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Abstract

:

The interactive roles of zooplankton grazing (top-down) and nutrient (bottom-up) processes on phytoplankton distribution in a temperate estuary were investigated via dilution and nutrient addition experiments. The responses of size-fractionated phytoplankton and major phytoplankton groups, as determined by flow cytometry, were examined in association with zooplankton grazing and nutrient availability. The summer bloom was attributed to nanoplankton, and microplankton was largely responsible for the winter bloom, whereas the picoplankton biomass was relatively consistent throughout the sampling periods, except for the fall. The nutrient addition experiments illustrated that nanoplankton responded more quickly to phosphate than the other groups in the summer, whereas microplankton had a faster response to most nutrients in the winter. The dilution experiments ascribed that the grazing mortality rates of eukaryotes were low compared to those of the other groups, whereas autotrophic cyanobacteria were more palatable to zooplankton than cryptophytes and eukaryotes. Our experimental results indicate that efficient escape from zooplankton grazing and fast response to nutrient availability synergistically caused the microplankton to bloom in the winter, whereas the bottom-up process (i.e., the phosphate effect) largely governed the nanoplankton bloom in the summer.
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1. Introduction


Phytoplankton is responsible for more than half of primary production worldwide [1] and contributes to 1–2% of the carbon for total autotrophs across the global ocean [2]. The key role of phytoplankton in biogeochemical cycles has received much attention [2,3]. The physical and chemical variables regulating phytoplankton dynamics are well disclosed [4,5], while nutrients are critical in partitioning niches among co-existing phytoplankton in the ocean [6,7]. Beyond these controlling factors, zooplankton grazing also plays an essential role in shaping phytoplankton communities [8,9]. In coastal waters, the interactive role of zooplankton grazing and nutrient supply often causes the formation of ecosystem disruptive blooms, during which harmful algae are able to avoid grazing and efficiently utilize various types of nutrient resources (e.g., the utilization of dissolved organic nitrogen when dissolved inorganic nutrients are limited) [10,11].



The interactive roles of top-down (zooplankton grazing) and bottom-up (nutrients) processes have been investigated in various ecosystems from lakes to coastal waters to the open ocean [10,12,13,14,15], and these processes have been applied to reveal the dynamics of harmful algal bloom formation [10], regime shifts in phytoplankton communities [13], and plankton dynamic models [15]. In Korean waters, however, microzooplankton grazing is considered to be an individual driver that regulates phytoplankton growth in Jinhae Bay [16]. The relative importance of the top-down effect on size-fractionated phytoplankton dynamics in the Juam Reservoir has been assessed using artificial neural network modeling [17]. In addition, size-selective feeding of zooplankton has been considered a driver shaping phytoplankton community structure [18]. Despite the importance of top-down and bottom-up events on phytoplankton dynamics, to the best of our knowledge, the two-sided aspects have not been simultaneously explored in Korean coastal waters.



Gwangyang Bay is a temperate estuary located in the southern coastal waters of Korea and is characterized by high productivity and low turbidity [19,20]. Seawater intrusion through the Yeosu Channel mixes with freshwater from the Seomjin River [21]. Anthropogenic activities such as dredging and reclamation have occurred for decades [22], altering the environmental conditions in the bay ecosystem. Although phytoplankton distribution is largely controlled by the input of nutrients via the river discharge [23] and anthropogenic inputs such as sewage treatment plants [24], zooplankton distribution is mainly governed by environmental parameters such as water temperature, dissolved oxygen (DO), and salinity in the summer [25] and the intrusion of the Tsushima Current in the fall [26]. Moreover, food availability (i.e., phytoplankton biomass) is another main controller of the zooplankton community [27]. Ecological studies in Gwangyang Bay have been broadly associated with individual factors, including phytoplankton [23,24,28], zooplankton [27,29], and fish [30,31].



Here, we investigated the interactive relationship between zooplankton grazing and nutrients in the formation of phytoplankton blooms in Gwangyang Bay. Dilution experiments were performed to assess the role of zooplankton grazing, and nutrient addition experiments were conducted to evaluate the role of nutrients in net phytoplankton growth. Furthermore, the responses of size-fractionated phytoplankton to zooplankton grazing and nutrients were investigated using size-fractionated chlorophyll a (chl a) and flow cytometry. The results were further analyzed using redundancy analysis (RDA) to summarize the responses of phytoplankton to environmental variables and principal component analysis (PCA) to determine the contribution (%) of major nutrient compounds to the ecosystem.




