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Abstract

:

We investigated the spatio-temporal variations in three key biomolecular compounds (carbohydrates, proteins, and lipids) in particulate organic matter (POM) in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (Sea of Japan; ES) in order to estimate the regional annual calorie production rates based on the seasonal data obtained in each region. Carbohydrates were found to be most dominant, followed by lipids across all seas. The euphotic-integral calorie contents of POM during the study period were determined as 53.5 ± 12.6 Kcal m−2 in the YS; 54.2 ± 7.5 Kcal m−2 in the SS; 35.7 ± 9.2 Kcal m−2 in the ECS; and 58.7 ± 6.2 Kcal m−2 in the ES. Utilizing seasonal carbon conversion factors and primary production rates, we estimated the annual calorie productions, which were highest in the ES (1705 Kcal m−2 y−1) and lowest in the ECS (403 Kcal m−2 y−1). This can be attributed to the significantly higher energy efficiency of phytoplankton and faster turnover rate of calorie content. However, caution must be taken when comparing these estimates regionally, considering potential variations in developmental phases among the four regions during the sampling period in 2018. The calorie production rates in this study provide valuable insights into the physiological condition of phytoplankton within specific regions.
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1. Introduction


Phytoplankton utilize inorganic carbon and nutrients to synthesize various biomolecular compounds such as carbohydrates, proteins, and lipids via the photosynthetic process [1,2,3,4]. Each compound plays different roles in their growth and survival and, consequently, essential ecological roles via trophic levels within marine ecosystems.



Generally, carbohydrates and lipids play crucial roles as the principal components of cell membranes and energy reservoirs whereas proteins are essential for forming a cellular nitrogen pool [4,5,6,7,8]. However, the relative abundance of these biochemical organic compounds (i.e., biomolecular compositions) within phytoplankton cells varies based on species, the physiological conditions of phytoplankton [1,2,3,9], and various environmental conditions [4,10,11,12]. For instance, marine diatoms are known to produce relatively higher carbohydrate content among the three biomolecular compounds [13,14,15]. In the East Sea (Sea of Japan; hereafter East Sea), previous studies by Kang et al. [16] and Jo et al. [17] have noted that when diatoms were the dominant phytoplankton species, relatively high proportions of carbohydrates were observed. Conversely, when non-diatom phytoplankton—smaller than 2 µm—prevailed, the relatively dominant lipid composition was observed [16]. Additionally, phytoplankton with high growth rates tend to have higher protein levels, while lipid compositions increase during stationary growth phases [5,18]. Environmental factors such as water temperature [19], light conditions [20,21,22], and nutrient availability [10,11,23] play significant roles in shaping the photosynthetic biochemical composition of phytoplankton. For example, phytoplankton can increase non-nitrogenous storage compounds such as lipids and carbohydrates, causing a decline in the cellular protein contents in a nitrogen-deficient environment but enhancing protein accumulation under nitrogen-sufficient conditions [24,25,26,27,28,29]. These variations in biochemical compositions in phytoplankton have implications for the quality of their food source for grazers and consumers at higher trophic levels [17,30,31]. Strong correlations between the biochemical compositions of phytoplankton and zooplankton have been observed in the Arctic Ocean and the East Sea [24,25]. Specifically, the lipid compositions of phytoplankton have shown positive correlations with the protein compositions of zooplankton in the Arctic Ocean [30]. Similarly, in the East Sea, the lipid compositions of phytoplankton have been strongly linked to the lipid compositions of zooplankton [17]. Thus, the biomolecular composition (carbohydrates, proteins, and lipids) of particulate organic matter (POM) produced by phytoplankton can serve as an important indicator of their physiological states and nutritional quality for higher-trophic-level consumers [4,32].



