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Abstract

:

The area near the subpolar front of the East Sea has high primary productivity during the spring season. We conducted two surveys, one in early spring and another in late spring, to assess environmental factors that influence phytoplankton community structure during these times. During early spring, vertical mixing supplied abundant nutrients to the surface. Due to the well-mixed water column, there were high nutrient levels, but total phytoplankton abundances and diversity were relatively low and were dominated by the diatom Chaetoceros spp. During late spring, the water column gradually stratified, with relatively high levels of nutrients in the surface layers near the coastal areas. Phytoplankton abundance and diversity at that time were higher, and there were diatoms (Pseudo-nitzschia spp. and Chaetoceros spp.), cryptophytes, and small flagellates. Pseudo-nitzschia spp. were especially abundant in re-sampled areas. The presence of a stratified and stable water mass and sufficient nitrate led to high phytoplankton growth, even in the open sea during late spring. These findings provide a better understanding of how phytoplankton population dynamics in the East Sea depend on water column stability during both early and late spring seasons.
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1. Introduction


Phytoplankton are a foundational part of marine ecosystems and have a significant effect on overall ecological community dynamics. Many oceanographic features, such as temperature, salinity, and nutrient availability, influence the timing and distribution of phytoplankton blooms. An influx of coastal nutrients can also trigger phytoplankton blooms and species succession [1,2]. Offshore waters and most open-shelf waters have relatively low nutrient concentrations. The dominance of phytoplankton in these areas strongly depends on the supply of extraneous nutrients and cell accumulation by water currents. As a result, the coastal, pelagic, and estuarine zones may differ in nutrient concentrations, phytoplankton species, and total species abundance. Many studies throughout the world have documented this general pattern of a nutrient gradient and its impact on phytoplankton communities and primary production [3,4].



The East Sea (also called the Sea of Japan) is a marginal, semi-closed area of the ocean that is in the northwestern Pacific, between the Eurasian continent and Japan and has an average water depth of 1700 m. Isobe and Isoda [5] and Isoda and Saitoh [6] demonstrated that the East Sea had a well-defined subpolar front at a latitude of approximately 37 to 40° N. At this front, there is a meeting of the East Korea Warm Current (EKWC), which branches from the Tsushima Warm Current (TWC) through the Korean Strait (KS), and the North Korea Cold Current (NKCC) (Figure 1a). The TWC flows into the East Sea through the KS and exits through the Tsugaru and Soya straits. According to Gong and Son [7] and Martin and Kawase [8], the northern region of the East Sea is cooler, has a salinity of approximately 34.0, is nutrient-rich, and has a high oxygen content. In contrast, the southern region of the East Sea (i.e., Ulleung Basin) is warmer, slightly more saline (approximately 34.5), and nutrient-poor. These dynamic hydrological features, along with upwelling, eddies, and winds, create a unique environment that has high biological productivity and supports many marine fisheries [9,10,11,12,13,14].



The Ulleung Basin is heavily influenced by wind patterns and mixing during winter and spring [15]. Episodic windstorms at that time can significantly alter these aquatic ecosystems [16,17,18], and the increased levels of nutrients provided by these winds can promote phytoplankton blooms during spring. During the winter, phytoplankton biomass is typically low and evenly distributed throughout the water column [19,20,21].



However, our previous study [22] reported that during spring 2016, the episodic southerly windstorms increased Ekman transport eastward causing increased upwelling and the inflow of nutrients to the surface; this triggers phytoplankton blooms, especially in the vicinity of Ulleungdo and Dokdo with a time lag. This phenomenon is known as the “island effect”. This time lag between wind and chlorophyll increases has also been well demonstrated by satellite surveys. According to Kim et al. [23], spring blooms began 6∼15 days after wind stress weakened. On the other hand, Lee et al. [24] demonstrated that strong northwest winds suppressed upwelling, prevented nutrients from reaching the surface layer and led to low overall phytoplankton biomass during the spring of 2017. Therefore, wind speed and direction greatly influence the generation and extinction of phytoplankton blooms in the Ulleung Basin and the southeastern Korean coast of the East Sea.



Another feature that maintains phytoplankton biomass in this region is the transport of eutrophic water from the southern coast to the Ulleung Basin by currents and the Ulleung Warm Eddy (UWE) [13,25,26,27]. The waters of the southern coast of Korea are highly eutrophic due to the influx of nutrients from several rivers (Nakdong, Taehwa, Hyungsan), especially during the winter [28]. Moreover, Ahn et al. [29] and Kim et al. [30] reported a large-scale transport of algal blooms from the southern Korean coastal waters based on satellite imaging of chlorophyll a (Chl a). This indicates that most phytoplankton from the Southern Korean coastal waters can be transported into the East Sea, especially when other factors are present, such as the flow of the TWC and UWE.



Because these processes in the East Sea and Ulleung Basin are dynamic, continuous monitoring is needed to better understand inter-annual variations. It is particularly important to understand how water column stability affects phytoplankton distribution. We, therefore, conducted two surveys, one in early spring and another in late spring, to establish baseline trends and determine zonal differences in ocean conditions and phytoplankton assemblages. Based on the aforementioned studies in this area, we expect that as spring progresses, the water column will become more stratified as the winds decrease. Additionally, this study was conducted to determine how phytoplankton respond after the wind that causes mixing and change of water stability. Our purpose was to characterize changes in the horizontal distribution of phytoplankton in early and late spring according to the zones of the East Sea and to report the changes in phytoplankton after the time lag during the same survey period. This study on the ecology of primary producers will be helpful to explain how the East Sea maintains high fishery productivity despite being oligotrophic.




2. Materials and Methods


2.1. Cruise Information


The early spring survey covered the area from the southern coast of Korea to Dokdo around the Ulleung Basin, also known as the Busan-Ulleungdo-Dokdo line, during 2018 while onboard the R/V Eardo from 27 February to 5 March (Stns. 1–19; Figure 1). The late spring survey covered the area from the eastern coast of Korea to Dokdo, also known as the Uljin-Ulleungdo-Dokdo line, during 2018 while onboard the R/V Jangmok II from 2 June to 7 June (Stns. 20–47).