2. Materials and Methods


2.1. Field Survey


Seasonal sampling was performed in May, August, and November 2020, as well as February 2021, which were representative of spring, summer, fall, and winter, respectively. Samples were collected at 11 sites throughout Gwangyang Bay and Yeosu Channel, and water for the experiments was separately collected at sites 3 and 10, which were representative of the inner bay and outer bay, respectively (Figure 1). Temperature, salinity, and DO were measured at each sampling site using a portable multi-parameter platform (YSI ProDSS; YSI Inc., Yellow Springs, OH, USA). Water samples were collected using a Niskin water sampler (General Oceanics, Miami, FL, USA) at 1 m below the water surface and transferred to 10 L acid-washed polyethylene carboys to obtain chl a, flow cytometry, and nutrient samples.




2.2. Sample Preparation


Upon arrival at the laboratory, triplicate 500 mL seawater samples were filtered onto GF/F filters (47 mm; Whatman plc, Maidstone, UK) to measure the total chl a. Triplicate water samples were filtered sequentially through 20 and 2 µm polycarbonate track-etched membrane filters (47 mm) and GF/F filters to measure size-fractionated chl a (picoplankton < 2 µm; nanoplankton 2–20 µm; microplankton > 20 µm). For flow cytometry analysis, 4.5 mL of triplicate samples collected at each site was preserved with buffered formalin at a final concentration of 1% (0.5 mL) and stored in a −80 °C freezer until analysis. Dissolved nutrient samples were collected in 20 mL high-density polyethylene vials by filtering onto pre-combusted GF/F filters (25 mm; 450 °C for 2 h), and samples were stored in a −20 °C freezer until analysis.




2.3. Dilution Experiments for Determining Top-Down Effects


Dilution experiments were performed in the summer and winter to assess the role of zooplankton using the whole seawater and seawater filtered onto 0.2 µm polycarbonate filters that was collected at sites 3 and 10. The unfiltered seawater was mixed with the filtered seawater at dilution levels of 100%, 70%, 40%, and 15%. To ensure a nutrient-replete condition, 10 µM of nitrate and 1 µM of phosphate were amended to triplicate 1 L Nalgene PET bottles [9]. Bottles were incubated at the ambient temperatures at which they were obtained during the seasonal field survey with a 12:12 h light:dark cycle [32] illuminated by a bank of fluorescent lights (100 µmol photons m−2 s−1). After 24 h of incubation, three 4.5 mL samples were preserved with buffered formalin at a final concentration of 1% (0.5 mL) and stored in a −80 °C freezer until analysis.




2.4. Nutrient Addition Experiments for Determining Bottom-Up Effects


Nutrient addition experiments were performed in the summer and winter to investigate the response of size-fractionated phytoplankton to different nutrient compounds. Triplicate 1 L Nalgene PET bottles were filled with the whole seawater and enriched with nitrate (10 µM), phosphate (1 µM), silicate (10 µM), and a combination of nitrate and phosphate, while a set of triplicate bottles was left intact as a control treatment. The levels of added nutrients matched those historically observed in this ecosystem [23]. Experiment bottles were incubated as described above. After 24 h of incubation, 300 mL of samples was sequentially filtered onto different size filters to measure size-fractionated chl a as described above. Net growth rates of individual phytoplankton populations were calculated using the formula k = ln(Bt/B0)/t, where k is the net growth rate, Bt is the chl a of each size group at the initiation of the experiments, B0 is the chl a of each size group at the end of the experiments, and t is the experimental duration in days. Differences in the net growth rates of each phytoplankton group between the control and each treatment were examined to evaluate how different sizes of phytoplankton groups respond to various nutrient compounds.




2.5. Sample Analysis


The cell abundance of eukaryotes, cyanobacteria, including phycocyanin-containing cyanobacteria (PC cyanobacteria, hereafter) and phycoerythrin-containing cyanobacteria (PE cyanobacteria, hereafter), and cryptophytes was determined using a flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) at the National Institute of Fisheries Science (NIFS) in Yeosu, South Korea. Fluorescent beads (diameter of 2 µM) were utilized to determine the picoplankton, and each sample was run on the flow cytometer for 3 min at a mid-rate to obtain sufficient particle numbers for precise and accurate cell densities. The sampling running time and speed remained consistent during the flow cytometry analysis [10,33]. PC and PE cyanobacteria were verified by the relative contents of chl a and phycoerythrin pigment in cells. The fact that PC cyanobacteria have a low PE:Chl a ratio and PE cyanobacteria have a high PE:Chl a ratio was applied to determine the PC and PE cyanobacteria populations. Eukaryotic algae exhibited significantly higher levels of chl a, and cryptophytes showed significantly higher levels of phycoerythrin compared to those in the other groups. The abundance of major phytoplankton groups was finally determined using a BD Accuri C6 Plus software. The final cell density was presented in cells/mL.