In the context of energy flow within marine ecosystems, several studies have focused on quantifying the caloric content of phytoplankton in various oceans [4,33,34,35,36]. Previous research has suggested that estimating the energy efficiency of primary production can be achieved by considering the caloric content of the organic carbon material produced by phytoplankton [33]; furthermore, investigations into the calorie content per unit of chlorophyll a concentration, an indicator of phytoplankton biomass, have been conducted to understand the chemical energy content and efficiencies of different cell-sized phytoplankton. In the northern East Sea, Kang et al. [16] found a significantly higher calorie content per unit of chlorophyll a concentration in small-sized (<2 µm) phytoplankton compared to large-sized (>2 µm) phytoplankton; however, Kang et al. [36] reported the opposite result in the western East Sea, where large-sized phytoplankton exhibited a higher calorie content per unit of chlorophyll a concentration than small-sized phytoplankton. This inconsistency suggests that the energy efficiency of different-sized phytoplankton may vary spatially and temporally, potentially influencing the nutritional quality of the consumers at higher trophic levels [4,36].



This study aims to investigate regional biochemical compositions of POM in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES) surrounding Korea. Additionally, we aim to quantify the annual calorie production attributed primarily to photosynthetic phytoplankton, which has not been estimated or previously determined.




2. Materials and Methods


2.1. Water Sampling and Analysis for Concentrations of Chlorophyll a, Particulate Organic Carbon (POC), and Macromolecules


Seasonal cruise surveys managed by the National Institute of Fisheries Science (NIFS) in Korea were carried out in the YS, SS, ECS, and ES from February to October 2018 (Figure 1). Four seasonal sampling cruises were from 1 February to 4 March (winter), 4 April to 1 May (spring), 2 August to 5 September (summer), and 10 October to 16 November (fall) in 2018.



Using an SBE9/11 CTD (Sea-Bird Electronics, Bellevue, WA, USA)/rosette sampler fitted with 8 L-Niskin bottles, water samples for chlorophyll a concentration, POC, and biochemical compositions were obtained from 100, 30, and 1% light depths within the euphotic zone determined using a Secchi disk. In order to determine different light depths, we specifically selected mid-morning stations for water samplings in conjunction with primary productivity measurements as our parallel study [37]. Sampling during daytime was essential for assessing light conditions at various depths. Samples for POC determination and each macromolecule analysis were obtained in triplicate.



For the chlorophyll a concentration, the water sample (0.1–0.4 L) was filtered using 25-mm GF/F filters (Whatman, 0.7 μm pore size) at low vacuum pressure (<150 mmHg). The filtered samples were placed in a conical tube (15 mL) and instantly stored in a freezer (–20 °C) for further pigment extraction within a month in our laboratory at the Pusan National University. In the laboratory, the filters were extracted with 90% acetone in a fridge (ca 4 °C) for 20–24 h and centrifuged at 4000 rpm for approximately 20 min based on the protocol by Parsons et al. [38]. Subsequently, the supernatant was transferred to borosilicate glass test tube (13 mm × 100 mm), and chlorophyll a concentrations were measured using a fluorometric method (Turner Designs, 10-AU, San Jose, CA, USA). The chlorophyll a data for the YS, SS, and ES from Jang et al. [37] were used for comparison.



The water samples (0.1–0.3 L) for determining POC content were filtered through pre-combusted (450 °C) GF/F filters (ø = 25 mm) at low vacuum pressure (<150 mmHg). The filtered samples placed in a conical tube (15 mL) were kept in a freezer (–20 °C) for preparation at the home laboratory of the Pusan National University. The POC concentration was analyzed using a Finnigan Deltaplus XL mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) at the Alaska Stable Isotope Facility (University of Alaska Fairbanks). The uncertainty for the POC measurement is ±5.1 %.