2.2. Survey Stations and Zones


Based on previous oceanic and geographical results [23,26], we distinguished three zones for each survey. For the early spring survey (Figure 1b), samples were from 19 stations that ranged from the southern coast of South Korea to Dokdo. The coastal stations (CS, Stns. 1–3) were in a coastal area where upwelling occurs frequently and is influenced by the Nakdong River, which provides freshwater input and nutrient pulses. The open-ocean stations (OS, Stns. 4, 5, 8–11, and 16–19) were in open offshore waters. The island stations (IS) were near Ulleungdo (Stns. 6–7) and Dokdo (Stns. 12–15) (Figure 1b). For the late spring survey (Figure 1c), samples were from 28 stations in three zones: the Uljin-Ulleungdo area from coast to open ocean (UU, Stns. 20–32); the vicinity of Ulleungdo and Dokdo (UL, Stns. 33–39, 46, and 47) known to have an island effect; and the area between Ulleungdo and Dokdo which remains oligotrophic (UD, Stns. 40–45). Samples from some stations were also collected on the return trip to determine if there was a change in phytoplankton abundance over time. The resampled sites were labeled with an “a” meaning “after time lag”. Those were Stns. 1a, 2a, 3a, 4a, 6a, 10a during early spring, and Stns. 21a–32a during late spring.




2.3. Hydrological Data


For the horizontal profiles, water temperature, salinity, and dissolved oxygen at the surface were measured using a YSI 6600 data sonde (USA). Surface water was collected using a bucket at all sampling stations during both sampling times. The vertical profiles of temperature, salinity, oxygen, and fluorescence were measured using a conductivity, temperature, and depth (CTD) sensor (SBE 911 plus CTD; 330., Bellevue, WA, USA) that was mounted on a rosette sampler of each ship at some stations (Stns. 3, 4, 10, 40, 42, 44, 3a, 4a, 10a, 22a, 26a, 30a). Surface salinity and temperature along the cruise track were continuously recorded using a thermosalinograph (TSG; SBE21, SeaBird Inc., Bellevue, WA, USA). All tracks of the early spring survey were recorded (Figure 2a). During the late spring survey, records began from Ulleungdo (3 June). We made several trips in the area between Ulleungdo and Dokdo and were able to obtain repeated daily TSG data (3–6 June) (Figure 2a).




2.4. Chlorophyll a and Nutrients


For measurements of nutrients and Chl a, water samples were passed through a glass microfiber filter (GF/F; Whatman, Middlesex, U.K.), and then placed in acid-cleaned polyethylene bottles. The filters for Chl a and water samples that were fixed with HgCl2 [31] for nutrient analysis were stored at −20 °C until subsequent analysis. In the laboratory, the ammonium, nitrate, nitrite, phosphate, and silicate concentrations were determined using a flow injection auto-analyzer (QuikChem 8000; Lachat Instruments, Loveland, CO, USA). Nutrient concentrations were calibrated using standard brine solutions (CSK Standard Solutions; Wako Pure Chemical Industries, Osaka, Japan). Chl a measurements were performed by extraction of the filtered material with 90% acetone in the dark for 24 h, followed by measurements using a Turner Design fluorometer (10-AU; Turner BioSystems, Sunnyvale, CA, USA). Chl a concentration (µg L−1) was calculated from fluorescence.




2.5. Phytoplankton Community


To identify and enumerate phytoplankton, subsamples (500 mL) were stored after fixation with 0.5% Lugol’s solution in polyethylene bottles. These subsamples were concentrated to approximately 10 to 50 mL by decanting the supernatant [32]. A Sedgewick-Rafter counting chamber was used to estimate the number of phytoplankton using light microscopy.




2.6. Meteorological Data


A time series of data from the Ulleungdo Ocean Data Buoy (Korea Meteorological Administration) was also assessed. This buoy measures air pressure, maximum wave height, wind gust speed, and wind direction at 1 h intervals. All data reported in this study were from the sampling periods of early spring (20 February to 15 March) and late spring (20 May to 10 June).




2.7. Statistical Analysis


Statistical differences in abiotic and biotic factors in the CS, OS, and IS zones (early spring) and in UU, UL, and UD zones (late spring) were assessed using an analysis of variance (ANOVA) followed by a Tukey’s test. A t-test was used to compare the means of variables at resampled stations before and after a time lag. A difference was considered significant when the p-value was less than 0.05. All statistical analyses were performed using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). The impacts of measured environmental factors on the occurrences of dominant phytoplankton were determined by canonical correspondence analysis (CCA) using CANOCO version 4.5 for Windows.





3. Results


3.1. Distribution of Surface Temperature and Salinity


Our measurements from an on-ship TSG indicated the sea surface temperature (SST) ranged from 7 to 15 °C during early spring (Figure 2a) and 15 to 21 °C during late spring (Figure 2b).



There were clear temperature differences among stations during the early spring survey (Figure 2a). In particular, the waters surrounding the inner Jinhae Bay to the Nakdong River Estuary (Stn. 1) ranged from 7 to 9 °C, the Busan coast and Pohang offshore area (the region most influenced by the TWC, Stns. 2–4) ranged from 12 to 15 °C, and regions near Ulleungdo and Dokdo (Stns. 6–16) ranged from 9 to 12 °C. During the late spring survey, overall temperatures were 6 to 8 °C warmer than from the early spring survey (Figure 2b). There was also distinct temperature variations in the late spring survey. The inshore waters off the coast of Uljin were about 15 °C, the Uljin offshore-Ulleungdo line ranged from 17 to 19 °C, the waters around Ulleungdo ranged from 15 to 20 °C, and the Ulleungdo-Dokdo line ranged from 18 to 20 °C. Specifically, on the 3 June, cold water of 15 °C was observed on the east coast of Ulleungdo, which persisted to the following two days. From 5 June, the water temperature rose approximately 5 °C.



