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Abstract

:

Herein, we conducted surveys during the 2018–2022 summers to investigate the impact of climate change-related changes in the phytoplankton community structure on the marine ecosystem in the South Sea of Korea. The average surface water temperature increased by ~1.07 °C at 0.0195 °C·yr−1 between 1968 and 2022. During the summers, the rate was 0.0211 °C·yr−1, with a total increase of ~1.16 °C, indicating a stronger increase in summer surface water temperature. Over the last 30 years, nutrient levels in the South Sea have decreased, particularly at the surface. Moreover, 29.3–90.0% of the phytoplankton community structure was dominated by nanoflagellates (≤20 μm). Based on the size of the phytoplankton chl-a, the average contribution rate of picophytoplankton was the highest (60.1%). Redundancy analysis revealed negative correlations between nutrients and water depth, excluding NH4. Increased stratification due to climate change is causing reduced nutrient availability at the surface mixed layer, and the size of the phytoplankton structure is progressively reducing. These changes are expected to manifest in a complex microbial food web centered on smaller phytoplankton with low primary productivity. This can reduce the efficiency of carbon transfer to higher consumer levels, suggesting a potential decrease in marine productivity.
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1. Introduction


According to comprehensive reports by the Intergovernmental Panel on Climate Change (IPCC), the global warming trend is accelerating. Assessment Report 5 (AR5) presents climatological data indicating that the global surface temperature has increased by 0.85 °C since the Industrial Revolution, while the most recent report, AR6, indicated a more significant increase of approximately 1.1 °C [1]. Marine heatwaves have occurred in various sea areas around the world over the past 20 years and are inevitably affecting marine ecosystems by causing die-offs of myriad marine organisms, including coral reefs, kelp, algae forests, fish, and seabirds [2,3]. The overall decrease in fishery production is also influenced by these phenomena. Although making highly reliable predictions regarding fishery production is challenging for mid-latitude oceanic regions such as South Korea, a 10–15% decline has been projected due to model uncertainties and regional variations [3]. The World Meteorological Organization (WMO) has indicated that key ocean-related indicators of climate change are rapidly increasing, suggesting that its impact on marine ecosystems will accelerate [4].



Phytoplankton are crucial primary producers in the marine food web. The community structure and primary productivity of phytoplankton are influenced by the distribution characteristics of water masses, changes in environmental factors, and top predator feeding. Phytoplankton serve as an important indicator of the impact of recent climate-induced oceanic physical and chemical changes on marine ecosystems [5,6]. Moreover, the long-term variability of phytoplankton is a highly significant indicator for studying ocean resource fluctuations and predicting the impacts of climate change on human activities. Therefore, understanding the occurrence patterns and distribution characteristics of phytoplankton is crucial to comprehending the changes in marine environments and water mass structures due to climate change, as well as for understanding the energy-transfer processes throughout the food web [7].



The South Sea of Korea is a general term for the sea located to the south of Korea. In terms of international maritime law, it is considered part of the East Sea, Yellow Sea, and East China Sea. The South Sea of Korea is influenced by various water masses (depending on the season), including Korea’s unique coastal waters, the cold bottom layer of the Yellow Sea, diluted water from China’s Yangtze River, and the Tsushima Warm Current originating from the Kuroshio Current. The South Sea of Korea also contributes to the regulation of seawater circulation by transporting heat, salt, and nutrients to the East Sea [8,9,10,11]. In addition, it is a critical area for the fisheries industry, featuring a vast distribution of fishing grounds; in particular, it is a migration habitat for coastal migratory fish species [11].



The concentration of surface nutrients continues to decrease due to the strengthening of the ocean surface stratification [12,13], resulting in phytoplankton miniaturization [14,15,16]. Recently, primary productivity in Korean waters has exhibited a rapidly decreasing trend, with phytoplankton miniaturization purported to be the primary contributing factor [17,18,19]. Indeed, small phytoplankton play an important role in primary productivity and the marine ecosystem food web [18,20,21,22,23]. However, past research on phytoplankton in the South Sea has primarily focused on the coastal region, with relatively limited studies reporting the phytoplankton community structure during specific periods in the nearshore areas [11,24,25,26,27,28,29,30]. Consequently, research on small phytoplankton in the South Sea is limited.



Accordingly, the primary objective of this study is to evaluate how climate change-related alterations in the marine environment impact the phytoplankton community structure in the South Sea of Korea. Moreover, we consider the impact of changes in the phytoplankton community structure on the marine ecosystem.




2. Materials and Methods


2.1. Cruises and Sampling


To investigate the phytoplankton distribution in the South Sea of Korea during the summer, we conducted five surveys from 2018 to 2022 using the National Institute of Fisheries Science’s research vessel, Tamgu 8 (283 ton), at 12 sampling stations (Figure 1, Table 1). To quantify phytoplankton and nutrient concentrations, we first collected samples at seven depths (0, 10, 20, 30, 50, 75, and 100 m) using a Niskin sampler (8L PVC, General Oceanics, Miami, FL, USA) attached to a conductivity, temperature, and depth CTD/rosette sampler. Vertical temperature and salinity distributions were measured using a calibrated SBE 9/11 CTD sampler (Sea-Bird Electronics, Bellevue, WA, USA), and analysis was performed using the down data.




2.2. Dissolved Inorganic Nutrients


For the nutrient analysis, a fixed volume of seawater (10 mL) was filtered through a membrane filter (0.45 μm disposable membrane filter unit, ADVANTEC, Tokyo, Japan) and stored in a conical tube (15 mL) rinsed with hydrochloric acid (HCl, 10%). The samples were immediately frozen and stored at −20 °C. Subsequently, the samples were thawed at room temperature (20 ± 2 °C) and analyzed for ammonia nitrogen (NH4), nitrite nitrogen (NO2), nitrate nitrogen (NO3), phosphate (PO4), and silicate (SiO2) contents using an automated nutrient analyzer (Quaatro, Seal Analytical, Norderstedt, Germany). The sum of the NH4, NO2, and NO3 concentrations was calculated as the dissolved inorganic nitrogen (DIN).




2.3. Mid- to Long-Term Data on Surface Water Temperature and Nutrients


We investigated changes in the long-term annual summer SST and nutrient trends in the South Sea of Korea. We used SST data obtained from 1968 to 2022 (SST) and 1993 to 2022 (nutrient) collected by the National Institute of Fisheries Science (NIFS) and serial oceanographic observations (NSO) from the Korea Oceanographic Data Center (KODC; https://nifs.go.kr/kodc/eng/index.kodc; accessed on 17 May 2023.).