The water sample (1 L) was filtered using a 47-mm GF/F filter (Whatman, 0.7 μm pore size) for determining the concentrations of carbohydrates, proteins, and lipids. The filters were immediately stored at –80 °C until further extraction analysis within a month. The extraction processes for carbohydrates, proteins, and lipids from the filters were executed following the protocol by Bhavya et al. [32] and Lee et al. [39]. Briefly, the sample filter was cut into small pieces in a polypropylene vial for carbohydrate extraction based on the protocol by Dubois et al. [40]. After an ultrasonicated extraction for 20 min from the sample with 1 mL deionized water, 1 mL of phenol reagent (5%) was added into a vial and kept at room temperature for approximately 40 min. Then, 5 mL of sulfuric acid was added and the vial was kept at room temperature for 10 min for the final carbohydrate extraction process. For protein extraction, the colorimetric peptide-detecting assays were performed by following Lowry et al. [41] and Fiset et al. [42]. The sampling filter was cut into pieces in a centrifuge tube. After the ultrasonicated extraction with 1 mL of deionized water was conducted for 20 min, alkaline copper solution (5 mL) was added into the tube, kept at room temperature for 10 min, and mixed using a vortex mixer (MaXshakeTM VM30, Daihan Scientific Co., Ltd., Wonju, Gangwon-do, Republic of Korea). Finally, a volume of 0.5 mL of diluted Folin–Ciocalteu phenol reagent was added to the sampling tube for the protein extraction. Lipid extraction was performed based on the methods by Bligh and Dyer [43] and Marsh and Weinstein [44]. Chloroform–methanol mixture (3 mL) was added into the amber vial with small pieces of the sampling filter, and the extraction was performed via ultrasonication for 20 min. The supernatant was transferred into a new glass vial when extraction process—such as storing in the refrigerator (4 °C for 1 h) and centrifugation—was completed. The above extraction process was repeated once with the mixture of residue. In the sample vial, after the lower phase (a mixture of chloroform and lipids) was dried in a dry oven at 40 °C for 48 h, the vial was placed in a heating block with an addition of 2 mL deionized water at 200 °C for 15 min and cooled at room temperature. Then, the solvent with an additional 3 mL of deionized water in the vial was mixed with a vortex mixer and allowed to stand for 10 min for the final lipid extraction process.



Following each extraction procedure, the concentrations of each biochemical component were quantified using a UV spectrophotometer (Hitachi-UH5300, Hitachi, Tokyo, Japan). Glucose solution, bovine serum albumin, and tripalmitin solution were used as standards for quantifying the concentrations of carbohydrates, proteins, and lipids, respectively [9]. The measurement uncertainties for carbohydrates, proteins, and lipid concentrations were ±4.3, ±8.5, and ±5.6%, respectively.



In this study, each concentration of carbohydrates, proteins, and lipids was vertically integrated from three light depths at each station for determining the total biochemical composition and the annual biosynthetic energy production within euphotic water columns in the YS, the SS, the ECS, and the ES. The trapezoidal rule was applied for the integrated values from 100 to 1% light depths.




2.2. Calorie Content of POM


The total biochemical concentrations of POM were the sum of each concentration of carbohydrates, proteins, and lipids. The caloric value for the POM was calculated based on the Winberg [45] equation (Kcal g−1 = 0.041 × Carbohydrate% + 0.055 × protein% + 0.095 × lipid%). The calorie content (Kcal m−3) of POM was derived by caloric value (Kcal g−1) × total biochemical concentration of POM (g m−3) at each light depth [34]. Euphotic water column-integrated calorie content (Kcal m−2) of POM was calculated using the trapezoidal rule.




2.3. Calorie Production Rate of Phytoplankton


The caloric equivalents synthesized by phytoplankton can be estimated based on the conversion factor and the primary production rate at a given location. The calorie content (Kcal m−2) obtained from each macromolecular component was divided by POC concentration (g C m−2) at each station for a conversion factor from carbon to caloric units. The current primary production measurements using stable or radiocarbon isotope techniques provide the amount of organic carbon produced per unit of time [33]. Based on four different seasonal measurements, seasonal calorie production rates can be estimated in a given location based on seasonal conversion factors and seasonal-averaged daily primary production rates. The annual calorie production rates can be derived by summing the seasonal calorie production rates regionally in the YS, SS, ECS, and ES.



The turnover rate (day) of calorie contents was calculated by dividing calorie contents (Kcal m−2) by daily calorie production (Kcal m−2 d−1) integrated within the euphotic depth from 100 to 1% light depth.