Our sonde-based measurements of the horizontal distribution across all stations indicated similar trends as the onboard TSG sensor. The sonde data indicated the SST ranged from 6.66 to 13.87 °C, with an average of 9.54 ± 1.53 °C during early spring (Figure 3a), although there were no significant differences in SST among zones (Table 1). During late spring, water temperature ranged from 15.29 to 20.21 °C, with an average of 18.47 ± 1.00 °C (Figure 3b), similar to the early spring mean temperatures; there were also no significant differences in SST among zones. Thus, geographical variations of SST were greater during early spring than late spring.



Overall salinity during late spring was lower than during early spring (Figure 3). The surface salinity varied from 33.58 to 34.86, with an average of 34.48 ± 0.24 during early spring, and salinity was not significantly different among zones (Table 1). During late spring, the salinity varied from 34.09 to 34.52, with an average of 34.36 ± 0.15. ANOVA indicated a significant difference among zones, with the UU zone (average: 34.27 ± 0.09) and UL zone (average: 34.33 ± 0.21) significantly different from the UD zone (average: 34.46 ± 0.04; p < 0.05, F-value: 3.720).




3.2. Meteorological Features


During the early spring survey, there were strong winds, and on 28 February a strong wind episode associated with low air pressure (988 hPa) passed through the Ulleung Basin. The wind direction shifted from the southeast to a strong wind from the northwest. At that time, the waves around Ulleungdo and Dokdo reached a height of 9.4 m and the wind speed was 24.8 m s−1 (Figure 4a). During the late spring sampling time (2 to 7 June) there were no specific wind episodes associated with low pressure and no high wind speeds, although there were constant southerly winds (Figure 4b).




3.3. Vertical Profiles


Our data on the vertical profiles of selected inshore and offshore stations indicated that salinity and temperature remained relatively constant in the upper 60 m of the water column during early spring (Figure 5). The thermocline began at a depth of less than 80 m at Stn. 4. In the resampled results of Stns. 3a, 4a, and 10a, a weaker stratified layer was formed than in previous studies, but there was still a small difference in water temperature between the surface and at depth. A subsurface chlorophyll maximum (SCM) was not observed during the early spring period, and the surface water mass was mostly mixed. The level of fluorescence was relatively low and relatively constant.



In contrast, during late spring, the vertical profiles of selected offshore and near-island stations had more stratification of temperature, salinity, and fluorescence in the water column (Figure 6). In particular, evidence of water temperature stratification is clearly present in the late spring (Figure 6). An SCM layer was present in the thermocline layer with a strong difference in density. Water stratification was more evident in the vertical profiles on the later sampling dates (Stns. 22a, 26a, and 30a), with temperatures in the upper 10 to 15 m ranging from 15 to 20 °C. The temperature was lower than 10 °C at depths below 50 m at Stns. 22a, 30a, and at depths below 80 m at Stn. 26a. The Chl a levels were much more variable and had sharper increases (up to almost 9 µg L−1 at Stn. 22a) during late spring.




3.4. Distribution of Nutrients


Dissolved inorganic nutrients had large spatial variations during early spring (Figure 7), but the different zones were not significantly different (Table 1). At that time, the nitrate + nitrite level ranged from 0.70 to 6.70 µM (average: 5.01 ± 1.58 μM) and was relatively high at most stations, except Stn. 1. The ammonium level ranged from 0.04 to 2.10 µM (average: 0.71 ± 0.52 µM) and the level varied greatly among stations. The phosphate level was high, ranging from 0.19 to 0.45 µM (average: 0.38 ± 0.07 μM), had relatively little variation among stations, and had similar trends as the changes in nitrate + nitrite. The silicate concentration was also high, except at Stn. 1, and varied from 0.82 to 10.93 µM (average: 7.61 ± 2.23 µM). There was no significant difference over time (Table 2; p > 0.05, t-test).



During late spring, the nutrients had small spatial variations; they were highest at stations closest to the coast (Stns. 20–35) and were lower in offshore regions (UU and UL zones; Figure 8). However, there were no significant differences among the zones (Table 1). The nitrate + nitrite level ranged from 0.30 to 5.05 µM (average: 1.13 ± 1.01 μM). The ammonium level was relatively high and ranged from 0.03 to 7.14 µM (average: 0.52 ± 1.11 µM). The phosphate level ranged from 0.05 to 0.57 µM (average: 0.15 ± 0.08 μM), and low levels were in response to phytoplankton. The silicate concentration varied from 1.58 to 7.96 µM (average: 3.28 ± 1.33 µM; Figure 8). After the time delay, the nitrate + nitrite concentration in the UU zone was significantly lowered from 1.61 ± 1.08 to 0.52 ± 0.19 on average (Table 2; p < 0.01, t-value = 3.592).




3.5. Chlorophyll a


The early and late spring surveys had no differences in surface Chl a concentrations among zones. In the early spring survey, the surface Chl a concentration ranged from 0.00 to 3.12 µg L−1 (average: 1.20 ± 0.81 µg L−1). The spatial variation in Chl a was relatively large, and high concentrations were between Stn. 4 (2.64 µg L−1 on 27 February) and Stn. 19 (3.12 µg L−1 on 5 March), which are located near the TWC. The level of Chl a was low (<1.0 µg L−1) between Ulleungdo and Dokdo (Stns. 6–13) (Figure 9a). For the late spring survey, the Chl a concentration varied from 0.40 to 3.50 µg L−1 (average: 1.32 ± 0.65 µg L−1). The Chl a level was high at Stn. 20 on June 2 and low between Stns. 37 and 47 from 3 to 6 June. When there was a 6-day time lag in sampling, the Chl a concentration between Stn. 23a and 27a increased by about 5-fold at Stn. 23a and by about 3-fold at Stn. 27a. These two stations are located near the TWC, and similar to stations of the early spring survey. Overall, the level of Chl a and the abundance of phytoplankton had similar changes over time (Figure 9b).