2.4. Phytoplankton Abundances and Dominant Species


To quantify phytoplankton, samples were collected at standard depths and preserved in a 1-L square container (polyethylene bottle) using Lugol’s solution (final concentration: 1%). These samples were transported to the lab and left to settle for 2 days before being concentrated to a primary volume of 200 mL. Subsequently, the samples were transferred to a settling cylinder and left to settle for another 2 days and concentrated to a final volume of 20 mL. Phytoplankton in the concentrated samples were identified and counted using an optical microscope (Nikon Eclipse, Ni-U) at magnifications ranging from 100× to 1000× using a Sedwick–Rafter chamber [31,32,33,34]. The data were converted to tcells·L−1 unit, and species that accounted for >5% of the total abundance were classified as dominant.




2.5. Chlorophyll-a (Chl-a) Size Fractions


The fundamental methods and calculations used to determine the chl-a concentration were based on the method suggested by Parson et al. [35]. In brief, to measure chl-a concentrations in phytoplankton by size (micro: >20 μm; nano: 20 μM ≥ chl-a ≥ 3 μm; pico: chl-a < 3 μm), 0.5 L of water was sequentially filtered through filter holders equipped with a 20-μm membrane filter (polycarbonate [PC]-track etched membrane disk, 47 mm diameter, General Vacuum System, USA), a 3-μm PC membrane filter (47 mm diameter, Whatman, Florham Park, NJ, USA), and a 0.45-μm membrane filter (47 mm diameter, ADVANTEC, Tokyo, Japan). The chl-a values were obtained for the micro-, nano-, and pico-sized fractions, and the total chl-a concentration was calculated by adding these three fractions. Each filter paper was stored at −80 °C and transported to our laboratory, where they were submerged in 90% acetone and kept in the dark for 24 h to extract the chl-a. Afterward, particulates and the extraction filter were removed using a syringe filter (0.45 μm, PTFE, Advantec, Florham Park, NJ, USA). The absorbance was measured using a 10-Au fluorometer (Turner Designs, San Jose, CA, USA) calibrated with a chl-a standard (Sigma, Darmstadt, Germany). Data obtained during 2022 were excluded due to sampling errors. We determined the size index (SI) based on the protocol proposed by Bricaud et al. [36] to explore the relationship between phytoplankton size and geographical distribution using the chl-a values obtained from each size fraction. Although the SI is a rough indicator of this relationship, it offers a single parameter that characterizes the size structure of the phytoplankton community [37]. The SI was calculated using the following equation:


SI = (1 × [% picophytoplankton] + 5 × [% nanophytoplankton] + 50 × [% microphytoplankton])/100












2.6. Data Analyses


We used the R statistical program (version 4.0.3) to analyze statistical correlations between environmental factors and phytoplankton groups collected in the northern waters of the East China Sea. Based on the results obtained using the decorana function of the R statistical package, which showed that the length of the DCA1 axis was <3 (1.23719), we conducted statistical analyses using redundancy analysis (RDA).





3. Results


3.1. Physical Environment


The average distribution of surface water temperature in the South Sea during August was 23.5–28.6 °C, with an overall average of 27.4 ± 1.4 °C, displaying higher temperatures at stations influenced by the Tsushima Warm Current (Figure 2a). The surface salinity distribution ranged from 30.9 to 32.4, with an average of 31.7 ± 0.4, with lower values in the western waters and higher values in the eastern waters (Figure 2b). Vertically, the average water temperature ranged from 13.0 to 28.6 °C, with an overall average of 21.4 ± 5.0 °C. A thermocline formed at 10–30 m (Figure 3a). The average salinity ranged from 30.9 to 34.5, with an overall average of 33.0 ± 1.0 (Figure 3b). In the western waters, low salinity levels <32.0 were observed between the surface and 20 m, which appeared to be influenced by the influx of low-salinity water from the Yangtze River in the summer.




3.2. Concentrations of Dissolved Inorganic Nutrients


The concentrations of major dissolved inorganic nutrients by depth in the South Sea of Korea are presented in Table 2. During the study period, the average concentration ranges for NH4, NO2 + NO3, PO4, and SiO2 were 0.5–1.8 μm, 0.5–12.7 μm, 0.1–1.2 μm, and 2.7–18.1 μm, respectively. No significant differences were observed at the surface level among the sampling stations. Excluding NH4 levels, vertically, the nutrient concentrations were relatively low in the surface mixed layer (0–30 m depth) but tended to be high below 50 m (one-way analysis of variance, p < 0.01). These findings indicate that material exchange was restricted between the surface mixed layer and deeper layers due to the formation of the summer thermocline.




3.3. Phytoplankton Abundances and Dominant Species


The average phytoplankton abundance during the summer ranged from 180,428 to 2,140,800 cells·L−1, with an overall of 879,231 ± 931,391 cells·L−1. Spatially, the western areas (203 and 204 transect) showed 3–5 times higher abundances than the eastern areas (206 and 207 transect). Vertically, approximately 91% of the total phytoplankton abundance was observed in the surface mixed layer (0–30 m depth) due to summer stratification, indicating a significant difference in the phytoplankton abundance between the surface and deeper layers. Nanoflagellates predominated the survey period (<20 μm), with Chaetoceros curvisetus, Dactyliosolen fragilissimus, and Skeletonema costatum. representing the dominant species at different sampling points (Table 3).




3.4. Contributions of Size-Fractionated Chl-a Concentrations


The average surface concentration of chl-a in the South Sea of Korea in August ranged from 0.15 to 1.24 μg·L−1, with an overall average of 0.33 ± 0.30 μg·L−1. A significantly higher concentration was observed at station 203-01, whereas no significant differences were observed at the other stations (Figure 4a). The vertical distribution of the chl-a concentration ranged from 0.06 to 1.90 μg·L−1, with an overall average of 0.43 ± 0.32 μg·L−1. The subsurface chlorophyll-a maximum (SCM) layer developed at depths ranging from 10 to 50 m depending on the station (Figure 4b). The SCM layer formed according to the depth of the thermocline at each station, and the chl-a concentration generally decreased from the surface mixed layer to the deeper layers.