2.4. Statistical Analysis


In this study, statistical analyses were performed using SPSS (version 12.0, SPSS Inc., Chicago, IL, USA). To investigate significant differences among variables, t-tests or one-way analysis of variance (one-way ANOVA) with post hoc tests were conducted. Levene’s test was used to assess the homogeneity of variances among the variable groups in both the t-tests and the one-way ANOVA. The post hoc tests, such as Bonferroni’s test (for homogeneity) or Games-Howell’s test (for heteroscedasticity), were employed to examine pairwise differences among the variables, assuming the homogeneity of variances. Statistical values with a p-value less than 0.05 were considered to indicate significant results.





3. Results and Discussion


3.1. Seasonal Variation in Chlorophyll a Concentrations in the YS, SS, ECS, and ES


The chlorophyll a concentration, integrated from 100 to 1% light depth (euphotic water column-integrated chlorophyll a concentrations), at each station are summarized in Tables S1–S4. The integrated chlorophyll a concentration displayed distinct seasonal variations across the observed periods, as shown in Figure 2. Specifically, the seasonal patterns of integrated chlorophyll a concentration in the YS, SS, and ES were consistent with the typical bimodal seasonal cycle observed in phytoplankton biomass within temperate regions, as previously reported [37,46,47,48,49,50]. Typically, these regions exhibit higher chlorophyll a concentration during the spring bloom, followed by a decline in the nutrient-depleted summer with strong stratification, and a subsequent second bloom in the fall [37,46,47,48,49,50]. In our observation period, the concentrations of major inorganic nutrients exhibited significant variability during winter but remained relatively low in summer [37]. A noteworthy feature was the high chlorophyll a concentration observed in the ES during winter, which might be related to the unusually warm condition of sea surface temperature, especially in the ES during 2018 [51]; however, this relationship between chlorophyll a concentration and heat waves should be validated in the future.



In the SS, during the spring season, the chlorophyll a concentration was relatively higher in the eastern part compared to the western part. This difference in chlorophyll a concentrations may have been influenced by inputs from the Nakdong River, specifically in the eastern part of the SS. Notably, the euphotic water column-integrated chlorophyll a concentration was relatively higher in the ES compared to the YS and SS. While the statistical analysis did not reveal significant differences among the different regions—except for the ECS due to the wide geographical ranges of the chlorophyll a concentration—the integrated chlorophyll a concentration was significantly (t-test, p < 0.01) higher in the ES compared to the ECS across all seasons, except for summer when chlorophyll a concentration was low in all four seas.




3.2. Seasonal Variations in the Macromolecular Compositions of POM in the YS, SS, ECS, and ES


Tables S1–S2 provide a summary of the concentration of each biochemical component of POM, integrated within the euphotic water column from 100 to 1% light depth, in the YS, SS, ECS, and ES throughout the observation period.



The spatial distributions of the macromolecular compositions during each season based on these component concentrations are shown in Figure 3. The majority of the stations within each region displayed similar seasonal compositions. In the YS, the overall macromolecular composition was 54.2 ± 9.7% carbohydrates, 15.2 ± 7.5% proteins, and 30.6 ± 6.5% lipids (Figure 3). Similarly, the SS exhibited compositions of 56.5 ± 13.9% carbohydrates, 11.5 ± 8.7% proteins, and 32.0 ± 10.4% lipids. In the ECS, the respective compositions were 56.5 ± 10.7, 13.3 ± 6.0, and 30.2 ± 6.7%, while in the ES, they were 47.1 ± 11.6, 16.4 ± 8.8, and 36.5 ± 8.5%.



