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Abstract

:

The Yeongsan River estuary is experiencing increased concentrations of nutrient and organic matter due to its estuary bank (sea dike). The opening of floodgates at the estuary bank leads to a substantial inflow of freshwater into the saltwater zone, thereby resulting in water quality changes. Our study evaluated spatiotemporal variations in nutrient limitation in the freshwater and saltwater zones in the Yeongsan River estuary, which is expected to fluctuate with the changing seasons. We utilized the N:P ratio to evaluate the potential nutrient limitation and conducted bioassay experiments to directly assess actual nutrient limitation. The N:P ratio showed that P was the limiting nutrient in both the long-term (2004–2008) and during our field investigation. However, the bioassay experiment revealed that in the freshwater zone, P was limited in spring and winter (p < 0.05), while no nutrient was limited in summer and fall. In the saltwater zone, we observed P limitation in spring and winter (p < 0.05) and N limitation in fall (p < 0.05), whereas no nutrient limitation was observed in the summer. These results demonstrate that actual nutrient limitation, which directly influences phytoplankton growth, varies spatiotemporally in response to freshwater discharge in the Yeongsan River estuary.
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1. Introduction


Phytoplankton are primary producers in aquatic ecosystems and play a vital role in the production of aquatic organic matter. Phytoplankton community and dominant species distribution can be influenced by various physical parameters, such as water temperature and turbidity, and chemical parameters, such as dissolved oxygen and nutrients [1]. Under adequate light and temperature conditions, nutrients limit phytoplankton growth [2,3]. In addition, the phytoplankton community can be regulated through top-down controls, such as selective grazing from zooplankton [4,5,6].



Inorganic and organic nutrients are essential elements required for phytoplankton growth, and their concentration changes can significantly impact the structure and growth of phytoplankton. In the case of Bacillariophyceae, the optimal P:Si ratio is different by species, especially when two species compete. The difference in the optimal ratio by species can determine species’ coexistence or competitive exclusion [7,8]. In the case of Cyanophyceae, the total phosphorus concentration is crucial during growth [9], and Cyanophyceae blooms may be caused by an increase in phosphorus concentration rather than by a simple decrease in the N:P ratio [10,11,12]. Therefore, it is necessary to estimate and monitor nutrient levels in ecosystems to maintain healthy and productive aquatic ecosystems [13,14,15].



The molar N:P ratio [16] is the most widely used method to assess inorganic nutrient limitation, but can be misleading due to measurement error at low concentrations. Additionally, determining nutrient limitation may be challenging when original nutrient concentrations are high, even if the ratios indicate nutrient limitation [14].



Bioassay experiments can directly and simply determine nutrient limitations by adding nutrients to samples collected from the field and culturing them. Thus, they can compensate for the shortcomings of the N:P ratio and mesocosm experiments. Moreover, they can reflect the influence of different environmental conditions and phytoplankton communities in the field.



The Yeongsan River estuary, the focus of this study, has been experiencing increased water pollution, particularly high concentrations of nutrients (total phosphorus and total nitrogen) and organic matter owing to domestic sewage and wastewater, since the construction of a sea dike in December 1981 [17]. The opening of sluice gates at the dike results in a considerable inflow of freshwater with high concentrations of nutrients and organic matter into Mokpo Port, causing changes in its water quality [18].



Most nutrient limitation assessments using bioassay experiments in estuaries with these characteristics have been conducted in laboratories rather than in field cultures that reflect real-world conditions [2,14,15,19,20,21]. Furthermore, nutrient limitation assessments in the study site have only been conducted in the freshwater zone, and no assessments have been conducted in Mokpo Port, a saltwater zone.



Therefore, this study conducted a bioassay experiment to determine the seasonal nutrient limitation in the freshwater and saltwater zones of the Yeongsan River estuary. By conducting a field study, we aimed to provide an accurate assessment of nutrient limitation and gain insights into the impacts of nutrient discharge on the water column processes in the saltwater zone, Mokpo Port.