3.6. Phytoplankton Abundance


We measured the total abundance of phytoplankton at each station during early spring and late spring (Figure 9). During early spring, the total phytoplankton abundance ranged from 9.70 × 103 to 1.28 × 106 cells L−1 (average: 2.20 × 105 ± 3.32 × 105 cells L−1). During late spring, the total phytoplankton abundance ranged from 1.45 × 104 to 7.80 × 106 cells L−1 (average: 9.82 × 105 ± 1.85 × 106 cells L−1). There were no significant differences in overall phytoplankton abundance among zones during early spring. However, during late spring, the phytoplankton abundance in zone UU was about seven times higher than in the other zones (p < 0.05, F-value = 3.834, ANOVA). In particular, zone UU had an average abundance of 7.17 ± 9.28 × 105 cells L−1, much greater than in zone UL (0.42 ± 0.80 × 105 cells L−1) and zone UD (0.43 ± 0.18 × 105 cell L−1) (Table 1). Phytoplankton abundance increased significantly with a time lag during early spring (p < 0.05, t-value = −0.746) and late spring (p < 0.05, t-value = 2.69) (Table 2). During early spring, the phytoplankton abundance increased from 2.05 ± 3.05 × 105 to 4.18 ± 5.35 × 105 cells L−1; during late spring the phytoplankton abundance increased approximately fivefold, from 5.11 ± 5.85 × 105 to 24.44 ± 27.57 × 105 cells L−1.




3.7. Phytoplankton Community


We also examined the proportions of different phytoplankton species at the different stations during early spring and late spring (Figure 10). During early spring, Chaetoceros spp. accounted for ~80% of all species for all stations together. There were relatively high proportions (~60%) of Eucampia zodiacus at Stn. 2a, and cryptophytes at Stns. 11 and 4a (Figure 10a). Overall, there were more species during the late spring survey. Diatoms were the dominant phytoplankton group with Pseudo-nitzschia spp. (~55%) at Stns. 20 to 24 and 20a to 26a, Chaetoceros spp. (~30%) at Stns. 21 to 28 and 21a to 32a, and Leptocylindrus danicus (25%) at Stn. 42. The other common groups were various dinoflagellates (~53%) at Stns. 32 to 46, cryptophytes (~41%) at Stns. 20 and 29 to 36, and unidentified small flagellates (~48%) at Stns. 28 to 35 and 29a to 32a (Figure 10b).




3.8. Comparison of Environment in Early Spring and Late Spring


In order to compare the marine environment in early spring and late spring, stations between Ulleungdo and Dokdo overlapping regions (Stns. 6–13 vs. Stns. 19–28) were compared (Table 3). In late spring, the water temperature was about 10 °C higher than in early spring (p < 0.001, t-value = −13.40). Dissolved oxygen was high in early spring when the water temperature was low (p < 0.001, t-value = 12.14). All nutrients were clearly high in early spring (p < 0.05). In particular, nitrate showed the greatest difference with an average of 6.17 ± 0.43 μM and 0.8 ± 0.48 μM (p < 0.001, t-value = 19.84). Chl. a was somewhat higher in early spring (p < 0.01, t-value = 4.329), but there was no significant difference in phytoplankton abundance (p > 0.05). The composition of phytoplankton was clearly high in diatoms in early spring (p < 0.05, t-value = 3.196), and relatively high in dinoflagellates (p < 0.001, t-value = −5.684) and other algae (p < 0.001, t-value = 12.14) in late spring.




3.9. Canonical Correspondence Analysis


We performed a canonical correspondence analysis (CCA) to determine the relationships of the most dominant species with different environmental variables during early spring and late spring (Figure 11).



The CCA results indicated that variables such as temperature, dissolved oxygen (DO), ammonium (NH4), nitrate + nitrite (NO2 + NO3), salinity, pH, Chl a, dissolved silicate (DSi), and dissolved inorganic phosphate (DIP) can explain the variability of phytoplankton species. In particular, during early spring, Eucampia zodiacus and Pseudo-nitzschia spp. had negative correlations with nitrate + nitrite, DIP, and Dsi (all p < 0.05). Each dominant phytoplankton species had a significant correlation with Chl a (all p < 0.05), and Chaetoceros spp. had the strongest relationship with Chl a (p < 0.01) (Figure 11a). During late spring, most of the nutrients (nitrate + nitrite, ammonium, and DIP) had negative correlations with pH, DO, and salinity (all p < 0.05). Moreover, most of the initially sampled stations had negative correlations with Chl a, but the resampled stations had positive correlations with Chl a (Figure 11b).





4. Discussion


4.1. Environmental Characteristics and Phytoplankton Dynamics during Early Spring


We assessed surface water temperature gradients during early spring using SST data from an onboard TSG sensor (Figure 2). These data clearly distinguished waters influenced by the EKWC and southeastern Korean coastal waters, implying that the warm water from the TWC and EKWC had a great influence on the East Sea, particularly in the Ulsan and Pohang offshore waters, the region included in our CS zone. Baek et al. [33] described a similar thermal front between the EKWC and the Nakdong Estuary in Busan coastal waters. The TWC flows into the East Sea through the KS, which has warm and more saline water (~34.5).



Our results indicated that episodic winds during early spring maintained a relatively well mixed water column to a depth of about 60–80m (Figure 5). Among them, the water layer up to 100 m was clearly mixed at Stn. 10, and this is a typical mixed water mass in the East Sea in winter [28]. In particular, a strong windstorm passed the Ulleung Basin on 28 February, and the southeast winds changed into strong northwest winds. Episodic windstorms play an important role in mixing the water column and supplying nutrients to the surface layer [34,35]. As a result, during early spring nutrient concentrations were relatively high at all stations, including the open sea, regardless of the distribution of phytoplankton, and the differences in nutrients among zones were insignificant.