Although no distinct regional variations in the biochemical compositions were observed among the stations during each season, noticeable seasonal variations were evident within each region (Figure 3). The SS and ES displayed prominent seasonal changes, with the higher lipid composition observed from winter to fall. Conversely, the YS exhibited less pronounced variations, except for spring. The ECS showed similarities between winter and fall but differed from spring and summer. Overall, carbohydrates were the dominant macromolecule throughout the season, except for fall with lipids being dominant in the SS and ES (Tables S1–S4 and Figure 3). Carbohydrates primarily act as a carbon pool in cell membranes and as energy reserves for further protein synthesis in phytoplankton [4,7,8], while lipids are energy-rich biomolecules typically accumulated under nitrogen-deficient conditions, or stagnant growth conditions [5,6]. They served as major storage products during stressful or stagnant periods ([52]; references therein). Under prolonged nitrogen-deficient conditions, phytoplankton allocate cellular carbon toward lipid formation rather than carbohydrates [53]. Proteins, on the other hand, play important roles in enzymatic processes and phytoplankton growth [4,7,8], with higher concentrations synthesized under nitrogen-rich conditions [28,54,55]. The dominance of carbohydrates in macromolecular compositions was commonly observed at various sites in South Korea, except for Gwangyang Bay, where protein content exceeded those of other biomolecules (Table 1). This protein dominance in Gwangyang Bay is attributed to inputs of dissolved inorganic nitrogen from the Seomjin River [11]. Contrastingly, in the eastern part of the SS, where there could be a potential influence of Nakdong River inputs, we did not observe any distinct dominance of proteins in macromolecular compositions. This suggests that the sampling stations in the eastern part of the SS were located outside of the plume of the Nakdong River (Figure 1), as indicated by salinity characteristics in a parallel study [37]. Therefore, in this study, we do not expect significant effects from large riverine nutrient inputs on the compositions in that specific area. Indeed, previous studies by Moon and Choi [56] showed that the major nutrient concentrations in the Nakdong River estuary rapidly decrease to background levels when moving from the upper to lower regions. This suggests that the nutrient inputs from the Nakdong River into the eastern part of the SS may not have a substantial influence on the nutrient concentrations observed in our study.



In the southwestern ES, carbohydrates were the most dominant (53.2 ± 12.5%; Table S4), likely influenced by the prevalence of diatoms and nutrient-depleted water conditions [17]. Diatoms, as the dominant group in the ES, tend to exhibit higher carbohydrate concentrations in the form of storage polysaccharides [14,57]. The relative contributions of diatoms to the phytoplankton community in the ES varied seasonally during the study period, with higher dominance in winter and fall (39.0 and 52.1%, respectively), and lower in spring and summer (23.1 and 25.4%, respectively) [58]. Thus, factors other than diatom compositions likely influence the predominant carbohydrate compositions observed in this study. Although some seasonal phosphate or nitrogen limitations were observed in each region [37], their consistent association with carbohydrate dominance throughout the study period could not be established. The major factors driving seasonal variations in these macromolecules remain inconclusive, as strong relationships with other physical and chemical environmental conditions were not found. Future studies should aim to further validate these relationships.



Based on previous studies [5,6], our findings suggest that phytoplankton in the YS, SS, ECS, and ES experienced stagnant growth conditions, as indicated by the dominance of carbohydrates during the study period. Relatively higher lipid proportions in the SS and the ES during the fall season physiologically indicate prolonged stagnant growth conditions.



In this study, the seasonal patterns of the total amount of the three macromolecules (FM) [59,60] were relatively different in the YS, SS, ECS, and ES (Tables S1–S4), unlike the bimodal seasonal cycle observed in integrated chlorophyll a concentration (Figure 2). Notably, FM was not significantly related to chlorophyll a concentration in all seas, except for the ECS (r = 0.80, p < 0.01). The highest FM content was observed in the ES during winter, where riverine-organic matter inputs were expected to be low due to the absence of large rivers from the Korean and Japanese islands. While chlorophyll a concentration is conventionally used as an indicator of phytoplankton biomass, it can greatly vary (and therefore not correspond to the biomass) depending on the physiological conditions of phytoplankton [61,62,63]. In this study, the seasonal differences in chlorophyll a concentrations were considerably larger than those of FM across all four seas (Tables S1–S4), particularly in the ES where the difference in chlorophyll a concentrations between winter and spring exceeded those of FM (Table S4). While chlorophyll a concentration is commonly used as a measure of phytoplankton biomass, whether FM can serve as an alternative measure of phytoplankton biomass in various marine ecosystems should be validated in the future.