2. Materials and Methods


2.1. Study Area and Water Sampling


The Yeongsan River is located in the southwestern region of South Korea. It is one of five major rivers in the Korea, along with the Han, Geum, Nakdong, and Seomjin rivers. It has a length of 137 km and a drainage area of 3468 km2, consisting of 168 tributaries. The Yeongsan River basin includes one metropolitan city, three cities, and seven administrative districts. The population is 1,900,000, with 1727 industrial facilities and 16,566,320 livestock being raised, making the Yeongsan River a potential source of pollution (as of December 2016) [22]. In addition, the annual average available water resources in the Yeongsan River basin are 3.9% of the entire country’s total water resources, or 3 billion m3 [23], which is the smallest amount among the five major river basins, making the water quality highly sensitive to even small amounts of pollutants [24,25,26,27,28].



The Mokpo area, located in the Yeongsan River estuary, had an average temperature of 13.0 °C and total precipitation of 982.1 mm in 2011, with an average photoperiod of 5.7 h. From 2011 to 2020, the average temperature was 14.0 °C, the annual average precipitation was 1193.9 mm, and the average photoperiod was 6.2 h [29].



For the freshwater zone of the Yeongsan River, we selected one station upstream (Station A) and one station downstream (Station B), while for the saltwater zone, we selected one station (Station C) closest to the Yeongsan River dike (Figure 1). The bioassay tank was installed at a location near the Yeongsan River dike.



To capture seasonal variability in nutrient limitation, the field study was conducted in January, April, July, and October of 2011. Water samples were taken from 1 m below the surface using a Van Dorn water sampler. The samples were stored in polycarbonate bottles before the bioassay experiments.




2.2. Experimental Method


2.2.1. Environment during the Experiment


Water temperature and salinity were measured using the YSI-Model 6600 v2 equipment at 1 m below the water surface at the sampling stations and in the bioassay tank during the bioassay experiment. A LICOR® PAR quantum radiometer was used to measure the solar radiation intensity to calculate the light extinction coefficient. The light extinction coefficient was calculated by taking solar radiation measurements underwater at depths of 10, 35, 60, 85, and 110 cm in the field survey, and the solar radiation in the bioassay tank was measured during the bioassay experiment. The Beer–Lambert law (Iz = Ioe−Kz, where Io = PAR at surface, K = diffuse attenuation coefficient, z = water depth, and Iz = PAR at z) was used for calculating the light extinction coefficient. For the bioassay experiment, data from the Korea Meteorological Administration [29] were used for the daily precipitation and photoperiod.




2.2.2. N:P Ratio Evaluation


To determine the potential nutrient limitation of phytoplankton in the Yeongsan River estuary through the Redfield ratio (N:P ratio > 16:1 indicates P limitation), this study utilized nutrient concentration data from the Marine Environmental Measurement Network [30] and Water Environment Information System [31] collected during the February, May, August, and November 2004–2008 monitoring periods. We also used nutrient data during our field sampling in January, April, July, and October 2011.



In this study, we defined dissolved inorganic nitrogen (N) as the sum of the ammonium (NH4+), nitrite (NO2−), and nitrate (NO3−) concentrations, while dissolved inorganic phosphate was the orthophosphate (PO43−) concentration and inorganic silicate was defined as the silicate (SiO2-Si) concentration.



Nutrient analysis was performed by inserting 15 mL of the filtrates, filtered through an Acrodisc® 25 mm syringe filter (pore size 0.45 μm), into a plastic scintillation vial, which were then frozen on dry ice and transported. After storage at −20 °C, the nutrients were analyzed twice using AutoAnalyzer (Bran Luebbe®) according to Parsons et al. (1984) [32].




2.2.3. Bioassay Experiment and Nutrient Addition


To conduct the bioassay experiment, we constructed a transparent tank (90 cm × 100 cm × 35 cm) with a circulation system that allowed seawater from Mokpo Port to flow in and out. The Yeongsan River (freshwater zone) experimental group was covered with a net to reduce the amount of transmitted light, reflecting the low transparency of the Yeongsan River (Figure 2). All 12 polycarbonate bottles contained 1 L of seawater sample from which zooplankton was removed using a 70 μm mesh.



Nutrients were added to each treatment group, as presented in Table 1.