The contributions of different phytoplankton to the chl-a concentration are presented in Table 4 according to size. The average contribution rates for the micro, nano, and pico classes were 6.3–37.9% (16.7 ± 6.5%), 9.3–59.9% (23.2 ± 11.7%), and 26.6–79.6% (60.1 ± 12.6%), respectively. Picophytoplankton were the most abundant summer phytoplankton in the South Sea of Korea. The spatial distribution characteristics based on the SI revealed that smaller phytoplankton formed major clusters at all surveyed stations, with the lowest SI values (<8) observed at stations 206-03 and 314-05 (Figure 5).





4. Discussion


According to the IPCC comprehensive report published in 2023, the global warming trend is accelerating. Although the AR5 indicated a 0.85 °C increase in the global surface temperature since the Industrial Revolution, the most recent AR6 indicated a larger increase of approximately 1.1 °C [1]. During the 55 years from 1968 to 2022, the annual average surface water temperature in Korean waters increased at a rate of 0.0248 °C·yr−1, resulting in a total increase of approximately 1.36 °C. During the same period, the annual average global surface water temperature rose at 0.0094 °C·yr−1, leading to an increase of approximately 0.52 °C. These data suggest that the temperature of Korean waters is increasing approximately 2.5 times faster than the global average [19]. Focusing on the 55 summers from 1968 to 2022, the annual average surface water temperature in Korean waters increased at a rate of 0.0261 °C·yr−1, reaching approximately 1.44 °C. Regarding the waters of the South Sea of Korea, the average annual summer surface water temperature increased at 0.0211 °C·yr−1, resulting in an increase of approximately 1.16 °C. These data indicate a strong increasing trend in surface water temperatures (Figure 6). Additionally, the long-term trends over the 55 years regarding temperature differences between the surface and deeper layers (depths of 75–100 m) revealed an annual increase of 0.02 °C. These findings suggest that stratification around the surface layer in the South Sea of Korea is gradually intensifying.



In the Korean waters around Ulleungdo and Dokdo, the surface nutrient concentrations during the spring increase following strong winds that induce vertical mixing rather than after stratification. This phenomenon has been reported as a key driver of phytoplankton blooms [38]. Moreover, the nutrient levels in the Gulf of Mexico increased following Hurricane Katrina, with vertical mixing playing a significant role in promoting phytoplankton blooms [39]. Conversely, the intensification of stratification can reduce the material exchange between the surface layer and deeper layers, implying a potential limitation in the supply of nutrients to the surface layer. The long-term nutrient variations (1990–2022) within the surface mixed layer (depths of 0–20 m) in the South Sea of Korea revealed a decreasing trend for all observed nutrients, including nitrites, nitrates, phosphates, and silicates. This suggests that nutrient influx from the deeper layers is decreasing due to increased stratification (Figure 7). This decline in nutrient influx could act as a significant limiting factor for the growth of phytoplankton, which exhibit high abundance within the surface mixed layer [40,41,42,43].



Findings from previous research related to phytoplankton community structures in the South Sea of Korea during the summer season showed that the diatom Chaetoceros affinis (dominance rate: 75%) was the dominant species [24]. The dinoflagellates Prorocentrum triestinum (22.3%) and Scrippsiella trochoidea (19.7%) were the first- and second-most dominant species, and the diatoms Leptocylindrus mediterraneus (11.6%), Skeletonema costatum (5.5%), and Dactyliosolen fragilissimus (5.2%) appeared as subdominant species [44]. Other reports showed that diatoms such as Chaetoceros spp. (about 20–30%) and Cylindrotheca closterium (18.7%) and Pseudo-nitzschia delicatissima, as well as dinoflagellates Gyrodinium spp. (about 10–16%) and Gyrodinium spp. (about 4–10%) predominated [27,29,30]. The occurrence rate of the phytoplankton dominant group was reported to be about 10–35% for diatoms, about 10–18% for dinoflagellates, and about 2–16% for nanoflagellates [30]. Notably, dominant phytoplankton species previously reported in the South Sea of Korea are larger than micro-scale. In contrast, comparing the past micro-sized plant plankton dominant species with the average occurrence rate investigated this time (2018–2022), among diatoms, Chaetoceros spp. 1.7%, Cylindrotheca closterium 1.3%, Dactyliosolen fragilissimus 5.3%, and Skeletonema costatum 2.0%. Among dinoflagellates, Gymnodinium spp. 1.6%, Gyrodinium spp. 0.6%, Prorocentrum triestinum 0.1%, and Scrippsiella trochoidea 0.2% appeared. By phytoplankton group, diatoms 4.5–66.7% (average 29.2%), dinoflagellates 3.7–6.9 (average 4.9%), and nanoflagellates 29.3–90.0% (average 65.5), respectively. The results showed an increasing trend in the appearance of smaller species in the South Sea of Korea, which was considered to be due to decreased nutrient levels.



Justic et al. [42] reported that if the N: P ratio is <10.0 and the Si: N is >1.0, N acts as a limiting factor for phytoplankton growth; whereas if the N: P ratio is >22.0 and Si: P ratio is >22.0, P serves as the limiting factor; if the Si: P ratio is <10.0 and the Si: N ratio is <1.0, Si represents the limiting factor. In this survey, the average N: P ratio was 19.1, Si: N ratio was 2.4, and Si: P ratio was 42.3. Although no single nutrient acted as a limiting factor, the nutrient concentrations in the surface mixed layer remained low (<0.2 μM), excluding select periods. Dortch and Whitledge [41] reported that the threshold nutrient concentrations limiting phytoplankton growth were a DIN of 1.0 μm, phosphate concentration of 0.2 μm, and silicate concentration of 2.0 μm. However, phosphate serves as an important limiting factor for diatom growth, more so than for flagellates [45]. In fact, even when nitrate levels exceed the growth-limiting threshold, phytoplankton do not utilize nitrate if phosphate is insufficient, inhibiting their growth [46]. These findings suggest that the dominance of flagellates <20 μm in the phytoplankton community of the South Sea of Korea during the summer months was likely due to these nutrient dynamics. During this survey period, the average size distribution was 16.7% for micro-sized phytoplankton, 23.2% for nano-sized, and 60.1% for pico-sized. The pico-sized phytoplankton showed a high chl-a contribution, particularly in the surface mixed layer (0–20 m), higher than that reported by studies of other Korean waters (Table 5). Previous studies showed that in the East/Japan Sea regions of the Uljin, Chuksan, and Ulsan coasts, the proportion of micro-sized phytoplankton was either higher than or similar to the combined proportions of nano- and pico-sized phytoplankton [45,46,47,48,49]. In the eastern Yellow Sea, small phytoplankton with sizes below 20 μm accounted for an average of 74% of all chl-a production [21]. In contrast, in this study, high contributions were made by nano- and pico-sized phytoplankton across all depths, particularly in the surface mixed layer where nutrient levels were relatively low. These results are consistent with recent results reported for the East/Japan Sea and East China Sea, which revealed that rising surface water temperature strengthens stratification and reduces nutrient influx into the surface mixed layer, resulting in a high chl-a contribution from smaller phytoplankton [15,16]. The statistical analyses indicated that the correlation between nutrient levels and phytoplankton size structure was clear. The RDA results related to chl-a and environmental factors showed that as the depth increased, the nutrient concentration tended to increase as a function of the phytoplankton size. These findings likely resulted from limited nutrient influx to the surface due to increased stratification. Meanwhile, nanophytoplankton showed a higher chl-a contribution rate in layers with higher nutrient levels. In contrast, picophytoplankton displayed negative correlations with all nutrients except NH4, indicating that they had a higher chl-a contribution rate when nutrient levels were low (Figure 8).