Nutrients, including dissolved inorganic nitrogen (DIN; the summation of nitrate, nitrite, and ammonium), dissolved inorganic phosphate (DIP), and silicate, were analyzed in duplicate using a SEAL QuAAtro Auto Analyzer (Seal Analytical Ltd., Southampton, UK) at NIFS. Size-fractionated chl a was measured using a TrilogyTM fluorometer (Turner Designs, Sunnyvale, CA, USA) after extracting chl a with 90% acetone for 24 h at −20 °C.




2.6. Data Analysis


N:P, Si:P, and N:Si ratios were calculated using dissolved inorganic nutrients throughout the sampling periods and compared between the inner and outer bays. The N:P ratio is representative of the DIN:DIP ratio, the Si:P ratio is the silicate:DIP ratio, and the N:Si ratio is the DIN: silicate ratio. The true nutrient limitations, particularly P- and Si-limitation, were obtained based on a combination of those ratios, including N:P vs. Si:P and SiLN vs. Si:P. PCA was executed to evaluate the contribution (%) of major dissolved nutrient compounds, and RDA was performed to illustrate the most important environmental variables in the phytoplankton distribution in this ecosystem. Statistical analyses were executed in R version 3.6.2 (R Foundation for Statistical Computing, Vienna, Austria) using the ‘vegan’ and ‘FactorMineR’ packages for RDA and PCA, respectively. Plots were created using the package ‘ggplot2’.





3. Results


3.1. Environmental Variations


Seasonal variations in environmental parameters are illustrated in Figure 2. The mean temperature peaked at 25.5 °C in the summer, while it gradually declined to 10.0 °C in the winter (Figure 2A). The lowest salinity was detected in the summer (19.3 ‰), whereas salinity remained stable in the other seasons (Figure 2B). DO was fairly consistent, ranging from 7.7 mg/L in the fall to 9.2 mg/L in the winter (Figure 2C). DIN levels were significantly high in the summer at 68.8 µM and sharply declined in the other seasons, with the lowest value detected in the winter (1.0 µM; Figure 2D). DIP and silicate had a similar pattern to that of the DIN variation throughout the year, with the highest values in the summer at 1.7 µM of DIP and 99.5 µM of silicate (Figure 2E,F).



The contribution (%) of major nitrogen compounds to the Gwangyang Bay ecosystem was determined via PCA. Nitrate (83.7%), ammonium (70.4%), and phosphate (60.1%) contributed more than 50%, while nitrite and silicate were responsible for less than 50% of the contribution (Figure 3).



The combination of Redfield ratios presented the true nutrient limitations. The combination of the Si:N and N:P ratios exhibited the true N-limitations in the inner and outer bays during the study period. In the winter, N was limited, but the extent of N-limitation was significantly severe in the spring (Figure 4A). P-limitation gradually increased in the spring, and the limitation peaked in the summer (Figure 4B). Silicate was entirely limited in the winter, whereas the limitation was weakened in the summer and spring (Figure 4C). There was no significant difference in the nutrient limitations between the inner and outer bays.




3.2. Phytoplankton Biomass Variations


Total phytoplankton biomass varied from 1.0 µg/L in the fall to 11.8 µg/L in the winter (Figure 5A), whereas each size-fractionated phytoplankton biomass peaked in different seasons (Figure 5). The chl a of microplankton ranged from 0.2 µg/L in the fall to 8.3 µg/L in the winter (Figure 5B), whereas the highest chl a concentration of nanoplankton and picoplankton was displayed in the summer (5.3 µg/L) and spring (1.8 µg/L), respectively (Figure 5C,D). However, the picoplankton biomass was relatively consistent throughout the sampling periods, except for the fall (Figure 5D).



The phytoplankton community was largely categorized into three groups: winter, a mixture of summer and fall, and a mixture of spring and fall (Figure 6). The mixture of summer and fall groups was positively correlated with temperature and nutrients, while the other two groups were negatively correlated with those parameters but positively correlated with DO and salinity (Figure 6).