The control group (Cont.), with no addition of nutrients, was designed, and all nutrient-added treatments (Mixed) involved NH4+ + NO3− + NH4+ + PO43− + SiO2 treatments. In the NH4+ nutrient-added treatment (NH4+), NH4Cl was added; in the NO3− nutrient-added treatment (NO3−), NaNO3 was added; in the PO43− nutrient-added treatment (PO43−), K2HPO4 was added; and in the SiO2 nutrient-added treatment (SiO2), Na2SiO3⋅9H2O was added. In the samples collected in the freshwater zone (Stations A and B), 11 mg/L, 11 mg/L, 6 mg/L, and 23 mg/L of NH4Cl, NaNO3, K2HPO4, and Na2SiO3⋅9H2O, which were three times the maximum concentrations during 2003–2010, were added, respectively; in the samples collected in the saltwater zone (Station C), 4 mg/L, 5 mg/L, 2 mg/L, and 18 mg/L, which were twice the maximum concentrations during 2003–2010, were added, respectively.



The bioassay experiments were conducted for four seasons and water samples were collected from the treatment groups during each season.



In winter, the experiments were conducted for 31 days, from 26 January 2011, to 25 February 2011. In spring, the experiments were conducted for 14 days, from 11 April 2011, to 24 April 2011. In the summer, the experiments were conducted for 6 days, from 20 July 2011, to 25 July 2011, and in the fall, the experiments were conducted for 9 days, from 21 October 2011, to 30 October 2011. The experimental (incubation) time varied by season, considering the differences in phytoplankton growth rates that are dependent on water temperature and light availability.




2.2.4. Phytoplankton Analysis


The chlorophyll a (chl-a) concentration was used as a proxy for phytoplankton biomass. As the rate of phytoplankton proliferation in response to water temperature varies by season, samples of 10 mL were taken once to three times a day in winter, twice in spring and fall, and once in summer. The collected samples were filtered using glass fiber filter paper (GF/F filter, diameter 25 mm, Whatman, Maidstone, UK, pore size 0.7 µm). The filter paper was transferred to a light-shielding test tube containing 8 mL of 90% acetone and chl-a was extracted during 12 h before being measured using a Turner Designs 10-AU fluorometer.



To analyze the phytoplankton community, samples were fixed with Lugol’s solution (final concentration 1%), and 1 mL of the fixed sample was placed into the S-R chamber and analyzed. Fixed samples were examined using an Axioskop 2 MAT optical microscope (ZEISS, Aalen, Germany) under 200–400 times magnification. Species analysis was performed three times: on the first day of the incubation, the day the chl-a value was high, and at the end of the incubation period. The phytoplankton counting and identification were performed based on the Korean Animal and Plant Book Vol. 9 (Freshwater Phytoplankton) [33] and Vol. 34 (Marine Phytoplankton) [34].



The graphs were prepared using the Surfer 11 and Grapher 8 software. A Kruskal–Wallis test of non-parametric equivalence (p-value < 0.05 was considered as a statistically significant difference) using SPSS 27 was performed to statistically compare chl-a during the bioassay experiment.






3. Results


3.1. Assessment of N:P Ratio


3.1.1. N:P Ratio from 2004 to 2008


The analysis of the N:P ratios using monitoring data revealed potential P limitation in all seasons from 2004 to 2008, with ratios above 16. P limitation was strongest at Station B during winter (N:P ratio of 13.5–97.6 with an average of 67.7) and spring (N:P ratio of 70.11–133.4 with an average of 92.1) (Figure 3). During summer, Station C showed the strongest P limitation (N:P ratio of 26.9–130.2 with mean 91.8). In fall, the N:P ratio at Station C also showed P limitation with a ratio above 16 (N:P ratio of 16.8–35.5 with an average of 21.9) but was lower than that at the other stations.




3.1.2. N:P Ratio during the Field Study


The N:P ratios of the water samples collected in 2011 were above 16 in all four seasons, indicating potential P limitation. During winter, the strongest P limitation was observed at Stations A and B (Figure 4). Meanwhile, the N:P ratio at Station C was considerably smaller than that at Stations A and B. During spring, Station B had the strongest P limitation. The N:P ratio was lower during summer and fall than during other seasons. The highest degree of potential P limitation was observed at Station C during summer, while during fall, the highest degree of potential P limitation was observed at Station A although the difference was not high.





3.2. Environment during Field Survey


During the field survey, the water temperature at Stations A and B, which are freshwater zones, showed an overall similar distribution; however, the summer water temperature at Station C, which is the saltwater zone, was low, unlike the other stations (Figure 5). A seasonal change in salinity was not observed at Stations A and B, whereas a clear seasonal pattern was observed at Station C, decreasing to 25.05 psu.