Similar results are frequently observed in other sea areas. In the Mediterranean Sea, both direct observations and satellite data have shown that picophytoplankton <2 μm contribute an average of 31–92%, depending on the season. Low nitrogen and phosphorus levels were reported as the primary causes of these observations [50]. In Blanes Bay of the Mediterranean Sea, high temperatures and nutrient deficiency were reported as the main causes of the picophytoplankton predominance [51]. In the summer and winter in the central Tyrrhenian Sea, and during the spring in the eastern Levantine Basin in the Mediterranean, picophytoplankton comprised 44–90% and 54–64% of the community, respectively [52,53]. Recent satellite data also revealed that the summer phytoplankton in Japan’s Yamato Basin and the Japan Basin were composed of >50% picophytoplankton [54]. Son et al. [55] reported that while the contribution of micro-sized phytoplankton to chl-a levels rapidly decreased, those of nano- and pico-sized phytoplankton increased in the northern East China Sea. High compositions of nano- and pico-sized phytoplankton have been reported in various other sea areas [56,57,58,59,60,61]. A common characteristic of these sea areas is that they are oligotrophic. In nutrient-deficient waters, smaller phytoplankton have a larger surface area per unit volume, allowing for quicker nutrient exchange through the cell surface, leading to smaller phytoplankton predominance [62,63,64].





 





Table 5. Size fractionation of phytoplankton observed in the different coastal waters of Korea and global ocean areas.






Table 5. Size fractionation of phytoplankton observed in the different coastal waters of Korea and global ocean areas.





	

	
Relative Ratio (%)

	




	
Area

	
Date

	
Pico Size

	
Nano Size

	
Micro Size

	
References






	
Uljin coast

	
2003–2004/

April

	

	
33.9

	
66.1

	
[47]




	
Chuksan coast

	
2000–2002/

seasonal

	

	
58.4

	
41.6

	
[48]




	
Ulsan port

and coast

	
2007–2009/

seasonal

	
22.4–38.2

	
58.2–74.5

	
3.9–81.2

(52.3)

	
[49]




	
Northern East China Sea

	
2018–2020/

August

	
45.6

	
31.2

	
23.2

	
[15]




	
East Sea

	
2018–2020/

August

	
45.9

	
33.5

	
20.6

	
[16]




	
Mediterranean Sea

	

	
31–92

	

	

	
[50]




	
Adriatic Sea (North)

	
1986 and 1988/August, 1987/July

	

	

	
10–23

	
[58]




	
Levantine Basin

	
1992/March

	
54.3–64.2

	

	

	
[52]




	
Blanes Bay

	
1997/summer

	
>50

	

	

	
[51]




	
Atlantic Meridional Transect

(Oligotrophic)

	
1996/April, October

1997/April, October

	
80

	
16

	
4

	
[59]




	
Algerian Basin

	
1996/October

	
42–62

	
38–58

	
[60]




	
South China Sea

	
1998/summer

	
63

	
22

	
16

	
[61]




	
Tyrrhenian Sea (South)

	
2005/July

	
44–81

	

	

	
[53]




	
Japan Basin

Yamato Basin

	
2010/July

	
56

56

	

	

	
[54]




	
South Sea of Korea

	
2018–2021/summer

	
60.1

	
23.2

	
16.7

	
This study








Note(s): Values shown in parentheses indicate mean values.











Phytoplankton miniaturization can reduce the primary productivity of marine ecosystems [17,65]. Joo et al. [17] reported that the primary productivity in the East Sea measured using the moderate resolution imaging spectroradiometer decreased by 13% per decade as the abundances of picophytoplankton < 2 μm increased. In the Amundsen Sea, a strong negative correlation was observed between the predominance of phytoplankton < 5 μm and the total primary productivity, which was attributed to the lower carbon uptake rates of smaller phytoplankton [63]. Although direct research on the primary productivity in the South Sea has been scarce, previous research results from nearby waters reported by Gong et al. [66] and Zhang et al. [67] revealed summer primary productivities in the East China Sea of 714 mg C·m−2·d−1 and 414 mg C·m−2·d−1, respectively. In the East Sea, these values ranged from 353 to 716 mg C·m−2·d−1 [18,68,69], while in the Yellow Sea, the productivity ranged from 291 to 649 mg C·m−2·d−1 [14,70,71]. In contrast, the results of this study revealed a summer average of 227 mg C·m−2·day−1 (unpublished data), indicating that the primary productivity observed in this study was lower than that reported previously. Phytoplankton miniaturization was considered the cause of these differences. Richardson [72] predicted that climate change-induced stratification and the subsequent decrease in surface nutrients would increase the picophytoplankton abundance, resulting in the dominance of medium-sized zooplankton (microzooplankton; <200 μm) and gelatinous zooplankton (salps, doliolids, and ctenophores), along with a decrease in their biomass. Moreover, medium-sized zooplankton do not directly consume picophytoplankton but rather feed on ciliates that have consumed picophytoplankton [73,74]. However, the net growth efficiency of medium-sized zooplankton that consume ciliates is only ~13%, indicating a relatively low energy efficiency [75]. Consequently, the increase in water temperature due to climate change likely strengthened stratification, reducing the inflow of nutrients from the bottom layer to the surface, leading to phytoplankton miniaturization within the surface mixed layer (Figure 9). Accordingly, small, low-productivity phytoplankton are thought to be less efficient at transferring carbon to consumers at higher trophic levels, negatively impacting overall ocean productivity.