3.3. Effects of Nutrients and Zooplankton Grazing


The response of size-fractionated phytoplankton to nutrient compounds differed among the groups. In the inner bay during the summer survey, the responses of picoplankton to nitrate and silicate additions were significantly faster than those of nanoplankton and microplankton, while nanoplankton responded faster to phosphate addition than the other phytoplankton groups (Figure 7A). The responses of size-fractionated phytoplankton to nutrient additions in the outer bay were similar to those in the inner bay (Figure 7B); however, the growth differences of picoplankton in the inner bay were two-fold higher in response to nitrate addition and nine-fold higher in response to silicate addition compared to those in the outer bay (Figure 7A,B). Interestingly, the growth difference in nanoplankton in response to phosphate addition was fairly consistent between the two water systems (0.30 d−1 in the inner bay and 0.28 d−1 in the outer bay; Figure 7A,B). In the summer, small phytoplankton (picoplankton and nanoplankton) exhibited a smaller response to nutrient addition compared to that of large phytoplankton (microplankton); the growth rate of microplankton sharply increased with the nutrient additions (Figure 7C,D). Particularly, the response of microplankton to silicate addition was the second-highest in the inner bay but the lowest in the outer bay (Figure 7C,D), although the general responses of the size-fractionated groups were significantly lower in the outer bay (Figure 7D). In addition, the combination of nitrate and phosphate synergistically increased the growth rate in microplankton in both the inner and outer bays (Figure 7C,D).



The dilution experiments elucidated the grazing mortality rates (d−1) of the major phytoplankton groups, including eukaryotes, PC cyanobacteria, PE cyanobacteria, and cryptophytes. In the inner bay, cryptophytes had the highest grazing mortality rates (1.3 d−1), whereas, in the outer bay, both types of cyanobacteria had the highest grazing mortality rates (0.9 d−1 for PC cyanobacteria and 1.7 d−1 for PE cyanobacteria; Figure 8). Furthermore, the grazing mortality rates of eukaryotes were relatively low (0.6 d−1 in the inner bay and 0.2 d−1 in the outer bay) compared to those of the other groups (Figure 8).





4. Discussion


4.1. Environmental Variables in Relation to Size-Fractionated Phytoplankton Dynamics


Multiple nutrient compounds such as nitrate, ammonium, and phosphate affected the Gwangyang Bay ecosystem as a whole. The individual contribution of those nutrients revealed through PCA exceeded 50%, indicating that they were the main nutrient drivers that shape the phytoplankton community. In addition, the Redfield ratios demonstrated that the true nutrient limitation differed seasonally, as N-limitation prevailed in the spring while P-limitation and Si-limitation were dominant in the summer and winter, respectively. This implies that the dominant phytoplankton in each season was interactively associated with the major contributing nutrients because phytoplankton actively consumes nutrients for growth, and the amount of nutrients can also determine to what extent phytoplankton biomass or growth can be obtained. Particularly, nitrogen was limited in the spring when the mixed phytoplankton bloom occurred, indicating that the reliance of most phytoplankton on a nitrogen source was relatively heavy. When P-limitation was severe in the summer, nanoplankton predominated, as nanoplankton bloom formation was related to phosphate variations in this ecosystem. In the winter, when no N- or P-limitations were present but Si-limitation was, the microplankton growth was controlled by silicate, and vice versa.



Chroomonas sp. and Eucampia zodiacus were the bloom causative species in the summer and winter, respectively (Unpublished data). Although cryptophytes mainly reside in freshwater ecosystems [34], they conventionally cause blooms in Gwangyang Bay [28,35,36]. Klaveness [37] determined that as opportunists, cryptophytes can proliferate at a fast rate when the growth of competing algae is not favored. An increase in phosphate levels leads to cryptophyte blooms in the Krka River estuary in the eastern Adriatic Sea [38]; however, how their dynamics are associated with nutrient limitations is not well known. In Gwangyang Bay, cryptophyte growth appears to be favored in the fall when weakened stratification propagates water column mixing [35] or tides transport cryptophytes from the Seomjin River estuary to the Yeosu Channel [28]. In the study region, P-deficiency (i.e., DIP < 0.2 µM; Dortch and Whitledge [39]) was not detected, but P-limitation was enhanced in the summer during the nanoplankton bloom. In addition, the DIP levels were highest in the summer among the four seasons. Consistent with our results, Lee, Park, and Baek [28] reported that cryptophytes are one of the major phytoplankton groups and are able to resist high P-limitation in the Seomjin River estuary. Cryptophyte blooms in Yeongil Bay, located in the southern East Sea of Korea, are also triggered by P-limitation (unpublished data). This accumulating evidence suggests that the DIP levels were sufficient to support cryptophyte growth but low enough to suppress the growth of other phytoplankton, and P-limitation potentially enabled cryptophytes to form the summer bloom, taking over an ecological niche in Gwangyang Bay. In contrast to the summer bloom, the winter bloom was characterized by increased Si-limitation and a fairly low silicate level (0.7 µM), which is lower than the level that inhibits phytoplankton growth (i.e., silicate < 2 µM; Dortch and Whitledge [39]). Given that the chl a concentrations were high and the winter bloom was composed of diatoms, specifically Eucampia zodiacus, substantial consumption by the bloom causative organism and low river discharge compared to other seasons potentially facilitated the winter bloom. Moreover, N and P were not limited in the winter, further suggesting that nutrient levels were ample to propel the formation of the diatom bloom.