The light extinction coefficient was the highest during the survey period at Station A, the upstream zone of the Yeongsan River with high turbidity; however, at Stations B and C there was a low light extinction coefficient.




3.3. Bioassay Experiment


3.3.1. Environment during the Experiment


	
Winter






The precipitation during the bioassay experiment in winter ranged between 0 and 6.5 mm, with a daily average of 2.1 mm and total of 18.8 mm (Figure 6). The photoperiod was 0–10.1 h with a daily average of 6.6 h. The average water temperature was 3.9 °C from day 2 to day 27. However, the water temperature increased to 13.7 °C on day 30, the last day of the experiment. The light extinction coefficients of the freshwater and saltwater zones showed different distributions, with higher values in the freshwater zones than those of the saltwater but similar trends.



	
Spring






The precipitation in spring ranged between 0 and 27 mm, with a daily average of 5.7 mm and a total of 28.3 mm (Figure 7). The photoperiod was 0–11.8 h, with an average of 8.8 h. The temperature was 11.24–12.60 °C with an average of 11.98 °C, showing a small change. The light extinction coefficients of the freshwater zones were higher than those of the seawater zone but showed similar trends.



	
Summer






There was no precipitation during the bioassay experiment in summer and the photoperiod was 4.9–8.5 h with an average of 6.5 h (Figure 8). The water temperature ranged between 22.5 and 25.2 °C with an average of 23.9 °C, and no apparent change was observed. The light extinction coefficients showed a similar pattern to those in winter and spring.



	
Fall






The precipitation during the biological test in fall ranged between 0 and 8.5 mm with a daily average of 2.1 mm (Figure 9). The photoperiod was 0–10.2 h with an average of 6.0 h. The water temperature ranged between 16.5 and 18.4 °C with an average of 17.4 °C, and no significant change was observed. The light extinction coefficients of the freshwater zones were higher than those of the saltwater zone, similar to other seasons.




3.3.2. Seasonal Changes in Phytoplankton Chl-A Levels in Response to Nutrient Addition


	
Winter






During winter at Station A, all groups initially showed a decrease in chl-a levels, and then, an increase in chl-a levels from day 9 to day 18 (Figure 10A). The chl-a levels in the Mixed and the PO43− groups continued to increase after day 18. By day 30, the chl-a level was approximately 3.5-fold higher than that before nutrient addition. The chl-a levels of the PO43− group appeared higher than the Cont. group, but the differences was not statistically significant (Table 2).



A similar trend was observed at Station B (Figure 10A). The Mixed and PO43− groups showed a decrease in chl-a levels at the beginning of the experiment, followed by an increase from day 21. The chl-a level in the Mixed group increased to 129.6 µg/L on day 30, which is approximately 5.3-fold higher than the chl-a level before nutrient addition. Similarly, the chl-a level in the PO43− group was approximately 3.6-fold higher. The chl-a levels of the PO43− group were significantly (p < 0.05) higher than the Cont. group (Table 2).



At Station C, changes in chl-a levels were observed in both the Mixed and PO43− groups (Figure 10A). The chl-a level in the Mixed group began to increase from day 9 to day 24; the chl-a level in the PO43− group increased on day 9. The chl-a levels of the PO43− group were significantly (p < 0.05) higher than the Cont. group (Table 2).



	
Spring






For Station A, in spring, all groups showed an increase in chl-a levels from day 5 (Figure 10B). On day 11, all groups showed the highest chl-a levels. The Mixed and PO43− groups showed a higher chl-a distribution than the other treatment groups, with the chl-a levels in the Mixed and the PO43− groups increasing by approximately 9.8-fold and approximately 6.9-fold, respectively. The chl-a level of the PO43− group appeared higher than the Cont. group, but the difference was not statistically significant (Table 2).



For Station B, the chl-a level showed no change in any of the treatment groups, except for the Mixed and the PO43− groups (Figure 10B). The chl-a level in the Mixed group increased on day 7, while the chl-a level in the PO43− group started to increase on day 3. The chl-a level of the PO43− group was significantly (p < 0.05) higher than the Cont. group (Table 2).