5. Summary


To investigate the effects of climate change on the summer phytoplankton community structure in the South Sea of Korea and its potential impact on marine ecosystems, we analyzed previous physical and chemical data from the KODC for the South Sea of Korea. Additionally, we conducted stratified field surveys at 12 stations in August from 2018 to 2022. The results indicate that the increase in the surface water temperature due to climate change has led to significant stratification, resulting in lower nutrient concentrations within the surface mixed layer. Consequently, the phytoplankton community structure was dominated by flagellates <20 μm throughout the survey period, excluding select stations at certain periods. We also observed increased abundances of nano- and pico-size phytoplankton in the South Sea of Korea compared to previous levels. An analysis of chl-a concentrations revealed that picophytoplankton contributed 60.1% to the overall chl-a concentration in the phytoplankton community, which is higher than the contributions observed in other sea areas during the summer. These findings confirm that the phytoplankton miniaturization trend has been recently intensifying in the South Sea. Our RDA indicate that the high chl-a contribution of picophytoplankton had a strong negative correlation with nutrient levels, suggesting that phytoplankton miniaturization was exacerbated by the low nutrient levels in the surface mixed layer. Thus, phytoplankton miniaturization reduces primary productivity and leads to the formation of more complex microbial food webs rather than simple food webs. In conclusion, the South Sea of Korea is experiencing intensified phytoplankton miniaturization, which is expected to reduce the primary productivity and increase the complexity of the food web. Such effects could reduce the energy-transfer efficiency to consumers higher up in the food chain, causing an overall decline in marine productivity.
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Figure 1. Sampling stations (numbered in the expanded view) in the South Sea of Korea from 2018 to 2022. 
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Figure 2. Spatial distribution of the average surface water temperature (°C, (a)) and surface salinity (b) in the South Sea of Korea in 2018–2022. 
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Figure 3. Vertical distribution of the average water temperature (°C, (a)) and salinity (b) in the South Sea of Korea in 2018–2022. 
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Figure 4. Average spatial (a) and vertical (b) distributions of Chl-a (μg L−1) in the South Sea of Korea from 2018 to 2021. 
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Figure 5. Spatial distribution of the average phytoplankton SI in the South Sea of Korea in 2018–2021. 
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Figure 6. Temporal variations in the annual mean surface water temperature in the Korean sea area and South Sea of Korea from 1968 to 2022 in the summer, according to Korea Oceanographic Data Center (KODC) data. 
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Figure 7. Temporal variations in the annual mean nutrients in the surface mixed layer (0–20 m) of the South Sea of Korea from 1993 to 2022 in summer, according to KODC data. (a) Nitrites + nitrates, (b) phosphates, and (c) silicates. 
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Figure 8. RDA ordination plots showing relationships between environmental and biological conditions in the South Sea of Korea. Temp., temperature; Sal., salinity. 
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Figure 9. Schematic diagram of phytoplankton effects due to climate change. 
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Table 1. Description of the sampling sites in the South Sea of Korea used during the cruise period (2018–2022).
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	Station
	Latitude
	Longitude
	Bottom Depth (m)





	203-01
	33.9
	126.5
	55



	203-03
	33.6
	126.3
	141



	204-04
	33.9
	127.2
	81



	205-03
	34.1
	127.9
	81



	205-05
	33.6
	128.1
	120



	206-03
	34.4
	128.8
	102



	207-03
	34.9
	129.2
	130



	314-03
	33.0
	127.2
	107



	314-05
	33.0
	126.5
	108



	400-14
	34.2
	128.4
	84



	400-25
	33.5
	127.5
	102



	400-27
	33.5
	127.1
	127










 





Table 2. Average dissolved inorganic nutrient concentrations by depth (m) studied in the South Sea of Korea during the cruise period (2018–2022).
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St.

	
Depth

	
NH4

	
NO2 + NO3

	
PO4

	
SiO2

	
St.

	
Depth

	
NH4

	
NO2 + NO3

	
PO4

	
SiO2






	
203-01

	
0

	
1.0 ± 0.4

	
1.1 ± 0.9

	
0.2 ± 0.1

	
6.3 ± 1.6

	
207-03

	
0

	
1.1 ± 0.6

	
1.7 ± 2.5

	
0.2 ± 0.1

	
6.2 ± 2.2




	
10

	
1.2 ± 0.8

	
1.8 ± 1.5

	
0.1 ± 0.1

	
7.1 ± 2.0

	
10

	
0.9 ± 0.5

	
3.8 ± 7.6

	
0.2 ± 0.3

	
8.4 ± 8.6




	
20

	
1.0 ± 0.6

	
4.4 ± 1.7

	
0.4 ± 0.2

	
9.3 ± 1.3

	
20

	
1.1 ± 0.5

	
1.5 ± 1.6

	
0.4 ± 0.3

	
5.5 ± 1.9




	
30

	
1.1 ± 0.6

	
7.6 ± 0.9

	
0.6 ± 0.3

	
11.1 ± 1.0

	
30

	
0.9 ± 0.4

	
4.5 ± 3.3

	
0.5 ± 0.1

	
9.1 ± 3.3




	
50

	
1.2 ± 0.6

	
9.3 ± 1.8

	
0.7 ± 0.3

	
12.7 ± 1.3

	
50

	
1.0 ± 0.6

	
8.5 ± 1.5

	
0.6 ± 0.3

	
14.8 ± 8.4




	

	

	

	

	

	
75

	
0.9 ± 0.4

	
10.7 ± 1.5

	
0.8 ± 0.4

	
15.1 ± 2.0




	

	

	

	

	