The zooplankton community was not examined in this study; however, a literature review was performed to identify the dominant zooplankton groups in Gwangyang Bay during the summer and winter. The dominant copepod species in Gwangyang Bay are Paracalanus parvus s. l. in the summer and Acartia omorii in the winter [27,40]. Paracalanus parvus s. l., which is a small copepod that has sensory capabilities to capture food, mainly occurs in temperate coastal waters in the summer [41] and selectively feeds on small particles [42]. Thus, it is hypothesized that during the study period, Paracalanus parvus s. l. was the main grazer on cryptophytes whose size is about 10 µm. Moreover, the fact that warming enhances microzooplankton grazing in eutrophic waters [43] further underpins the enhanced grazing of microzooplankton on nanoplankton and cryptophytes in the summer; therefore, the role of microzooplankton on the small phytoplankton distribution was not negligible. In the winter, Acartia omorii often comprises more than 40% of the zooplankton abundance [40]. During a diatom bloom, there may be a food limitation in Acartia omorii, as the physiology of this species, such as egg production, readily changes with food availability [44]. Although the food quality of diatoms is questionable due to diatom toxicity [45], copepod abundance in Gwangyang Bay is positively correlated with diatom abundance [27,40].




4.2. Interactive Roles of Top-Down and Bottom-Up Effects


Although the temperature is often a foremost controller in phytoplankton growth [46], the response rate to available nutrients determines the growth rates of most phytoplankton in oceanic ecosystems [47,48,49,50]. Growth differences between the control and treatment groups in the summer and winter distinctively showed the role of major nutrients in the formation of nanoplankton and microplankton blooms, respectively. Although picoplankton responded quickly to nitrate and silicate compared to the response of the other groups in the summer, nanoplankton outcompeted the other groups for phosphate and were also responsible for the summer bloom, which was related to P-limitation but not P-deficiency. This indicates that P-limitation suppressed the growth of competing algae, specifically microplankton, but stimulated nanoplankton growth. In the winter, microplankton dominated the utilization of nutrients added during the experiments. The combination of nitrate and phosphate synergistically enhanced microplankton growth, while the phosphate and silicate additions also boosted their growth, indicating that nutrients were limited in the microplankton populations. Interestingly, the growth differences in nanoplankton were not significantly different between the inner and outer bays in the summer, but those in picoplankton and microplankton were more than two-fold higher in the inner bay than those in the outer bay. However, in the winter, the growth differences in nanoplankton and microplankton were more than two-fold higher in the inner bay than those in the outer bay, while the growth differences in picoplankton were relatively stable. This potentially indicates that in the winter, nutrients were more limited for microplankton in forming a bloom in the inner bay than in the outer bay, whereas in the summer, nanoplankton experienced a similar extent of nutrient limitations throughout the study region.



