

[image: Influence of rainfall events on zooplankton community characteristics and feeding habits in estuarine–coastal environments]
Influence of rainfall events on zooplankton community characteristics and feeding habits in estuarine–coastal environments





ORIGINAL RESEARCH

published: 28 July 2022

doi: 10.3389/fmars.2022.950695

[image: image2]


Influence of rainfall events on zooplankton community characteristics and feeding habits in estuarine–coastal environments


Young Seok Jeong 1†, Seohwi Choo 2† and Ho Young Soh 1,2,3*


1 Department of Environmental Oceanography, Chonnam National University, Yeosu, South Korea, 2 Big Data Fishery Resource Management Interdisciplinary Program, Chonnam National University, Yeosu, South Korea, 3 Department of Ocean Integrated Science, Chonnam National University, Yeosu, South Korea




Edited by: 

Ganesh Thiruchitrambalam, Pondicherry University, Port Blair Campus, India

Reviewed by: 

Gopalakrishnan Thilagam, Pachaiyappa's College for Men; 

Rajamanickam Krishnamurthy, Arignar Anna Government Arts and Science College Chennai, India

Vikas Pandey, National Institute of Ocean Technology, India

*Correspondence: 

Ho Young Soh
 hysoh@chonnam.ac.kr

†These authors have contributed equally to this work and share first authorship

Specialty section: 
 This article was submitted to Marine Pollution, a section of the journal Frontiers in Marine Science


Received: 23 May 2022

Accepted: 27 June 2022

Published: 28 July 2022

Citation:
Jeong YS, Choo S and Soh HY (2022) Influence of rainfall events on zooplankton community characteristics and feeding habits in estuarine–coastal environments. Front. Mar. Sci. 9:950695. doi: 10.3389/fmars.2022.950695



In temperate estuaries, rainfall causes environmental fluctuations, such as salinity and suspended particulate matter (SPM), and can affect zooplankton distribution patterns. This study focused on the effect of temporary freshwater inflow on the composition of major zooplankton species and changes in their ecological status in the Seomjin River estuary before (June) and after (August) rainfall in 2018. Environmental data were collected from 14 and 15 stations before and after rainfall, respectively. All factors except for chlorophyll-a (Chl-a) concentration differed significantly before and after rainfall (p<0.05), and a salinity gradient extended to Yeosu Bay from Gwangyang Bay. Zooplankton abundance decreased significantly after rainfall. There was a high correlation between indicator species abundance and environmental factors after rainfall (correlation coefficient: 0.7521); however, the indicator species and environmental factors did not exhibit a significant correlation with salinity before rainfall. In terms of feeding habit composition, the carnivore proportion showed a significant decrease after rainfall compared to before rainfall (p<0.001), while the particle feeder proportion showed a significant increase after rainfall compared to before (p<0.001). In particular, Corycaeus spp. contributed significantly to the decrease in carnivore abundance after rainfall. Among the particle feeders, Copepodites significantly increased in abundance after rainfall. Carnivore abundance was negatively correlated with salinity, and particle feeder abundance was positively correlated with potential prey sources (SPM and Chl-a concentration), suggesting that particle feeders respond to the food-rich environment after rainfall.
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Introduction

Estuaries are gradual transition zones between rivers and coasts (Elliott and McLusky, 2002). Estuarine biogeochemical processes, including water mixing, transportation, and salinity gradients, affect the abundance and composition of organisms (Primo et al., 2009; Jones et al., 2016; Gutierrez et al., 2018; Ciszewski et al., 2022). As multiple interactions (e.g., biotic and abiotic, interspecific, and intraspecific) occur simultaneously in an estuarine ecosystem, analyzing the effects of various environmental parameters is challenging (David et al., 2005). In addition, a temporary influx of freshwater can drastically alter the ecosystem in temperate regions during summer (D’Avanzo et al., 1996; Murrell et al., 2018; Shen et al., 2022).

In estuarine environments, zooplankton species diversity and abundance can be affected by many physicochemical conditions and food availability (Froneman, 2004; Modéran et al., 2010; Nandy and Mandal, 2020; Shropshire et al., 2020; Telesh, 2004). In particular, the impact of suspended particulate matter (SPM) on plankton food availability in estuarine–coastal environments may be slightly controversial. Although many studies have shown that SPM has a negative effect on zooplankton in estuarine ecosystems (Alcaraz et al., 1980; White and Dagg, 1989; Arendt et al., 2011; Kang, 2012), several studies have suggested that increases in SPM can have a positive effect on the population maintenance of zooplankton because of the possible nutritional benefits from organic or potential food matter adhered to the SPM (Poulet, 1978; Arruda et al., 1983; Kwon et al., 2002; Cloern et al., 2017). Therefore, SPM can be used as an alternative food source (Poulet, 1978; Roman, 1984; David et al., 2005; David et al., 2006; Lee et al., 2019; Menéndez et al., 2019). Zooplankton have also been recognized as an indicator because they can sensitively respond to environmental changes (Dufrêne and Legendre, 1997; Beaugrand, 2004; Bonnet and Frid, 2004). Copepods, in particular, constitute approximately 70%–90% of the zooplankton abundance in the ocean; thus, it is necessary to understand how they respond to rainfall events and contribute to biogeochemical fluctuations (Kiørboe, 1997; Madhupratap, 1999; Thompson et al., 2013).

