either T. bicornis or T. cf. depressa, T. bicornis was only relatively predominant in their abundance in November (>86% of total Triposolenia cells), while T. cf. depressa cells were highest in March (64 and 52% in 2018 and 2019, respectively), excluding 2017 (Figure 5B).





Spatial distribution of Ornithocercus and Triposolenia

The sea surface temperature (SST) supplied by Operational Sea Surface Temperature and Ice Analysis (OSTIA; Donlon et al., 2012) showed a remarkable seasonal change between 10.8 and 27.3°C in the study area. SST ranged from 11.1 to 14.5°C in March, 14.7 – 20.8°C in June, 19.6 – 25.5°C in September, and 14.0 – 20.2°C in November. There was a large difference in SST depending on the sampling stations. The salinity ranged from 29.6 to 34.7 during the sampling period, with the mean salinity in March, June, September, and November being 34.4, 33.3, 32.2, and 33.7, respectively.

The spatial distribution of Ornithocercus showed a pronounced seasonal variation (Figure 6), displaying the widest spatial distribution along the transect in November (Figures 6J–L). In November, they were found from station W09 adjacent to Jeju Island to station W02 close to the south coast of Korea. Their maximum abundance (1298 cells·m-3) was observed in 2018 at station W06 located in the middle of the transect (Figure 6K). In March, they were found from stations W09 to W03, with peak abundance (53 cells·m-3) observed at station W05 in 2017 (Figure 6A). No cells were found in June 2017 and 2019 (Figures 6D, F), but small populations (8 and 47 cells·m-3) were observed at stations W08 and W09 adjacent to Jeju Island in June 2018 (Figure 6E). Their spatial distribution in September was usually similar to that in November, although they were less abundant in September. Interestingly, however, the pattern of spatial distribution observed in September 2017 differed from that in September 2018 and 2019. In September 2017, they were only observed at stations W03 and W06 located in the middle of the transect (Figure 6G). Triposolenia cells had a narrow spatial distribution compared with Ornithocercus. For example, in March, Ornithocercus cells were found between stations W03 and W09, whereas Triposolenia cells were observed in a relatively narrow range, from stations W03 to W07 in 2018 and only W06 and W08 in 2019 (Figures 6B, C). Even in November, Triposolenia cells were distributed over a narrow range from stations W03 to W05, which were located in the middle of the transect (Figures 6J–L).




Figure 6 | Spatial distribution of the total cell abundance of Ornithocercus (Black bars) and Triposolenia (Gray bars) at each sampling station during the sampling period, superimposed on the sea surface temperature supplied from Operational Sea Surface Temperature and Ice Analysis (OSTIA; Donlon et al., 2012). (A–C), March; (D–F), June; (G–I), September; (J–L), November.







Relation between the tropical dinoflagellates and the inflow of tropical water mass

The advection and diffusion of dyes from the surface to 30 m depth injected from regions of EKB01 and EKB02 to the model interior from 2017 to 2019 were compared in Figures 7, 8. In this experiment, dyes originating from EKB01 and EKB02 were distributed in the regions of both warm currents which affected significantly to advection of dyes. Additionally, the paths of warm current from EKB01 and EKB02 had interannual and seasonal variations, which led to temporal and spatial differences in dye distribution (Figures 7, 8). Overall, the dye originating from EKB01 highly affected the southwestern and southern shallow coastal regions of Korea as well as the Jeju Strait (Figure 7), while dye originating from EKB02 flowed predominantly to the southeast of Jeju Island through the Korea Strait (Figure 8). Although the dye originating from EKB01 dispersed from the East China Sea to the southern shallow coastal regions through the Jeju Strait with seasonal variations, the concentration of dye originating from EKB01 was relatively low around Jeju Island in September 2018 and in November for every year while the dye originating from EKB02 predominated in this region (Figures 7, 8). In September 2018, dyes originating from EKB01 did not flow close to the northern coast of Jeju Island because of the northwestward intrusion of the dye originating from EKB02, which pushed up the dyes originating from EKB01 to the southwestern shallows in the Jeju Strait (Figures 7H, 8H). At that time, in the southeastern offshore of Jeju Island, the northwestward flowing current from EKB02 was stronger than it was in September 2017 and 2019. It flowed along the southern and southwestern coast of Jeju Island, causing advection of the dye originating from EKB02 into the Jeju Strait (Figures 7H, 8H). Moreover, the total cell abundance of Ornithocercus and Triposolenia was also larger in September 2018 compared with September 2017 and 2019 (Figure 6H). In November each year, most of the dye originating from EKB01 flowed southwestern offshore to northwest off Jeju Island before being advected to the Yellow Sea (Figures 7J–L). Therefore, instead of the dyes originating from EKB01, the dyes originating from EKB02 moved around Jeju Island (Figures 8J–L).