For Station C, the phytoplankton chl-a level showed a trend similar to that observed at Station B (Figure 10B). The chl-a level in the Mixed group started to increase on day 11. The chl-a levels in the PO43− and NO3− groups began to increase on day 5 and on day 7, which were approximately 30-fold and 13-fold higher than the initial chl-a levels, respectively. The chl-a levels of the PO43− and NO3− groups were significantly (p < 0.05) higher than the Cont. group (Table 2).



	
Summer






At Station A, the chl-a levels in all groups increased from day 2, and the chl-a distribution exhibited a similar trend (Figure 11A). The chl-a levels of the treatment groups appeared similar to that of the Cont. group, and the differences were not statistically significant (Table 2).



Station B also showed a similar trend, with the chl-a level starting to increase from day 2 in all groups (Figure 11A). The treatment groups’ chl-a levels appeared similar to that of the Cont. group, and the differences were not statistically significant (Table 2).



The distribution of phytoplankton chl-a at Station C was also similar to that observed at Station B (Figure 11A). Although the chl-a level increased from day 1, showing differences in the timing of the increase, the chl-a distributions of the treatment groups showed similar trends to that of the Cont. group. The treatment groups’ chl-a levels appeared similar to that of the Cont. group, and the differences were not statistically significant (Table 2).



	
Fall






At Station A, the chl-a levels in all the groups increased from day 3. The chl-a levels in the Cont. and Mixed groups increased to 61.84 µg/L on day 7 and 102.4 µg/L on day 9, respectively (Figure 11B). The chl-a level of the PO43− group appeared higher than the Cont. group, but the difference was not statistically significant (Table 2).



At Station B, the chl-a levels in all the groups increased from day 3 (Figure 11B). In all the treatment groups, except the Mixed and PO43− groups, the chl-a levels increased by approximately 3.2–4.7-fold; the chl-a level in the PO43− group increased by approximately 7.0-fold. The chl-a level of the PO43− group appeared higher than the Cont. group, but the difference was not statistically significant (Table 2).



At Station C, the chl-a levels in all the groups increased from day 3 (Figure 11B). The chl-a levels in the NH4+ and NO3− groups increased by approximately 2.09- and 1.98-fold, respectively, on day 5. The other treatment groups’ chl-a levels were similar to that of the Cont. group. The chl-a levels of the NH4+ group were significantly (p < 0.05) higher than the Cont. group (Table 2).




3.3.3. Seasonal Changes in Phytoplankton Community in Response to Nutrient Addition


	
Winter






In winter, at Station A, the phytoplankton community in the Cont. group did not show an apparent change, but there was an apparent change in the community in the Mixed and PO43− groups (Figure 12A). In the Mixed and PO43− groups, the abundances of the Chlorophyceae tended to increase as the experiment progressed; the percentage abundances were 82.07% and 34.54%, respectively, on day 30.



At Station B, the community in the Mixed and PO43− groups also showed an apparent change. On day 21, in the Mixed and PO43− groups, the abundances of Chlorophyceae increased to 33.53% and 16.74%, respectively whereas those of Bacillariophyceae decreased to 51.83% and 71.67%, respectively.



At Station C, none of the groups showed apparent changes in the community. The abundance of Bacillariophyceae in the Cont. group decreased by approximately 10% (to 90.16%) on day 9, but on day 30, the distribution of Bacillariophyceae changed back to the that observed on day 0. In the Mixed and PO43− groups, the ultra-dominant distribution of Bacillariophyceae was maintained until day 30.



	
Spring






At Station A, in spring, the community in all the groups showed apparent changes (Figure 12B). The abundance of Chlorophyceae, which did not appear in the Cont. group, increased to 48.67% on day 9, while that of Cryptophyceae decreased as the experiment progressed. In the PO43− group, the abundance of Chlorophyceae increased from 5.71% on day 0 to 17.42% on day 9, while that of Cryptophyceae decreased.



At Station B, all groups showed similar changes in the community. All groups showed an increase in the abundance of Bacillariophyceae and a decrease in the abundance of Cryptophyceae; however, the change in the abundance of Chlorophyceae was minimal in the Cont. group. Further, the Mixed and PO43− groups showed a larger increase in the abundance of Chlorophyceae than the other groups on day 9.