	
100

	
1.0 ± 0.5

	
12.7 ± 1.6

	
1.1 ± 0.4

	
18.1 ± 2.6




	
203-03

	
0

	
0.8 ± 0.3

	
0.6 ± 0.4

	
0.2 ± 0.1

	
5.2 ± 3.0

	
314-03

	
0

	
1.1 ± 0.4

	
0.7 ± 0.4

	
0.2 ± 0.1

	
3.3 ± 2.2




	
10

	
0.7 ± 0.2

	
2.8 ± 4.8

	
0.4 ± 0.4

	
7.7 ± 4.8

	
10

	
1.1 ± 0.6

	
0.6 ± 0.4

	
0.2 ± 0.2

	
3.0 ± 2.4




	
20

	
0.9 ± 0.4

	
4.1 ± 5.0

	
0.4 ± 0.5

	
8.9 ± 4.4

	
20

	
0.8 ± 0.2

	
0.6 ± 0.3

	
0.2 ± 0.2

	
2.7 ± 0.7




	
30

	
0.7 ± 0.5

	
4.7 ± 2.6

	
0.3 ± 0.2

	
9.2 ± 1.8

	
30

	
0.7 ± 0.4

	
1.3 ± 0.8

	
0.2 ± 0.1

	
5.0 ± 1.8




	
50

	
0.6 ± 0.3

	
9.4 ± 2.1

	
0.7 ± 0.4

	
12.6 ± 2.8

	
50

	
0.6 ± 0.2

	
6.9 ± 2.0

	
0.7 ± 0.7

	
9.6 ± 3.3




	
75

	
0.8 ± 0.6

	
7.5 ± 3.8

	
0.6 ± 0.2

	
11.1 ± 4.1

	
75

	
0.5 ± 0.2

	
9.5 ± 1.9

	
0.7 ± 0.3

	
13.1 ± 1.8




	
100

	
0.8 ± 0.5

	
8.5 ± 3.3

	
0.6 ± 0.2

	
12.3 ± 3.6

	
100

	
0.8 ± 0.3

	
12.4 ± 0.7

	
1.2 ± 0.6

	
17.5 ± 1.8




	
204-03

	
0

	
1.2 ± 0.4

	
1.0 ± 0.4

	
0.1 ± 0.1

	
5.9 ± 2.2

	
314-05

	
0

	
0.7 ± 0.2

	
0.6 ± 0.5

	
0.2 ± 0.2

	
4.7 ± 3.3




	
10

	
1.2 ± 0.8

	
1.6 ± 4.8

	
0.2 ± 0.2

	
6.8 ± 2.9

	
10

	
1.0 ± 0.5

	
0.8 ± 0.7

	
0.2 ± 0.2

	
4.8 ± 3.5




	
20

	
1.0 ± 0.6

	
2.7 ± 5.0

	
0.3 ± 0.2

	
8.5 ± 2.3

	
20

	
0.7 ± 0.2

	
0.7 ± 0.4

	
0.3 ± 0.2

	
5.0 ± 3.2




	
30

	
1.0 ± 0.6

	
3.7 ± 2.6

	
0.4 ± 0.3

	
8.8 ± 2.2

	
30

	
0.7 ± 0.2

	
2.7 ± 2.2

	
0.3 ± 0.4

	
6.1 ± 3.4




	
50

	
0.9 ± 0.6

	
8.1 ± 2.1

	
0.6 ± 0.2

	
12.1 ± 3.1

	
50

	
0.8 ± 0.3

	
6.2 ± 2.5

	
0.6 ± 0.4

	
9.6 ± 3.6




	
75

	
1.1 ± 0.3

	
10.4 ± 3.8

	
0.8 ± 0.3

	
14.8 ± 5.3

	
75

	
0.6 ± 0.3

	
8.7 ± 2.2

	
0.8 ± 0.3

	
12.4 ± 2.8




	

	

	

	

	