Figure 7 | The horizontal distribution of the dye originated from EKB01 from the surface to 30 m depth from 2017 to 2019. White  and black arrows, which are represented in two colors to make visible clearly, indicate ocean current vectors. (A–C), March; (D–F), June; (G–I), September; (J–L), November.






Figure 8 | The horizontal distribution of the dye originated from EKB02 from the surface to 30 m depth from 2017  to 2019. White and black arrows, which are represented in two colors to make visible clearly, indicate ocean current vectors. The horizontal current is equal to it in Figure 7. (A–C), March; (D–F), June; (G–I), September; (J–L), November.



Hovmöller diagrams showing the concentration of the dyes originating from EKB01 and EKB02 at the sampling sites in the Jeju Strait also showed similar variations (Figures 9, S2). The concentrations of the dyes originating from EKB01 and EKB02 offset each other. In particular, the dye originating from EKB01 mainly appeared close to Wando, whereas dye originating from EKB02 was abundant at W05 to W09 where the tropical dinoflagellates were mainly observed. During the study period, these two pathways were clearly separate in autumn and late winter. However, during the summer of 2018, dye originating from EKB02 showed short-term fluctuations that were greater than they were during the summers of 2017 and 2019 (Figure 9E). At that time, the total abundance and spatial distribution of the tropical dinoflagellates in June and September 2018 were greater than they were in 2017 and 2019 (Figure 6H).




Figure 9 | Hovmöller diagram showing the concentration of dyes originating from EKB01 (A–C) and EKB02 (D–F) averaged from the surface to 30 m depth from 2017 to 2019. Along the axis of ordinates, the yellow circles indicate the sampling sites in Figure 1B.



Correlation analysis between the total cell abundance of Ornithocercus and Triposolenia and the concentration of dyes originating from EKB01 and EKB02 showed that their total cell abundances have a strong positive correlation with the concentration of dyes originating from EKB02 (r = 0.637, p<0.0001), but a moderately negative relationship with the concentration of dyes originating from EKB01 (r = -0.512, p<0.0001) (Supplementary Figure 1).






Discussion

The major findings of the present study were as follows. (1) Abundances and species diversity of the tropical dinoflagellates genera Ornithocercus and Triposolenia in the Jeju Strait show strong seasonality, with the highest abundance observed in November and being almost undetectable in June. (2) Spatial distribution and a northward expansion range of the tropical dinoflagellates in the Jeju Strait are strongly associated with the path and intensity of the warm current (i.e., Jeju Warm Current) originating from EKB02.

During a cruise across the Indian Ocean from Cape Town, South Africa to Broome, Australia, where surface water temperatures ranged from 12 to 30°C, Tarangkoon et al. (2010) found that cell densities of ectosymbiont-bearing dinoflagellates, including Ornithocercus, were positively correlated with water temperature, with those in the euphotic zone not observed at water temperatures< 16°C. Unlike their result, however, the result from the present study showed a different pattern in cell abundance with respect to water temperature. In this study, the highest cell abundance of Ornithocercus was observed in November, when water temperatures ranged from 14.0 to 20.2°C. Interestingly, all Ornithocercus cells observed in March were found in relatively low-temperature waters, in the range of 12.4 to 14.5°C, although cell abundance in March was lower than in November. The highest species diversity of Ornithocercus was found in November (five or six species) than in March and June (two or three species). By comparison, all Triposolenia cells observed in this study were found only in water temperatures of 12.4 to 18.8°C. This pattern of occurrence of Triposolenia cell abundance also differs from Tarangkoon et al.’s (Tarangkoon et al., 2010) result, in which endosymbiont-bearing dinoflagellates such as Triposolenia were not observed in water temperatures below 23°C. Our data, therefore, imply that cell abundance and species diversity (and particularly Ornithocercus in this study) of these symbiont-bearing dinoflagellates were not dependent on the high water temperature in the Jeju Strait undergoing large seasonal variations in water temperature, down to as little as 16°C, which is typical for temperate waters. In fact, their highest cell abundances and species diversity were found in relatively cold water temperatures. Therefore, the results from the present study strongly indicate that seasonal variations observed in cell abundance and species diversity in the Jeju Strait located in temperate regions may be attributed to the introduction of the dinoflagellates by currents originating from warm waters that subsequently mix with the cooler coastal waters. Alternatively, it could not be excluded the possibility that their high abundance in November each year might result from in situ growth of their populations in the Jeju Strait and/or subsequent later stages of the seasonal succession. However, this seems not to be the case. When calculated in situ growth rate by using the cell abundances in November and September, their growth rates were too low (about 0.0478 day-1; data not shown) to achieve such a high cell density observed in November each year, again supporting the idea that the peak abundance shown in November is highly related to the inflow of a large number of Ornithocercus and Triposolenia through the inflow of warm current.