At Station C, on day 9, the abundance of Dinophyceae increased by 22.67% in the Cont. group, and the abundances of Bacillariophyceae increased to 100% and 98.83% in the Mixed and PO43− groups, respectively. In addition, the abundance of Dinophyceae in the PO43− group increased to 13.73% on day 13, which was the last day of the experiment.



	
Summer






At Station A, in summer, the changes in the community in the Cont., Mixed, and PO43− groups showed similar trends (Figure 13A). The abundance of Bacillariophyceae showed an increasing trend, while that of Chlorophyceae showed a decreasing trend on day 2.



At Station B, the phytoplankton communities in all the groups also showed similar distributions. In the Cont. group, the abundance of Chlorophyceae increased to 53.76% and that of Cryptophyceae decreased to 6.45% on day 5. On day 2, in the Mixed group, the abundance of Chlorophyceae increased to 66.41% and that of Cryptophyceae decreased to 2.29%. On day 2, in the PO43− group, the abundance of Chlorophyceae increased to 63.16% and that of Cryptophyceae decreased to 8.77%.



At Station C, Bacillariophyceae was the most abundant among the phytoplankton community in all the groups; the Cont. group showed no apparent changes in the community over time. The abundance of Dinophyceae increased to 6.84% and 3.82% on day 9 in the Mixed and PO43− groups, respectively, but the increase was not apparent, showing a distribution similar to that observed in the Cont. group.



	
Fall






At Station A, during the fall, all groups showed changes in the communities (Figure 13B). In the Cont. group, the abundance of Cryptophyceae decreased to 9.64% on day 9 and that of Bacillariophyceae increased to 55.43% on day 7. In the Mixed group, the abundance of Cryptophyceae decreased to 12.12% on day 7 and that of Chlorophyceae increased to 28.63% on day 9. On day 9, the PO43− group showed a decrease in the abundance of Cryptophyceae but an increase in the abundance of Chlorophyceae.



At Station B, the abundance of Cryptophyceae decreased but the abundances of Bacillariophyceae and Chlorophyceae increased in all the groups (Figure 13B). In the Cont. group, the abundance of Bacillariophyceae increased from 11.72% on day 0, to 61.11% on day 7, and 69.18% on day 9. In the Mixed group, the abundance of Chlorophyceae showed the most pronounced increase, i.e., 46.32%, on day 9. In the PO43− group, the abundance of Bacillariophyceae increased apparently and then decreased and that of Cyanophyceae increased to 12.07% on day 9.



At Station C, the changes in the community differed between the Cont. and experimental groups (Figure 13B). In the Cont. group, the abundance of Cryptophyceae increased to 31.25% on day 5 and that of Bacillariophyceae increased to 82.19% on day 9. The Mixed and NH4+ groups showed similar trends of increase in the abundance of Bacillariophyceae and decrease in the abundances of Cryptophyceae on day 5 and Bacillariophyceae on day 9.






4. Discussion


A general trend in nutrient limitation is that freshwater zones are limited by P, whereas the marine environment is limited by N [35]. However, the actual nutrient limitation in coastal waters can vary depending on the location and time of the year because of the influences of both land and open ocean waters [36,37,38]. Previous studies conducted in Chesapeake Bay [36], Hiroshima Bay [37], and Louisiana Bay [38] have shown spatiotemporal variability in nutrient limitation. Similarly, the bioassay experiments performed at the Yeongsan River estuary in this study also showed spatiotemporal variability in nutrient limitation. Additionally, in both the present study and previous coastal water studies, the N:P ratio indicated potential P limitation spatiotemporally.



Redfield (1958) [16] and Redfield et al. (1963) [39] proposed that N limitation occurs when the concentration ratio of N and P in water systems is below 16. In contrast, P limitation occurs when it is above 16, based of the molar ratio (106C:16N:1P) in phytoplankton cells [15]. This study found the estuary’s freshwater and saltwater zones to be P limited, as indicated by the N:P ratio, which was above 16. However, it can be challenging to assess nutrient limitation based on the ratio alone when the absolute (original) concentrations are high. Additionally, when the concentration of nutrients is low, it can be misinterpreted because of measurement errors [15].