The ratio between nutrients (N/P/Si) in early spring is distributed in a relatively even Redfield ratio (Figure 12). Although the N/P ratio was slightly lower than 16, there was no evidence of nutrient limitation because the absolute concentration of the nutrient was sufficient. Despite the high nutrient supply, phytoplankton did not have significant proliferation due to the unstable water mass and relatively low water temperature. Only some diatoms dominated in certain patches.



The diatom Chaetoceros was the most dominant genus in almost all our stations (Figure 10a). The other major diatoms were Eucampia zodiacus, Thalassiosira spp., and Pseudo-nitzschia spp. Despite high levels of nutrients, such nitrate + nitrite and silicate, the overall abundance of phytoplankton was relatively low. Our CCA results confirmed this result, in that E. zodiacus, and Pseudo-nitzschia spp. had significant negative correlations with nitrates + nitrites, DIP, and DSi (all p < 0.01, Pearson’s correlation; Figure 11a). A possible reason for the low abundances of phytoplankton despite atypically high nutrient levels is that there was a delay between the influx of nutrients and phytoplankton blooms. It is fairly common in the East Sea for phytoplankton to bloom three to five days after a windstorm, once the water mass has stabilized [23]. This was confirmed by our resampling data, which indicated that phytoplankton abundance increased from 2.05 ± 3.05 × 105 to 4.18 ± 5.35 × 105 cells L−1. In the resampled vertical profile, the increase in abundance was only modest at Stns. 3a and 4a but are stratified more than in the previous investigation (Figure 5).



An undeveloped phytoplankton community with low abundance and diversity is common in well-mixed and nutrient-rich waters during early spring. During the early spring, Chaetoceros spp. were mainly C. socialis, which we observed when silicate levels were high. Because the water column was well mixed, DSi from the bottom layers was introduced to the surface. In contrast, during spring 2017 suppression of upwelling kept most of the DSi below 100 m [24]. In the East Sea, C. socialis appears during the winter when waters are relatively cooler, but this species also occurs in the warm waters of the Mediterranean Sea and the Gulf of California [36]. Recent reports described pseudocryptic diversity within the C. socialis complex. It is, therefore, uncertain if C. socialis is a eurythermal species or if different strains of C. socialis have different thermal tolerances [37,38]. This species is present year-round off the coast of Korea but is most dominant in the East Sea and the coast of Jeju when water temperatures are low [39,40]. This suggests the C. socialis in this region could be a strain that is tolerant of low temperatures [41].



The diatom E. zodiacus had a relatively high abundance at the inshore area of CS, which is cold. Nishikawa et al. [42] reported that E. zodiacus usually occurred throughout the year in temperate waters and was most abundant between February and April. Baek et al. [21,28] reported that E. zodiacus was mainly dominant during winter in the cold water at the southern Korean coast, similar to the results in the present study. This indicated that water at a low temperature is more likely to support E. zodiacus. Overall, although high nutrient levels were related to water column mixing, phytoplankton did not develop even in the presence of abundant nutrients, except for the genera Chaetoceros and Eucampia.




4.2. Environmental Characteristics and Phytoplankton Dynamics during Late Spring


The overall environmental conditions during the late spring were more stable, and there were no episodic windstorm events (Figure 4b). As the winds weaken and solar radiation increases during spring, this increases the stratification of the water column. The combination of a warm, stratified water column with sufficient nutrients during late spring leads to a rapid increase in phytoplankton [43,44]. We observed relatively high levels of nitrate + nitrite and silicate along the coastal waters and in some areas of Ulleungdo during late spring. However, there are still various interpretations regarding the supply of nutrients to the offshore area of the East Sea [13,45,46,47].



In terms of nutrient ratios, most areas were more nitrate-depleted than in early spring (Figure 12). The N/P ratio for the entire East Sea is in the range of 11.4 to 14.70, significantly lower than the Redfield ratio of 16, and the most reported N/P ratio for the East Sea is 12.7 ± 0.1 [16,48]. As such, nitrate is the growth-limiting nutrient for phytoplankton growth in the East Sea. However, for the reasons mentioned above, nutrients can be supplied to the East Sea from several sources, and water high in nitrate is mainly from the coastal regions [13,45]. However, in the UU zone, nitrate + nitrite was higher than the absolute concentration of 1µM, which is the amount where phytoplankton growth was inhibited. In addition, silicates were abundant at most times and in most regions, thus providing a favorable environment for diatoms to dominate when there are adequate levels of other nutrients. When the phytoplankton proliferated, the nutrient ratios shifted to indicate strong nitrate limitation.



It is well known that discharges from major rivers, such as the Nakdong River in Busan, the Taehwa River in Ulsan, and the Hyungsan River in Pohang, provide nutrients to the East Sea, particularly during the rainy seasons (spring and summer). Satellite data indicated that these nutrients and the associated phytoplankton communities were transported by the EKWC to oligotrophic off-shore areas and the open ocean [29,30]. The anticyclonic Ulleung Warm Eddy (UWE), a branch of the EKWC, is another method of transport in the East Sea. There is evidence that this eddy introduces productive coastal waters and transports micro-organisms into the central Ulleung Basin [4]. However, these data only suggest various possibilities of transport, and it is premature to provide a definitive conclusion regarding the actual mechanism.



The episodic high-wind event and the associated increase of biomass that we recorded was a notable observation. Volcanic islands, such as Ulleungdo and Dokdo, with an average surrounding water depth of 1700 m, can contribute to an “island effect” [27]. These events are important in determining the spring development of phytoplankton biomass. The leeward sides of islands tend to have lower water temperatures and higher levels of nutrients [49,50,51]. During our late spring survey, we measured the coastal SST of Ulleungdo daily using the TSG that was installed on the ship (Figure 2b). There was evidence of anomalously cooler water (~15–17 °C) during the late spring survey of SST at stations leeward of Ulleungdo, and these temperatures recovered over the next 3 days to a more typical range of ~18.5 to 19.5 °C. Additionally, nitrate + nitrite and silicate concentrations were somewhat higher than in areas windward of Ulleungdo. This is one of the many factors that supply nutrients to the East Sea, which is known to be oligotrophic. The sudden introduction of low temperature water and nutrients near the coast of Ulleungdo supported a high phytoplankton abundance, which can benefit the ecosystem of these oligotrophic waters and are critical to high-trophic organisms [52].