3.3. Seasonal Calorie Contents and Annual Calorie Productions of POM in the YS, SS, ECS, and ES


The seasonal calorie contents of POM, integrated from 100 to 1% light depth (euphotic water column-integrated calorie contents) in the YS, SS, ECS, and ES are presented in Figure 4. The YS and the SS exhibited seasonal variations in euphotic water column-integrated calorie contents, with the highest values occurring in summer, followed by fall. In contrast, the ECS displayed different seasonal patterns, with the highest values observed in spring and summer, while the ES had the highest value in winter. In the ES, among the three macromolecules, carbohydrate concentrations were significantly (t-test, p < 0.01) higher in winter compared to other seasons (Table S4) leading to higher FM and, consequently, higher calorie contents in winter. Hence, a significant positive relationship between FM and calorie content was observed across all the observations in this study (r = 0.98, p < 0.01).



The integrated calorie content averaged annually across the four different seasons is shown in Figure 5, based on different macromolecular concentrations and their associated calories. Lower calorie contents were observed in the northern coastal areas of the YS and the western part of the ECS (Figure 5), where relatively lower chlorophyll a concentrations were found (Figure 2). However, no significant relationship was found between the calorie content and chlorophyll a concentration in this study. The regional-averaged calorie contents per square meter were 53.5 ± 12.6, 54.2 ± 7.5, 35.7 ± 9.2, and 58.7 ± 6.2 Kcal m−2 in the YS, SS, ECS, and ES, respectively. While the regional-averaged calorie contents were similar in the YS, SS, and ES, they were significantly lower in the ECS compared to the other regions (one-way ANOVA, p < 0.01).



The seasonal conversion factors from carbon to caloric units for the calorie production rate of phytoplankton were determined in the YS, SS, ECS, and ES (Figure 6). These conversion factors exhibited seasonal variations without general patterns among the four seas; however, the seasonally averaged conversion factors were not significantly different among the four seas, although they were slightly higher in the ES (12.6 ± 4.6) compared to the other regions (11.1 ± 3.2). These values were comparable to that of the conversion factor previously reported for St. Margaret’s Bay, Nova Scotia (11.4) [33]. By applying the seasonal conversion factor from this study and the corresponding primary production rates reported by [37], the seasonally averaged calorie production rates were estimated as 2.3, 2.6, 1.1, and 4.7 Kcal m−2 d−1 in the YS, SS, ECS, and ES, respectively. The general regional trend (lower in the ECS and higher in the ES) of the seasonally averaged calorie production rates somewhat corresponded to the primary production rate reported by [37]. Using the seasonally averaged calorie production rates, the annual calorie production rates (the sum of the four seasonal values of calorie production rates) were estimated for the first time in the YS, SS, ECS, and ES (Figure 7). The spatial patterns of the annual calorie production rates differed from those of chlorophyll a concentrations (Figure 2) and the calorie contents in the four seas (Figure 5). Notably, a significantly high-calorie production rate was observed in the southwestern part of the ES, specifically in the Ulleung Basin (UB). The UB is known as a biological hotspot in the ES, characterized by high primary productivity in the water column [64] and active biogeochemical processes in the sediment [65]. The overall annual calorie production rates were estimated at 843, 964, 403, and 1705 Kcal m−2 y−1 in the YS, SS, ECS, and ES, respectively. These values represent the number of calories produced by phytoplankton per square meter through photosynthesis within the euphotic layers in each region on an annual basis. The annual calorie production rate was significantly lower in the ECS compared to the other three seas (one-way ANOVA, p < 0.01), while it was substantially higher in the ES compared to the other three seas, considering that the annual primary production in the ES was slightly higher than in the other three seas [37]. To assess the energy efficiencies of phytoplankton among the four seas, the relationships between daily primary production and daily calorie production were compared (Figure 8). A significantly higher energy efficiency of phytoplankton was observed in the ES compared to the other three seas (one-way ANOVA, p < 0.01), as supported by previous studies. The ES is known for its high productivity sustained by dynamic physical environments such as coastal upwellings, eddies, and sub-polar fronts ([66]; references therein) Phytoplankton in the ES demonstrated the ability to produce more calories per carbon compared to the other seas, indicating greater energy efficiency. The turnover rates of calorie contents, which reflect the rate at which energy is recycled within phytoplankton, were found to be significantly faster in the ES (13.3 days) compared to the YS (24.3 days), SS (20.9 days), and ECS (29.8 days) (one-way ANOVA, p < 0.01). This faster turnover rate in the ES could explain the higher energy efficiency observed in its phytoplankton community; however, some caution should be considered when comparing the regional calorie production rates due to several factors. The measurements in this study were conducted in a single year, 2018, and the estimated annual calorie production rates in the YS, SS, ECS, and ES from this study may be lower than those in other years due to lower annual primary productivity in 2018 [37]. Furthermore, the phytoplankton communities in each region may have been in different developmental phases during sampling. Therefore, any regional comparison of the annual calorie production rates derived from this study should be approached with caution. Overall, this study highlights the higher energy efficiency of phytoplankton in the ES and emphasizes the need to consider various factors, such as turnover rates and temporal variations, when comparing calorie production rates across different marine regions.