Based on the results of the bioassays, in the Yeongsan River estuary, the limiting nutrient in the freshwater zone (Station A and B) was P in spring and winter, while no specific nutrient limitation was found in summer and fall. Among the studied stations in the Yeongsan River, both Stations A (upstream) and B (downstream) showed P limitation, which is known to be the primary nutrient-limiting factor in freshwater ecosystems. Notably, Station B remained unaffected by the opening of the floodgates of the Yeongsan River dike. In summer, the total precipitation recorded before the field survey was 221.5 mm, the highest of the year. The light extinction coefficient was the highest (3.6 m−1) during the survey period. Due to precipitation in the summer, high amounts of nutrients are introduced, and the light extinction coefficient was high. This is consistent with the findings of Jang et al. (2010) [40], that phytoplankton productivity is regulated by light when nutrients are abundant in summer.



In the saltwater zone (Station C), P was observed to be limiting during spring and winter, while N was limiting during fall. No specific nutrient limitation was observed in the summer. During spring, the distribution of phytoplankton chl-a was similar to that observed at Station B. A discharge of 4,041 thousand tons of freshwater was released in four days before the field study, resulting in a low salinity of 26.7 psu. Therefore, the P nutrient limitation may be attributed to the influence of the Yeongsan River freshwater. The structure of the phytoplankton community revealed the dominance of Bacillariophyceae to be a major group at Mokpo Port, as previously reported by Cho (2010) [41]. This increase was likely due to the high concentration of nutrients entering the saltwater zone via the freshwater discharge from the Yeongsan River dike. Bacillariophyceae abundance is known to increase rapidly under nutrient-rich conditions [42]. This increase may contribute to the N limitation observed but this needs to be explained by further studies.



During summer, the chl-a distribution in the saltwater zone exhibited a similar trend to that observed in the freshwater zone (Station B), and the salinity was low at 25.05 psu. The Yeongsan River dike discharged freshwater 23 times during summer, with a total volume of 461,103 thousand tons, resulting in reduced phytoplankton activity by decreasing light availability due to high turbidity or osmotic stress of decreasing salinity and no specific nutrient limitation due to the riverine input of nutrients. The phytoplankton community did not show an evident species shift responding to the nutrient addition, suggesting that the phytoplankton community was not affected by nutrient limitation during summer. Fisher et al. (1988) [43] noted that phytoplankton are more sensitive to unstable water masses, high turbidity, and abrupt changes in salinity rather than to nutrients caused by freshwater inflow. This showed similar results to this experiment.



During fall, the salinity was 32.2 psu, unaffected by freshwater, and N (especially NH4+) was the limiting nutrient, consistent with the prevailing notion that seawater is mainly dominated by N limitation [43,44,45]. The abundance of Dinophyceae increased during the survey, as they are less reliant on nutrient concentrations than Bacillariophyceae due to their ability to perform soft motions and mixotrophy [46,47,48]. Thus, the abundance of Dinophyceae may have increased in the fall when nutrient concentrations were generally lower.



In winter, the chl-a exhibited a sharp response in the Mixed, with a relatively higher distribution in the PO43− group. The chl-a concentration in the field during this season was high (11 µg L−1), with a dominance of Bacillariophyceae. This suggests that the preferred nutrients of Bacillariophyceae, PO43− and SiO2, were temporarily consumed, indicating P as a main limiting nutrient.



In conclusion, the nutrient limitation in the Yeongsan River estuary varied by season rather than following a general pattern of P limitation in the freshwater zone and N limitation in the saltwater zone although it is physically divided by a dike. This is because freshwater flows in after the opening of the dike of the Yeongsan River estuary, and the Mokpo Port, a saltwater zone, is greatly affected by the freshwater inflow, an episodic event, especially during wet seasons. Thus, it is essential to fully consider the impact of freshwater inputs on nutrient limitation to understand the phytoplankton blooms in the Yeongsan River estuary. Bacterial abundance needs to be considered in the future because they play a major role in consuming nutrients and controlling phytoplankton [49,50,51]. This study suggests that understanding the effect of anthropogenic freshwater is required to manage estuaries altered by engineered structures such as sea dikes.
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Figure 1. Sampling stations in the Yeongsan River estuary and bioassay tank location. 
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Figure 2. Experimental setup of the bioassay experiment. (A) The Station A and B tanks were covered with a screen to simulate in situ conditions. (B) The Station C tank had no cover. 
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Figure 3. Seasonal variability in N:P ratio at the three stations from 2004 to 2008. The line indicates the N:P ratio of 16. 
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Figure 4. Seasonal variability in N:P ratio at the three stations. The line indicates an N:P ratio of 16. Note that a break line was also added in the y-axis to show the data of Stations B and C during spring. 