The dominant species among stations during late spring included Chaetoceros spp., Pseudo-nitzschia spp., and cryptophytes, with low-to-moderate amounts of various dinoflagellates. In zone UU, there were high proportions of Chaetoceros spp., with some Pseudo-nitzschia spp. Along the UD and UL lines, there were high proportions of unidentified dinoflagellates and cryptophytes, but the total phytoplankton abundance was low at that time, so these high proportions are not particularly meaningful. There was a significantly greater abundance (~7-fold) of phytoplankton in the UU than in the UL and UD. This was unsurprising, because the UU zone is on the continental shelf, and coastal zones are known to be eutrophic [53,54,55]. However, there was also a significant increase in phytoplankton biomass at resampling (5.11 ± 5.85 × 105 cells L−1 vs. 24.44 ± 27.57 × 105 cells L−1). Similar to the aforementioned phytoplankton dynamics during early spring, previous research reported a significant increase in phytoplankton abundance after the relaxation of winds [23] or upwelling [54]. Additionally, the influx of nutrients and organisms from coastal areas through the TWC can support the rapid growth of phytoplankton. In this area, the available nutrients were higher than the first sampling in the UU, and phytoplankton grew significantly by consuming these nutrients after a lag period. This is also supported by our CCA, in which the resampled stations became more positively correlated with Chl a (Figure 11b). In our first sampling, small cryptophytes with low nutrient consumption were dominant. It is likely that diatoms with an advantage in high-nutrient regions with a stable water mass were able to grow rapidly during the second sampling in the UU.



Our results indicated the resampled stations had overall higher abundances of phytoplankton, especially an increase of diatoms such as Pseudo-nitzschia spp., mainly P. delicatissima (Figure 10b). Pseudo-nitzschia spp. are common in Korean coastal waters. Some of these species are important because they are the only known diatoms to cause harmful algal blooms [56]. Due to the short lifespan of Pseudo-nitzschia spp., they tend to rapidly bloom and form large red tides when environmental conditions are favorable (warm water temperature and high availability of silicate and other nutrients) [57]. There is often a time lag, which allows stratification to increase and the water column to stabilize before the conditions are favorable for blooms [58]. In conclusion, nitrate is supplied to the East Sea in late spring for the same reasons as upwelling and mixing in the eastern coast of Korea. In addition, the stable water column was maintained due to the weather conditions in the late spring, which allowed for the rapid growth of genus Pseudo-nitzschia and the consumption of nutrients around the UU area for the following 7 days. A study of such rapid growth events of diatoms in spring in the East Sea, which is oligotrophic waters, will be important for understanding the mechanism of high-yielding fisheries in the East Sea.





5. Conclusions


In this study, we recorded data during two distinct phases—early spring and late spring. The early spring was characterized by strong winds and vertical mixing of the water column, which led to relatively high nutrient concentrations and an undeveloped phytoplankton community. On the other hand, the late spring was characterized by more abundant nutrients around the coastal areas than the offshore area and the maintenance of a stratified aquatic environment. Another characteristic of the late spring was the greater abundance of phytoplankton and the more complex phytoplankton community structure. Our re-sampling after a time delay indicated a rapid proliferation of diatoms. This confirmed that in the East Sea (which is usually in a nitrate-limited state) when a certain amount of nitrate combined with stable water conditions were combined, promoted the proliferation of phytoplankton with a time delay. Monitoring of these inter-annual changes is important for understanding the dynamic ecology of the Ulleung Basin and East Sea. Our results, which characterized the relationships of the distribution and growth of phytoplankton with changes in wind and stratification and in nutrient supply, provide an improved understanding of marine ecosystem dynamics in the East Sea.
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Figure 1. Overview of the East Sea, showing the main water currents (Tsushima Warm Current [TWC] and East Korea Warm Current [EKWC]) in red arrows and the North Korea Cold Current (NKCC) in a blue arrow (a). Locations of sampling stations during early spring (b, 27 February to 5 March) and late spring (c, 2 to 7 June). Dots are color-coded (b, green: CS, light blue: OS, dark blue: IS; c, red: UU, orange: UL, yellow: UD). A black outline on a colored dot indicates re-sampled stations on the return trip. Re-sampled stations are marked with an “a” meaning “after time lag”. Inverted triangles represent the vertical surveyed stations using CTD. 
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Figure 2. Horizontal distribution of real-time surface water temperature determined using a thermosalinograph (TSG) that was attached to the ship during early spring (a, 27 February to 5 March) and late spring (b, 3 to 7 June). Temperatures had different scale ranges for each period. 






Figure 2. Horizontal distribution of real-time surface water temperature determined using a thermosalinograph (TSG) that was attached to the ship during early spring (a, 27 February to 5 March) and late spring (b, 3 to 7 June). Temperatures had different scale ranges for each period.