Ocean warming has dramatically shifted the geographic distributions of tropical species into more temperate waters. Indeed, the distribution ranges of a variety of marine organisms, including seaweed, plankton, invertebrates, and fish have been steadily expanding northwards (Lubchenco et al., 1993; Beaugrand et al., 2002; Zacherl et al., 2003; Perry et al., 2005). Plankton species, in particular, are seen as good potential climate change indicators in the marine environment because they can easily respond to changes in water temperature and exhibit rapid distribution changes in which their habitat range expands or contracts. For example, free-floating dinoflagellates belonging to the genus Tripos (previously known as Ceratium) are considered biological indicators for monitoring water masses, oceanic currents, and climate change (Dodge and Marshall, 1994; Johns et al., 2003; Tunin-Ley et al., 2009; Tunin-Ley and Lemée, 2013). Similarly, the result from the present study also showed that the warm water dinoflagellates Ornithocercus and Triposolenia are distributed throughout the warm current system. This suggests, therefore, that Ornithocercus and Triposolenia could also be used as biological indicators for warm water mass and ocean currents originating from subtropical and tropical seas.

In the Jeju Strait, the shoreward limit and spatial distribution of the tropical dinoflagellates were strongly linked with the intensity of warm current water originating from the EKB02 in the numerical model simulation. The result of correlation analysis between the total cell abundance and the concentration of dyes again supports that spatial distribution and a northward expansion range of the tropical dinoflagellates in the Jeju Strait are strongly associated with the path and intensity of the warm current (i.e., Jeju Warm Current) originating from EKB02. Indeed, in November, when the warm current carrying water originating from EKB02 expanded northwest, the tropical dinoflagellates were observed at station W03, a northern station, along the transect. By comparison, in June, water carried by the warm current originating from the EKB02 was not observed along the meridional transect or was only found at stations W08 and W09, the southernmost stations, off the northern coast of Jeju Island. In addition to the intensity of the warm current, the present study suggests that the path of the warm current is also an important factor for determining the spatial distribution of the tropical dinoflagellates in the Jeju Strait. Specifically, in September 2018 and 2019 when the warm current flowed over a broad range across the observation transect, the tropical dinoflagellates were found from stations W03 to W09, whereas in September 2017, they were only found at stations W03 and W06 located in the middle of the transect where the warm current passed through. Unlike the results in June of 2017 and 2019 when the tropical dinoflagellates were not observed, their occurrence in 2018 only at stations W08 and W09, adjacent to the northern coast of Jeju Island, again supports that the path of the warm current is an important determinant for the spatial distribution of tropical dinoflagellates. During the study period, no tropical dinoflagellates were found at stations W01 and W02, which were located close to the southern coast of Korea. In other words, it can be inferred that the JWC provides warm water originating from the subtropical regions to the southwestern coast of Korea up to W02 station and that this region marks the northern limit of tropical dinoflagellates distribution in the Jeju Strait.

Between autumn and spring, a thermohaline front forms between W01 and W03 stations marking the boundary between the coastal waters and the JWC water. In summer, the warm saline water flowing northwestward from EKB01 in the subsurface layer forms a subsurface thermohaline front with a cooler and less-saline water mass originating from the Yellow Sea in the East China Sea and the Jeju Strait (Pang et al., 1992; Chen et al., 1994; Hur et al., 1999; Lie et al., 2000; Qi et al., 2014). Although the waters of EKB01 and EKB02 are similar waters originating from the KWC, the hydrographic properties of the water from EKB01 might be modified in the East China Sea by the mixing that occurs along the subsurface thermohaline front. The water originating from EKB02 is less affected by other coastal water masses than the water from EKB01 and it can maintain the warm and saline water characteristics in the Korea Strait, meaning that tropical dinoflagellates are likely to be able to distribute throughout the warm, saline waters originating from EKB02. Mixing of the water masses originating from EKB01 and EKB02 with other coastal water masses in the East China Sea means that the formation of the thermohaline fronts in the Jeju Strait, and the main path of the JWC might affect the distribution of tropical dinoflagellates throughout the Jeju Strait.

In conclusion, our results demonstrate the presence of various and numerous tropical dinoflagellate species from the Ornithocercus and Triposolenia genera in the Jeju Strait. The populations of these genera fluctuate seasonally, with the highest abundance in November, and are strongly associated with the path and intensity of JWC, which flows into the strait. As suggested in our results, these tropical dinoflagellates could potentially be used as biological indicators to monitor the JWC inflowing in the Jeju Strait, and they are presumed to have not yet settled in the coastal region off the south coast of Korea, despite their continuing northward movement toward the coastal regions in autumn and winter.
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