4. Summary and Conclusions


In this study, we investigated spatio-temporal variations in chlorophyll a concentrations, macromolecular compositions, and calorie contents in the YS, SS, ECS, and ES. We estimated the daily and annual calorie production rates in these regions based on our findings.



The seasonal patterns of chlorophyll a concentration and FM varied among the seas during the study period. A noteworthy characteristic was the highest FM observed in the ES during winter, which requires further investigation.



Carbohydrates were identified as the dominant biomolecular compound throughout the seasons followed by lipids consistently across all seas. This finding aligns with previous studies in Korean environments. However, the dominance of carbohydrates cannot be solely attributed to a single factor such as diatom composition or nutrient conditions.



The regional calorie contents were significantly lower in the ECS but similar in the other three regions. In contrast, the annual calorie production rates exhibited a different pattern with notably higher rates in the ES and lower rates in the ECS compared to the other seas. The higher energy efficiency of phytoplankton and faster turnover rate of calorie content likely contribute to the higher annual calorie production rate in the ES.



The seasonal variation in the total primary production of phytoplankton is primarily influenced by their biomass, particularly the contribution of micro phytoplankton in each region. Under warming climate scenarios, pico phytoplankton (<2 µm) could become dominant [67,68]. Recent studies have shown that small phytoplankton play a significant role in the primary production and phytoplankton communities in the YS and ES [36,66,69,70]. The shift in dominant phytoplankton species, such as from diatoms to small-sized non-diatoms in the YS under the phosphate-limited conditions [37,70,71,72,73], further highlights the need to study energy budget and calorie production rates in shifting phytoplankton communities.



Traditionally, the primary productivity of phytoplankton has been used to assess the amount of organic carbon available as a food source and indicates the trophic status and physiological condition of the phytoplankton in marine ecosystems [61,74,75,76,77]. In this study, we introduce a new approach for estimating calorie production rates via photosynthesis, considering calorie-based energy rather than carbon-based ones. This approach provides valuable insights into the potential energy available for grazers at a given location; furthermore, the energy efficiency of phytoplankton—based on calorie production rates (fixing calories) and primary production (synthesizing organic carbon)—can serve as an alternative indicator for assessing phytoplankton physiology and the trophic condition of marine ecosystems.
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Figure 1. Sampling regions in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES), 2018. Different marks indicate actual samplings conducted seasonally at the stations. 
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Figure 2. Euphotic water column-integrated chlorophyll a concentrations from 100% to 1% light depths in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES), 2018. The chlorophyll a data in the YS, SS, and ES are from Jang et al. [37]. 
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Figure 3. Seasonal and spatial distributions of three macromolecular compositions within euphotic water column from 100% to 1% light depths in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES), 2018. 
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Figure 4. Seasonal distribution of euphotic water column-integrated calorie contents in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES), 2018. 
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Figure 5. Spatial variation in annually averaged calorie contents in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES), 2018. 
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Figure 6. Regional comparison of seasonal calorie content per unit of particulate organic carbon (POC) in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES) in 2018. Asterisk symbols (*) represent outliers. 
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Figure 7. Spatial distribution of annual calorie production rates in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES) in 2018. 
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Figure 8. Correlations between daily primary production rates and daily calorie production rates in the Yellow Sea (YS), South Sea of Korea (SS), East China Sea (ECS), and East Sea (ES) in 2018. 
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Table 1. Regional comparison of biochemical concentrations, FM, and calorie contents in Korean seas and bays. FM represents the sum of carbohydrates, proteins, and lipids.
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Location