In the study area, many studies were focused on zooplankton distribution by the salinity gradient or their seasonal variation (Park et al., 2002; Jang et al., 2004; Lee et al., 2017). However, few studies have evaluated the increase in SPM as a potential food source after rainfall, as well as the changes in the feeding habits of zooplankton caused by the increase in SPM. In this study, we aimed to find and evaluate the factors influenced by a rainfall event in temperate estuarine–coastal environments on changes in the zooplankton community structure and feeding habit composition. To achieve these purposes, we analyzed the following items: (1) the relationship between the indicator species and various environmental variables and (2) changes in the feeding habit composition of the dominant species.



Materials and methods


Study region

Yeosu Bay is located in the south-central region of the Korean Peninsula (Figure 1) and is connected to Gwangyang Bay through the Yeosu Channel. Gwangyang Bay is generally shallow, with a water depth of 2.4–8.0 m compared with the water depth of 30 m in Yeosu Bay (Kim et al., 2014; Choo, 2020). The Seomjin River and Gwangyang Bay are major introducers of nutrients and SPM to the study area (Kwon et al., 2001). However, Kang et al. (2019; 2020a; 2020b) reported that the main component of SPM is a phytoplankton-based autochthonic source, although SPM is gradually increasing, owing to artificial activities such as dredging and reclamation in Gwangyang Bay. The southern part of Yeosu Bay is connected to the South Sea of Korea and is seasonally affected by the Tsushima Warm Current. The tidal cycle is semidiurnal, with a maximum tidal range of 3.40 m during spring tide and 1.10 m during neap tide (Shaha and Cho, 2009). In summer, 300–400 m3 s-1 of the Seomjin River water is continuously discharged into Gwangyang Bay and the Yeosu Channel, with 81.5% outflowing to the outside of Yeosu Bay through the Yeosu Channel (Kim et al., 2014). In this study, 15 stations were chosen in Gwangyang Bay in the Seomjin River Estuary (Stations 1–4) and Yeosu Bay (Stations 5–15).




Figure 1 | (A) Map of the study region, including the Yeosu Channel. Rainfall data for Seomjin River (B) upstream (Gurye) and (C) downstream (Hadong). Shaded dates indicate the survey period.





Environmental factors

Data were collected in June and August 2018, before and after rainfall. We considered the salinity gradient from the downstream entrance of the Seomjin River to the southern end of Geumo Island using the shipping vessel R/V Cheong-Gyeong-Ho from the Chonnam National University (Figure 1). Sea surface temperature (SST) and salinity data were collected using a multiparameter water quality measurement device (Water quality multi-parameter Pro DSS; YSI, Ohio, USA) in June, and a conductivity, temperature, and depth profiler (CTD) (SBE 19plus V2; Sea-bird Electronic, Washington, USA) in August. Although salinity measurements are unitless as indicated by recent studies (Williams et al., 2015; Gustafson et al., 2022; Wang et al., 2022), we used “psu” for distinguishing from classical unit (‰). Chlorophyll-a (Chl-a) concentration was obtained at each station by collecting 500 ml of surface seawater using a plastic bucket and filtering it through Whatman glass fiber filters {GF/F 47 mm; Whatman, Birmingham, UK). The filtered glass fibers were frozen until measurement. After adding 90% acetone to the frozen glass fiber filter, the pigment was extracted for 24 h.

Chl-a concentrations were measured using a spectrophotometer (Mega-800; Scinco Co., Seoul, Korea), according to the method described by Parsons et al. (1984). For SPM measurements, a glass fiber filter {GF/F 47 mm; Whatman, Birmingham, UK) was washed with distilled water in the laboratory and predried at 60°C for 24 h in a drying oven. The dried filter paper was weighed using an analytical balance (PR124/E; OHAUS Corp., New Jersey, USA) prior to sampling. In situ, 500 ml of surface seawater was collected in a plastic bucket, filtered through GF/F, frozen at –20°C, and transported to the laboratory. The dry weight of SPM was measured by drying the transported filter at 60°C for 24 h in a drying oven and weighing it (Korea’s Ministry of Environment, 2018). Owing to the possible effects of rainfall in the upper (Gurye) and lower (Hadong) reaches of the Seomjin River on the zooplankton community in Yeosu Bay, relevant data from these two locations were extracted from the Water Resources Management Information System (Figures 1B, C).