In general, the grazing mortality rates were high on small phytoplankton compared to those on eukaryotes. This indicates that the winter bloom-occurring organism (i.e., Eucampia zodiacus) was not palatable for zooplankton, thereby allowing the massive bloom formation, whereas the summer bloom led by cryptophytes was more attributed to the nutrient status (i.e., the phosphate effect). Furthermore, the autotrophic cyanobacteria bloom was restricted by high grazing processes. The grazing rates on eukaryotes and cryptophytes were doubled in the inner bay, whereas the grazing on autotrophic cyanobacteria was higher in the outer bay than that in the inner bay. In particular, the grazing on PE cyanobacteria almost doubled from the inner bay to the outer bay, but the grazing on PC cyanobacteria increased three-fold, indicative of group-specific grazing by zooplankton in Gwangyang Bay. The feeding behaviors of the zooplankton in the study region have not gained much attention; however, selective grazing of zooplankton on edible algae often drives the formation of harmful algal blooms in coastal ecosystems [51]. The ability of Acartia to feed on picocyanobacteria if abundant is well described via qPCR targeting ITS-1 rDNA sequence of Synechococcus spp. in other regions [52], while the selectivity mode, either being passive or active, consequentially impacts the nutrient turnover rates [53]. Moreover, relatively high grazing rates on autotrophic cyanobacteria and cryptophytes indicate that small phytoplankton play a leading role in transferring carbon to the upper trophic levels through food webs in the study region. Altogether, these results highlight that the phytoplankton community was closely linked to environmental variables, and the synergistic effects of zooplankton grazing and nutrients or biased effects of either process interchangeably controlled the phytoplankton dynamics depending on the major dominance of blooms.





5. Conclusions


We examined the interactive role of top-down and bottom-up processes in phytoplankton dynamics in Gwanyang Bay via dilution and nutrient amendment experiments. Heavy zooplankton grazing controlled picoplankton while nanoplankton efficiently accessed to a limited nutrient (i.e., phosphate) experiencing relatively moderate zooplankton grazing. In contrast to picoplankton and nanoplankton, both fast responses to most nutrients and efficient escape from zooplankton grazing facilitated the microplankton bloom in the winter. Although the grazing on autotrophic cyanobacteria remained relatively high compared to that on other groups, the grazing on autotrophic cyanobacteria was group-specific and region-specific as the grazing on PE cyanobacteria was almost doubled than that on PC cyanobacteria, and the grazing on PC and PE cyanobacteria was higher in the outer bay than in the inner bay. Our results highlighted the group-specific reaction to nutrients and zooplankton grazing drives the group-specific bloom throughout the year. Given that Gwangyang Bay is characterized by distinct water masses influenced by the Seomjin River discharge and the seawater intrusion from the South Sea of Korea, a close investigation on water-mass-specific responses of major phytoplankton groups is necessary in the future.
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Figure 1. A map showing the sampling sites, including experimental sites 3 and 10, which are highlighted in red. (A) the locationof Gwangyang Bay, (B) the appearance of the bay before the reclamation of tidal flats in 1982, and (C) the sampling stations in the bay. Sites 2–8 were defined as the inner bay, while sites 9–12 were representative of the outer bay. 
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Figure 2. Seasonal variations in environmental variables, including (A) temperature (°C), (B) salinity (‰), (C) dissolved oxygen (DO; mg/L), (D) dissolved inorganic nitrogen (DIN; µM), (E) dissolved inorganic phosphate (DIP; µM), and (F) silicate (µM). 
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Figure 3. The contribution of the five major nutrient compounds to the Gwangyang Bay ecosystem as determined by principal component analysis. 
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Figure 4. Redfield ratios showing the true nutrient limitations. (A) N-limitation via a combination of the Si:N and N:P ratios, (B) P-limitation via a combination of the Si:P and N:P ratios, and (C) Si-limitation via a combination of the Si:P and Si:N ratios. 
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Figure 5. Phytoplankton biomass (chlorophyll a) in Gwangyang Bay: (A) total chlorophyll a (chl a), (B) microplankton chl a, (C) nanoplankton chl a, and (D) picoplankton chl a. 
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Figure 6. Redundancy analysis (RDA) presenting the relationship between the phytoplankton community and environmental variables during the sampling periods in the inner and outer bays of Gwangyang Bay. Abbreviations are as follows: DO = dissolved oxygen, T = temperature. 
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Figure 7. Growth differences (d−1) of size-fractionated phytoplankton in response to nitrate, phosphate, silicate, and a combination of nitrate and phosphate. (A) Growth differences in the inner bay in the summer, (B) growth differences in the outer bay in the summer, (C) growth differences in the inner bay in the winter, and (D) growth differences in the outer bay in the winter. Abbreviations are as follows: N = nitrate, P = phosphate, Si = silicate, and N + P = the combination of nitrate and phosphate. 
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Figure 8. Grazing mortality rates (d−1) and relative grazing rates (%) of the major phytoplankton groups as estimated using flow cytometry. (A) Grazing mortality rates of the major phytoplankton groups and (B) relative grazing rates of the major phytoplankton groups in the inner and outer bays. Abbreviations are as follows: PC cyanobacteria = phycocyanin-containing cyanobacteria, PE cyanobacteria = phycoerythrin-containing cyanobacteria. 
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