	
Period

	
Carbohydrates

(mg m−3)

	
Proteins

(mg m−3)

	
Lipids

(mg m−3)

	
FM

(mg m−3)

	
Calorie Content (Kcal m−3)

	
References






	
East Sea

	
Southwestern part

	
2014

(Apr.–Nov.)

	
199 ± 93

	
85 ± 59

	
90 ± 36

	

	

	
[17]




	
Northern part

	
2012

(Oct.)

	
41–86

(67 ± 16)

	
40–122

(66 ± 23)

	
80–136

(95 ± 17)

	
170–340

(230 ± 50)

	
1–2

(2 ± 0.3)

	
[16]




	
2015

(May)

	
97–313

(150 ± 64)

	
52–106

(75 ± 18)

	
38–125

(60 ± 27)

	
194–542

(284 ± 98)

	
1–3

(2 ± 0.5)




	
Ulleung Basin

	
2016

(Apr.)

	
72–215

(151 ± 54)

	
41–92

(66 ± 18)

	
91–189

(123 ± 33)

	
232–401

(340 ± 61)

	
1.6–2.4

(2 ± 0.3)

	
[36]




	
Northwestern part

	
89–191

(139 ± 34)

	
42–143

(80 ± 31)

	
92–284

(203 ± 56)

	
309–594

(422 ± 81)

	
2–4

(3 ± 1)




	
Korean Bay

	
Gwangyang bay

	
2012 (Apr.)–2013 (Apr.)

	
14–412

(130 ± 87)

	
23–382

(155 ± 73)

	
21–401

(155 ± 79)

	
171–916

(435 ± 176)

	
1–6

(3 ± 1)

	
[11]




	
Garolim and Asan bay

	
2015 (Apr.)–2016 (Nov.)

	
232–703

(455 ± 134)

	
11–379

(150 ± 87)

	
42–457

(177 ± 103)

	
351–1270

(781 ± 238)

	
2–8

(4 ± 2)

	
[12]




	
Jaran bay

	
2016 (Monthly)

	
145–269

(210 ± 42)

	
41–202

(90 ± 50)

	
85–158

(111 ± 24)

	
297–630

(111 ± 24)

	
1.7–3.7

(2.4 ± 0.5)

	
[39]




	
Korean Seas

	
Yellow Sea

	
2018

(Feb., Apr., Aug., and Oct.)

	
73–522

(201 ± 77)

	
17–212

(59 ± 43)

	
77–244

(111 ± 36)

	
266–923

(372 ± 128)

	
2–5(2 ± 0.7)

	
This study




	
South Sea

	
67–401

(162 ± 76)

	
0–98

(34 ± 29)

	
36–230

(88 ± 33)

	
173–549

(284 ± 96)

	
1–3

(2 ± 0.5)




	
East Sea

	
60–254

(112 ± 38)

	
3–147

(44 ± 35)

	
44–158

(88 ± 30)

	
131–472

(244 ± 78)

	
1–3

(2 ± 0.5)




	
East China Sea

	
2018

(Feb., May, Aug., and Nov.)

	
78–499

(164 ± 77)

	
1–138

(40 ± 29)

	
41–194

(85 ± 33)

	
144–552

(288 ± 101)

	
1–4

(2 ± 0.6)
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