	
100

	
0.7 ± 0.4

	
10.9 ± 1.7

	
1.1 ± 0.4

	
15.3 ± 3.0




	
205-03

	
0

	
1.0 ± 0.3

	
0.5 ± 0.1

	
0.2 ± 0.1

	
5.8 ± 2.2

	
400-14

	
0

	
0.9 ± 0.5

	
1.1 ± 1.6

	
0.3 ± 0.4

	
5.4 ± 2.8




	
10

	
0.9 ± 0.3

	
0.6 ± 0.2

	
0.2 ± 0.2

	
6.4 ± 2.2

	
10

	
0.9 ± 0.7

	
1.0 ± 1.1

	
0.3 ± 0.3

	
5.8 ± 3.6




	
20

	
0.7 ± 0.3

	
2.6 ± 2.4

	
0.3 ± 0.2

	
6.9 ± 3.9

	
20

	
1.1 ± 0.9

	
1.9 ± 2.6

	
0.3 ± 0.2

	
6.9 ± 3.9




	
30

	
0.8 ± 0.3

	
5.4 ± 4.0

	
0.5 ± 0.2

	
8.8 ± 4.5

	
30

	
0.8 ± 0.3

	
5.8 ± 2.9

	
0.5 ± 0.4

	
9.7 ± 3.0




	
50

	
0.9 ± 0.5

	
11.2 ± 2.4

	
0.8 ± 0.2

	
15.9 ± 2.5

	
50

	
0.7 ± 0.6

	
10.4 ± 1.8

	
1.1 ± 0.5

	
15.1 ± 3.5




	
75

	
0.8 ± 0.4

	
11.7 ± 1.7

	
1.0 ± 0.2

	
16.7 ± 2.2

	
75

	
0.6 ± 0.4

	
11.9±1.4

	
1.0 ± 0.4

	
17.2 ± 2.0




	
205-05

	
0

	
1.0 ± 0.6

	
0.6 ± 0.4

	
0.4 ± 0.5

	
3.1 ± 1.8

	
400-25

	
0

	
1.2 ± 0.7

	
0.9 ± 0.6

	
0.2 ± 0.2

	
4.5 ± 2.1




	
10

	
0.8 ± 0.3

	
0.8 ± 0.4

	
0.2 ± 0.1

	
3.1 ± 1.5

	
10

	
1.0 ± 0.7

	
1.1 ± 0.8

	
0.3 ± 0.4

	
3.6 ± 1.4




	
20

	
1.0 ± 0.6

	
0.9 ± 0.8

	
0.4 ± 0.3

	
2.8 ± 1.4

	
20

	
0.9 ± 0.3

	
1.2 ± 1.1

	
0.3 ± 0.4

	
3.8 ± 2.1




	
30

	
0.7 ± 0.3

	
1.6 ± 1.5

	
0.3 ± 0.2

	
6.9 ± 7.3

	
30

	
0.8 ± 0.2

	
4.3 ± 4.6

	
0.4 ± 0.4

	
7.2 ± 4.6




	
50

	
0.9 ± 0.4

	
5.0 ± 3.0

	
0.3 ± 0.1

	
7.3 ± 3.7

	
50

	
0.6 ± 0.2

	
7.8 ± 1.6

	
0.7 ± 0.4

	
10.5 ± 2.3




	
75

	
0.8 ± 0.3

	
8.9 ± 2.2

	
0.7 ± 0.2

	
11.4 ± 3.4

	
75

	
0.5 ± 0.3

	
10.0 ± 1.7

	
0.9 ± 0.4

	
13.7 ± 2.1




	
100

	
0.8 ± 0.4

	
10.7 ± 1.5

	
0.8 ± 0.2

	
14.4 ± 1.8

	
100

	
1.0 ± 0.4

	
12.4 ± 1.1

	
1.1 ± 0.4

	
17.4 ± 1.1




	
206-03

	
0

	
1.0 ± 0.4

	
0.6 ± 0.3

	
0.3 ± 0.4

	
4.9 ± 2.3

	
400-27

	
0

	
0.7 ± 0.3

	
0.9 ± 0.3

	
0.3 ± 0.3

	
6.1 ± 1.8




	
10

	
0.9 ± 0.3

	
0.5 ± 0.3

	
0.2 ± 0.1

	
5.4 ± 2.5

	
10

	
1.1 ± 0.6

	
0.6±0.3

	
0.2 ± 0.3

	
6.2 ± 2.2




	
20

	
0.9 ± 0.3

	
1.2 ± 1.2

	
0.2 ± 0.1

	
6.4 ± 2.2

	
20

	
0.8 ± 0.5

	
1.2 ± 0.8

	
0.4 ± 0.3

	
6.8 ± 1.0




	
30

	
0.9 ± 0.3

	
3.5 ± 3.4

	
0.3 ± 0.1

	
8.7 ± 1.9

	
30

	
0.8 ± 0.5

	
3.1 ± 2.3

	
0.4 ± 0.3

	
7.9 ± 1.8




	
50

	
1.8 ± 1.9

	
8.2 ± 3.8

	
0.6 ± 0.4

	
12.6 ± 4.6

	
50

	
1.5 ± 1.5

	
7.6 ± 1.5

	
0.7 ± 0.4

	
11.1 ± 1.4




	
75

	
0.8 ± 0.3

	
8.4 ± 5.8

	
0.8 ± 0.3

	
14.0 ± 5.9

	
75

	
0.7 ± 0.4

	
9.3 ± 1.5

	
0.8 ± 0.4

	
12.8 ± 1.4




	
100

	
0.9 ± 0.3

	
11.3 ± 3.0

	
0.9 ± 0.2

	
16.5 ± 4.9

	
100

	
0.8 ± 0.8

	
11.3 ± 2.4

	
1.0 ± 0.4

	
15.9 ± 3.0











 





Table 3. Dominant phytoplankton species rankings in the South Sea of Korea in 2018–2022.
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	2018
	2019
	2020
	2021
	2022





	First
	Nanoflagellates

(<20 μm; 62.0%)
	Nanoflagellates

(<20 μm; 68.8%)
	Nanoflagellates

(<20 μm; 77.5%)
	Nanoflagellates

(<20 μm; 29.3%)
	Nanoflagellates

(<20 μm; 90.0%)



	Second
	Pseudo-nitzschia spp.

(13.2%)
	Chaetoceros curvisetus. (19.7%)
	
	Dactyliosolen fragilissimus (25.2%)
	



	Third
	
	
	
	Skeletonema spp. (7.6%)
	










 





Table 4. Average chl-a composition in phytoplankton of different sizes (M, N, and P) at each depth (m) in the South Sea of Korea during the cruise period (2018–2021).
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Chl-a Composition (%)

	

	
Chl-a Composition (%)




	
St.

	
Depth

	
M

	
N

	
P

	
St.

	
Depth

	
M

	
N

	
P






	
203-01

	
0

	
21.1 ± 10.2

	
39.0 ± 35.1

	
39.9 ± 30.4

	
207-03

	
0

	
19.0 ± 9.0

	
29.2 ± 36.7

	
51.8 ± 30.8




	
10

	
19.9 ± 13.2

	
21.7 ± 7.7

	
58.4 ± 16.9

	
10

	
37.2 ± 37.3

	
9.3 ± 5.3

	
53.5 ± 32.2




	
20

	
23.0 ± 18.2

	
23.4 ± 8.1

	
53.8 ± 20.9

	
20

	
7.8 ± 10.8

	
14.1 ± 11.0

	
78.1 ± 13.8




	
30

	
21.9 ± 12.9

	
28.2 ± 7.3

	
49.9 ± 11.6

	
30

	
30.4 ± 28.0

	
11.2 ± 6.8

	
58.4± 24.8




	
50

	
14.8 ± 15.0

	
31.6 ± 11.2

	
53.5 ± 23.1

	
50

	
10.1 ± 6.8

	
24.4 ± 9.5

	
65.4 ± 10.8




	

	

	

	

	
75

	
26.0 ± 17.7

	
35.8 ± 15.7

	
38.2 ± 32.6




	

	

	

	