Figure 4. Seasonal variability in N:P ratio at the three stations. The line indicates an N:P ratio of 16. Note that a break line was also added in the y-axis to show the data of Stations B and C during spring.
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Figure 5. Temporal distributions of water temperature, salinity, and light extinction coefficient (K) during sampling periods. 






Figure 5. Temporal distributions of water temperature, salinity, and light extinction coefficient (K) during sampling periods.



[image: Jmse 11 01337 g005]







[image: Jmse 11 01337 g006 550] 





Figure 6. Temporal distributions of (A) Temporal distributions of precipitation, photoperiod, (B) temperature, and (C) light extinction coefficient (=K) during bioassay experiment in winter. 
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Figure 7. Temporal distributions of (A) Temporal distributions of precipitation, photoperiod, (B) temperature, and (C) light extinction coefficient (K) during bioassay experiment in spring. 
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Figure 8. Temporal distributions of (A) Temporal distributions of precipitation, photoperiod, (B) temperature, and (C) light extinction coefficient (K) during bioassay experiment in summer. 
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Figure 9. Temporal distributions of (A) Temporal distributions of precipitation, photoperiod, (B) temperature, and (C) light extinction coefficient (K) during bioassay experiment in fall. 
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[image: Jmse 11 01337 g009]







[image: Jmse 11 01337 g010 550] 





Figure 10. Chlorophyll a (Chl-a) concentrations over time (in a day) during the bioassay experiment in (A) winter and (B) spring (error bar = standard deviation). 
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Figure 11. Chlorophyll a (Chl-a) concentrations over time (in a day) during the bioassay experiment in (A) summer and (B) fall (error bar = standard deviation). 
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Figure 12. Distribution of the different phytoplankton groups during the bioassay experiment in (A) winter and (B) spring. 
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Figure 13. Distribution of different phytoplankton groups during the bioassay experiment in (A) summer and (B) fall. 
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Table 1. Nutrient addition for bioassay experiments.
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	NH4+
	NO3−
	PO43−
	SiO2
	Note





	Reagent added
	NH4Cl
	NaNO3
	K2HPO4
	Na2SiO3⋅9H2O
	



	Addition amount in freshwater zone

(Station A and Station B)
	11 mg/L
	11 mg/L
	6 mg/L
	23 mg/L
	Three times the maximum concentration in 2003–2010



	Addition amount in saltwater zone

(Station C)
	4 mg/L
	5 mg/L
	2 mg/L
	18 mg/L
	Twice the maximum concentration in 2003–2010
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Table 2. Results (p-values) of Kruskal–Wallis test on difference in chlorophyll a (N = 6–14) between nutrient treatment and control groups.
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Season

	
Station

	
Mixed

	
NH4+

	
NO3−

	
PO43−

	
SiO2






	
Winter

	
A

	
0.016

	
0.002

	
0.126

	
0.103

	
0.012




	
B

	
0.098

	
0.552

	
0.082

	
0.026

	
0.231




	
C

	
0.000

	
0.913

	
0.721

	
0.000

	
0.380




	
Spring

	
A

	
0.474

	
0.706

	
0.637

	
0.152

	
0.895




	
B

	
0.327

	
0.065

	
0.093

	
0.000

	
0.806




	
C

	
0.214

	
0.163

	
0.011

	
0.018

	
0.821




	
Summer

	
A

	
0.564

	
0.248

	
0.931

	
1.000

	
0.686




	
B

	
0.954

	
0.184

	
0.133

	
0.386

	
0.525




	
C

	
0.488

	
0.285

	
0.149

	
0.453

	
0.507




	
Fall

	
A

	
0.817

	
0.419

	
0.840

	
0.564

	
0.525




	
B

	
0.908

	
0.272

	
0.954

	
0.488

	
0.326




	
C

	
0.043

	
0.008

	
0.225

	
0.729

	
0.225








Cont. vs. Mixed (Mixed), Cont. vs. NH4+ (NH4+), Cont. vs. NO3− (NO3−), Cont. vs. PO43− (PO43−), Cont. vs. SiO2 (SiO2). Significant at p-value < 0.05 in bold.
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