[image: Jmse 09 01455 g002]







[image: Jmse 09 01455 g003 550] 





Figure 3. Horizontal distribution of temperature and salinity, obtained from a YSI sonde at all sampling stations during early spring (a, 27 February to 5 March) and late spring (b, 3 to 7 June) in the East Sea. Data after the dashed lines indicate resampled stations. Bars are color-coded by zone (a, green: CS, light blue: OS, dark blue: IS; b, red: UU, orange: UL, yellow: UD). 
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Figure 4. Time series of air pressure, maximum wave height, wind gust speed, and wind direction during February and March (a) and May and June (b) recorded by the Ulleungdo Ocean Data Buoy (Korea Meteorological Administration). 
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Figure 5. Vertical profiles of water temperature, salinity, and fluorescence during early spring at three stations on 27 February (Stns. 3, 4, and 10) and on 5 March (Stns. 3a, 4a, and 10a). 
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Figure 6. Vertical profiles of water temperature, salinity, and fluorescence during late spring at stations three stations on 3 June (Stns. 40, 42, and 44) and 7 June (Stns. 22a, 26a, St. 30a). 
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Figure 7. Horizontal distribution of nutrients at sampling stations in the East Sea during early spring (27 February to 5 March). (a) nitrate + nitrite, (b) ammonium, (c) phosphate, and (d) silicate. Data after dashed lines indicate resampled stations (Stns. 1a, 2a, 3a, 4a, 6a, and 10a). Bars are color coded by zone as follows: green: CS, light blue: OS, dark blue: IS. 
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Figure 8. Horizontal distribution of nutrients at sampling stations in the East Sea during late spring (3 to 7 June). (a) nitrate + nitrite, (b) ammonium, (c) phosphate, and (d) silicate. Data after the dashed lines indicate resampled stations in the Uljin-Ulleung line (Stns. 21a to 31a). Bars are color coded as follows: red: UU, orange: UL, yellow: UD. 
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Figure 9. Horizontal changes in Chl a and total phytoplankton during early spring (a) and late spring (b) at sampling stations in the East Sea. Data after the dashed lines indicate resampled stations. Bars are color coded by zone (a, green: CS, light blue: OS, dark blue: IS; b, red: UU, orange: UL, yellow: UD. 
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Figure 10. Horizontal distribution of different phytoplankton species during early spring (a) and late spring (b) at all sampling stations in the East Sea. 
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Figure 11. Canonical correspondence analysis of the relationships of the dominant phytoplankton species (circles) and sample stations (triangles) with environmental factors (arrows; temp: water temperature, sal: salinity, DO: dissolved oxygen, pH, Chl a: chlorophyll a, NO2 + NO3: nitrate + nitrite, DSi: dissolved inorganic silicate, DIP: dissolved inorganic phosphate, NH4: ammonium) during early spring (a) and late spring (b) in the East Sea. Dots are color-coded according to zone (a, green: CS, light blue: OS, dark blue: IS; b, red: UU, orange: UL, yellow: UD). A black outline on a colored dot indicates conditions prior to the time lag, and a black dot with the station number followed by “a” (e.g., 1a, 2a, etc.) indicates the conditions of that station after the time lag. 






Figure 11. Canonical correspondence analysis of the relationships of the dominant phytoplankton species (circles) and sample stations (triangles) with environmental factors (arrows; temp: water temperature, sal: salinity, DO: dissolved oxygen, pH, Chl a: chlorophyll a, NO2 + NO3: nitrate + nitrite, DSi: dissolved inorganic silicate, DIP: dissolved inorganic phosphate, NH4: ammonium) during early spring (a) and late spring (b) in the East Sea. Dots are color-coded according to zone (a, green: CS, light blue: OS, dark blue: IS; b, red: UU, orange: UL, yellow: UD). A black outline on a colored dot indicates conditions prior to the time lag, and a black dot with the station number followed by “a” (e.g., 1a, 2a, etc.) indicates the conditions of that station after the time lag.
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Figure 12. Si:N:P ratios of all stations in this survey. Note that most stations had N limitation, and only one station had Si limitation. 
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Table 1. Abiotic and biotic factors in three designated zones during early spring (27 February to 5 March) and late spring (2 to 7 June). The surface data were averaged for each zone. Values are means ± standard errors, and results were compared using one-way ANOVA with Tukey’s post hoc test. Means with the same letter are not significantly different (N.S). p > 0.05: N.S; p < 0.05: *.






Table 1. Abiotic and biotic factors in three designated zones during early spring (27 February to 5 March) and late spring (2 to 7 June). The surface data were averaged for each zone. Values are means ± standard errors, and results were compared using one-way ANOVA with Tukey’s post hoc test. Means with the same letter are not significantly different (N.S). p > 0.05: N.S; p < 0.05: *.





	Early Spring
	CS
	OS
	IS
	F-Value



	Temperature (°C)
	11.10 ± 3.88 a
	8.88 ± 0.68 a
	9.17 ± 0.84 a
	2.437 N.S



	Salinity
	34.39 ± 0.70 a
	34.51 ± 0.09 a
	34.47 ± 0.18 a
	0.248 N.S



	Dissolved oxygen (mg L−1)
	8.92 ± 1.09 a
	8.74 ± 0.48 a
	8.66 ± 0.32 a
	0.219 N.S



	Nitrate + Nitrite (μM)
	3.79 ± 2.68 a
	5.38 ± 1.11 a
	5.78 ± 1.04 a
	2.140 N.S



	Ammonium (μM)
	1.12 ± 0.25 a
	0.61 ± 0.51 a
	0.64 ± 0.41 a
	1.536 N.S



	Phosphate (μM)
	0.34 ± 0.12 a
	0.40 ± 0.06 a
	0.40 ± 0.05 a
	1.347 N.S



	Silicate (μM)
	6.81 ± 5.19 a
	7.98 ± 0.95 a
	7.60 ± 1.03 a
	0.384 N.S



	Chl a (μg L−1)
	0.82 ± 0.61 a
	1.20 ± 0.92 a
	0.98 ± 0.83 a
	0.281 N.S



	Phytoplankton abundance (×105 cells L−1)
	0.71 ± 0.77 a
	1.89 ± 2.83 a
	1.46 ± 1.60 a
	0.308 N.S



	Late Spring
	UU
	UL
	UD
	F-Value



	Temperature (°C)
	18.56 ± 0.80 a
	17.95 ± 1.64 a
	18.34 ± 0.57 a
	0.800 N.S



	Salinity
	34.27 ± 0.09 a
	34.33 ± 0.22 ab
	34.46 ± 0.04 b
	3.720 *



	Dissolved oxygen (mg L−1)
	7.93 ± 0.25 a
	7.83 ± 0.21 a
	7.79 ± 0.10 a
	1.071 N.S