	
100

	
25.6 ± 16.2

	
41.0 ± 9.4

	
33.4 ± 22.1




	
203-03

	
0

	
19.9 ± 25.6

	
25.7 ± 17.7

	
54.4 ± 32.2

	
314-03

	
0

	
17.2 ± 16.9

	
20.3 ± 24.2

	
62.5 ± 17.1




	
10

	
17.8 ± 22.2

	
19.4 ± 7.6

	
62.8 ± 17.3

	
10

	
13.8 ± 12.3

	
14.8 ± 7.9

	
71.4 ± 8.6




	
20

	
18.2 ± 19.7

	
16.4 ± 4.3

	
65.4 ± 17.1

	
20

	
15.6 ± 7.1

	
14.3 ± 5.1

	
70.1 ± 9.4




	
30

	
16.2 ± 9.0

	
20.6 ± 7.3

	
63.3 ± 13.2

	
30

	
27.9 ± 23.7

	
14.9 ± 3.3

	
57.2 ± 25.5




	
50

	
9.0 ± 7.0

	
33.3 ± 2.3

	
57.7 ± 8.3

	
50

	
26.9 ± 27.7

	
18.8 ± 1.8

	
54.4 ± 29.0




	
75

	
12.1 ± 10.3

	
42.2 ± 13.2

	
45.7 ± 6.8

	
75

	
11.1 ± 12.4

	
34.5 ± 23.8

	
54.3 ± 19.4




	
100

	
14.3 ± 11.5

	
46.6 ± 16.3

	
39.1 ± 9.4

	
100

	
14.7 ± 16.3

	
31.8 ± 4.2

	
53.5 ± 13.5




	
204-04

	
0

	
22.5 ± 25.6

	
14.1 ± 3.5

	
63.4 ± 14.0

	
314-05

	
0

	
15.9 ± 6.5

	
22.9 ± 19.8

	
61.3 ± 21.6




	
10

	
16.5 ± 22.2

	
18.4 ± 9.4

	
65.0 ± 13.0

	
10

	
14.2 ± 6.6

	
13.7 ± 6.2

	
72.1 ± 9.0




	
20

	
12.5 ± 19.7

	
15.5 ± 6.2

	
72.0 ± 7.1

	
20

	
7.3 ± 5.6

	
23.1 ± 7.7

	
79.6 ± 2.4




	
30

	
13.7 ± 9.0

	
22.3 ± 8.4

	
64.0 ± 11.5

	
30

	
12.2 ± 10.8

	
14.5 ± 9.8

	
73.3 ± 9.9




	
50

	
17.9 ± 7.0

	
38.9 ± 6.5

	
43.2 ± 10.4

	
50

	
19.0 ± 15.3

	
17.4 ± 4.3

	
63.6 ± 18.6




	
75

	
20.0 ± 10.3

	
40.4 ± 8.6

	
39.6 ± 4.1

	
75

	
11.6 ± 9.2

	
30.1 ± 7.5

	
58.3 ± 3.1




	

	

	

	

	
100

	
14.6 ± 5.7

	
41.0 ± 7.2

	
44.4 ± 7.8




	
205-03

	
0

	
21.2 ± 18.0

	
12.5 ± 4.9

	
66.3 ± 14.0

	
400-14

	
0

	
13.4 ± 15.4

	
19.3 ± 21.1

	
67.3 ± 17.6




	
10

	
22.3 ± 20.4

	
11.9 ± 4.1

	
65.8 ± 19.9

	
10

	
21.3 ± 12.2

	
11.5 ± 6.9

	
67.3 ± 9.5




	
20

	
19.1 ± 17.1

	
18.1 ± 9.6

	
62.8 ± 8.2

	
20

	
14.2 ± 13.1

	
11.8 ± 7.7

	
74.0 ± 7.5




	
30

	
22.7 ± 11.2

	
17.4 ± 11.1

	
59.8 ± 12.6

	
30

	
14.8 ± 10.1

	
16.3 ± 9.3

	
69.0 ± 11.5




	
50

	
20.9 ± 16.1

	
36.1 ± 7.3

	
43.0 ± 10.4

	
50

	
10.5 ± 12.8

	
30.6 ± 7.2

	
58.9 ± 12.2




	
75

	
24.0 ± 2.8

	
41.7 ± 8.4

	
34.3 ± 7.8

	
75

	
10.6 ± 12.5

	
39.8 ± 5.1

	
49.5 ± 7.9




	
205-05

	
0

	
18.9 ± 5.7

	
14.0 ± 4.6

	
67.1 ± 1.4

	
400-25

	
0

	
37.9 ± 35.2

	
10.8 ± 4.4

	
51.3 ± 31.3




	
10

	
12.7 ± 9.0

	
11.9 ± 3.8

	
75.4 ± 5.5

	
10

	
28.9 ± 5.0

	
12.9 ± 2.7

	
58.2 ± 3.9




	
20

	
7.8 ± 5.2

	
13.4 ± 5.7

	
78.8 ± 3.8

	
20

	
24.0 ± 14.4

	
14.7 ± 2.8

	
61.3 ± 12.1




	
30

	
9.8 ± 2.1

	
19.2 ± 9.6

	
71.0 ± 10.9

	
30

	
13.2 ± 4.0

	
14.2 ± 6.0

	
72.6 ± 8.5




	
50

	
24.1 ± 36.8

	
12.8 ± 9.0

	
63.1 ± 29.2

	
50

	
17.2 ± 11.2

	
15.5 ± 3.8

	
67.3 ± 7.9




	
75

	
15.4 ± 15.4

	
21.0 ± 9.4

	
63.7 ± 23.5

	
75

	
8.6 ± 11.5

	
24.8 ± 6.9

	
66.6 ± 17.5




	
100

	
18.0 ± 11.5

	
29.2 ± 13.7

	
52.8 ± 18.7

	
100

	
16.0 ± 14.9

	
57.4 ± 31.9

	
26.6 ± 21.9




	
206-03

	
0

	
9.4 ± 12.5

	
14.1 ± 3.1

	
76.5 ± 11.5

	
400-27

	
0

	
11.7 ± 11.3

	
10.1 ± 1.7

	
78.3 ± 12.9




	
10

	
12.9 ± 14.8

	
12.5 ± 2.1

	
74.6 ± 15.1

	
10

	
18.1 ± 27.3

	
12.2 ± 3.7

	
69.7 ± 30.4




	
20

	
12.1 ± 12.2

	
10.3 ± 2.1

	
77.6 ± 11.3

	
20

	
9.1 ± 118

	
12.9 ± 4.0

	
78.0 ± 12.5




	
30

	
6.3 ± 6.5

	
14.3 ± 4.2

	
79.4 ± 9.6

	
30

	
10.4 ± 12.8

	
24.7 ± 10.0

	
64.9 ± 4.3




	
50

	
11.2 ± 10.9

	
25.9 ± 5.4

	
62.9 ± 16.0

	
50

	
13.8 ± 10.3

	
21.3 ± 2.0

	
64.8 ± 9.0




	
75

	
12.2 ± 13.3

	
37.0 ± 15.6

	
50.8 ± 11.2

	
75

	
9.9 ± 5.7

	
30.3 ± 10.7

	
59.9 ± 6.7




	
100

	
13.2 ± 11.8

	
59.9 ± 15.2

	
26.9 ± 14.7

	
100

	
11.9 ± 11.6

	
45.4 ± 13.2

	
42.6 ± 3.3








Note(s): M: micro size (>20 μm); N: nano size (20 μm ≥ chl-a ≥ 3 μm); P: pico size (<3 μm) 
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