	Nitrate + Nitrite (μM)
	1.87 ± 1.38 a
	1.03 ± 0.60 a
	0.87 ± 0.53 a
	2.655 N.S



	Ammonium (μM)
	0.95 ± 1.88 a
	0.47 ± 0.41 a
	0.20 ± 0.07 a
	0.754 N.S



	Phosphate (μM)
	0.13 ± 0.13 a
	0.15 ± 0.05 a
	0.14 ± 0.01 a
	0.090 N.S



	Silicate (μM)
	3.16 ± 1.77 a
	3.30 ± 1.24 a
	2.41 ± 0.26 a
	0.797 N.S



	Chl a (μg L−1)
	0.58 ± 0.70 a
	0.25 ± 0.14 a
	0.16 ± 0.04 a
	1.922 N.S



	Phytoplankton abundance (×105 cells L−1)
	7.17 ± 9.28 b
	0.42 ± 0.80 a
	0.43 ± 0.18 a
	3.834 *
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Table 2. Abiotic and biotic factors on day 1 and 7 days later (early spring) and 6 days later (late spring). Values are means ± standard errors and results were compared using a t-test. p > 0.05: N.S; p < 0.05: *; p < 0.01: **; p < 0.001: ***.






Table 2. Abiotic and biotic factors on day 1 and 7 days later (early spring) and 6 days later (late spring). Values are means ± standard errors and results were compared using a t-test. p > 0.05: N.S; p < 0.05: *; p < 0.01: **; p < 0.001: ***.





	Early Spring
	Day 1
	Day 7
	t-Value



	Temperature (°C)
	9.72 ± 2.91
	10.21 ± 0.80
	−0.496 N.S



	Salinity
	34.45 ± 0.45
	34.50 ± 0.12
	−0.285 N.S



	Dissolved oxygen (mg L−1)
	8.97 ± 0.69
	8.31 ± 0.43
	2.036 N.S



	Nitrate + Nitrite (μM)
	4.76 ± 2.11
	4.23 ± 1.78
	0.353 N.S



	Ammonium (μM)
	0.98 ± 0.40
	0.72 ± 0.70
	0.691 N.S



	Phosphate (μM)
	0.36 ± 0.08
	0.35 ± 0.06
	0.115 N.S



	Silicate (μM)
	7.84 ± 3.48
	7.39 ± 3.10
	0.219 N.S



	Chl a (μg L−1)
	1.00 ± 0.95
	1.62 ± 0.68
	−0.998 N.S



	Phytoplankton abundance (105 cells L−1)
	2.05 ± 3.05
	4.18 ± 5.35
	−0.746 *



	Late Spring
	Day 1
	Day 6
	t-Value



	Temperature (°C)
	18.52 ± 0.82
	18.83 ± 0.57
	−0.873 N.S



	Salinity
	34.28 ± 0.07
	34.43 ± 0.10
	−3.723 **



	Dissolved oxygen (mg L−1)
	7.98 ± 0.15
	8.04 ± 0.36
	−0.431 N.S



	Nitrate + Nitrite (μM)
	1.61 ± 1.08
	0.52 ± 0.19
	3.592 **



	Ammonium (μM)
	0.43 ± 0.29
	0.23 ± 0.17
	1.777 N.S



	Phosphate (μM)
	0.09 ± 0.02
	0.18 ± 0.02
	−10.12 ***



	Silicate (μM)
	2.93 ± 1.64
	3.82 ± 0.96
	−1.677 N.S



	Chl a (μg L−1)
	0.41 ± 0.42
	1.16 ± 1.45
	−1.728 N.S



	Phytoplankton abundance (105 cells L−1)
	5.11 ± 5.85
	24.44 ± 27.57
	−2.69 *
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Table 3. Abiotic and biotic factors in early spring (Stns. 6–13) and late spring (Stns. 19–28). Values are means ± standard errors and results were compared using a t-test. p > 0.05: N.S; p < 0.05: *; p < 0.01: **; p < 0.001: ***.






Table 3. Abiotic and biotic factors in early spring (Stns. 6–13) and late spring (Stns. 19–28). Values are means ± standard errors and results were compared using a t-test. p > 0.05: N.S; p < 0.05: *; p < 0.01: **; p < 0.001: ***.











	
	Early Spring
	Late Spring
	t-Value





	Temperature (°C)
	8.95 ± 1.01
	18.2 ± 1.17
	−13.40 ***



	Salinity
	34.5 ± 0.09
	34.4 ± 0.08
	2.011 N.S



	Dissolved oxygen (mg L−1)
	8.86 ± 0.18
	7.81 ± 0.20
	12.14 ***



	Nitrate + Nitrite (μM)
	6.17 ± 0.43
	0.8 ± 0.48
	19.84 ***



	Ammonium (μM)
	0.82 ± 0.47
	0.30 ± 0.21
	3.286 *



	Phosphate (μM)
	0.43 ± 0.03
	0.14 ± 0.01
	26.00 ***



	Silicate (μM)
	8.32 ± 0.41
	2.43 ± 0.32
	41.48 ***



	Chl a (μg L−1)
	0.67 ± 0.31
	0.18 ± 0.06
	4.329 **



	Phytoplankton abundance (104 cells L−1)
	6.12 ± 3.97
	4.08 ± 1.64
	1.052 N.S



	Diatom (104 cells L−1)
	5.00 ± 3.82
	0.81 ± 0.67
	3.196 *



	Dinoflagellate (104 cells L−1)
	0.12 ± 0.06
	1.56 ± 0.64
	−5.684 ***



	Cryptophyte (104 cells L−1)
	0.96 ± 0.38
	0.76 ± 0.54
	0.364 N.S



	Others (104 cells L−1)
	0.05 ± 0.03
	0.95 ± 0.54
	−5.974 ***
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