Zooplankton sample collection

Owing to the large variation in zooplankton abundance, we performed sampling when the sea level was the highest during the spring tide period. Zooplankton were collected vertically using a conical net (net mouse diameter: 45 cm; mesh size: 200 µm). To calculate the filtered seawater volume, a flowmeter (Model 488115; Hydro-Bios Co., Altenholz, Germany) was attached to the entrance of the net. The collected zooplankton were immediately fixed in the field with a sodium tetraborate–buffered formaldehyde solution at a final concentration of 5%. Zooplankton samples were subsampled using a Folsom-type splitter of 1/8–1/128. Species identification of the zooplankton samples was performed where possible using a stereo microscope (SMZ645; Nikon, Tokyo, Japan), and the microstructure of appendages was observed using a high-magnification optical microscope (Eclipse E200; Nikon, Tokyo, Japan). Zooplankton samples were converted into individuals per cubic meter (inds. m-3). Species were identified according to Chihara and Murano (1997); Soh (2010); Soh et al. (2013), and Soh and Moon (2014), and taxonomic systematics followed the WoRMS Editorial Board (2022).



Data and statistical analyses

Data converted to the log (x+1) index were used to normalize the total zooplankton abundance. For environmental factors (water temperature, salinity, Chl-a concentration, and SPM), Z-score standardization was performed to remove the units. Hierarchical cluster analysis was performed according to the Ward link method based on the Bray–Curtis dissimilarity index to measure similarities in zooplankton communities between stations (Legendre and Legendre, 1998). In addition, cluster analysis was performed using the nMDS (non-metric multidimensional scaling) ordination method (Clarke, 1993).

Using the cluster analysis results, an indicator value analysis was performed to identify the indicator species that affected each classified group (Dufrêne and Legendre, 1997). Subsequently, canonical correspondence analysis (CCA) and correlation analysis were performed by converting the indicator species abundance data to log (x+1) + 1 because of the exclusive species abundance by the assemblage group.

Bio-ENV analysis was performed to detect significant correlations between indicator species abundance and environmental variables (de Carvalho et al., 2015). A t-test was performed to identify the differences in environmental factors between the non-rainy period (June) and immediately after rainfall (August), and then, the differences in total zooplankton abundance were confirmed using the Mann–Whitney U test. In addition, the feeding habits of the zooplankton observed in Yeosu Bay in June and August were obtained from previous studies (Table 1). A chi-square test was performed to confirm the differences in the zooplankton feeding habit composition according to period. All data analyses were performed using the R program (version 4.1.0, R Core Team, 2020), whereas another graphing was performed using the “ggplot2” package; indicator species analysis using the “indicspecies” package; and CCA, correlation analysis, and Bio-ENV analysis using the “vegan” package.


Table 1 | Observed zooplankton occurrence in Yeosu Bay in June and August according to the feeding habits.






Results


Environmental factors

The SST ranged from 22.5°C to 26.0°C before the rainfall and from 26.3°C to 28.0°C after rainfall (Table 2). Both before and after rainfall, the mean SST was higher in Gwangyang Bay than in Yeosu Bay. In Yeosu Bay, the SST was relatively low in the southwest regions (Figures 2A, B). Surface salinity ranged from 28.3 to 30.7 psu before the rainfall and from 20.8 to 32.8 psu after rainfall (Table 2). There were few differences in the salinity gradient between Gwangyang Bay and Yeosu Bay before the rainfall, but after rainfall, the salinity gradient extended to Yeosu Bay (Figures 2C, D).


Table 2 | Environmental variables in Yeosu Bay (each station) during June and August 2018.






Figure 2 | Horizontal distribution of environmental variables in June and August 2018. Sea surface temperature during June (A) and August (B). Surface salinity during June (C) and August (D). SPM during June (E) and August (F). Chlorophyll–a concentration during June (G) and August (H).



SPM ranged from 0.4 to 18.1 mg L-1 before the rainfall and from 1.6 to 68.8 mg L-1 after rainfall (Table 2). There were no significant spatial differences, except in Station 2, before the rainfall. After rainfall, the SPM gradually decreased with increasing distance from the entrance of the Seomjin River estuary, and its tendency was similar to the distribution of the surface salinity gradient (Figures 2E, F). The Chl-a concentration ranged from 1.7 to 7.4 μg L-1 before the rainfall and from 0.5 to 8.5 μg L-1 after rainfall (Table 2). The Chl-a concentration was higher in the northeast of Yeosu Bay and lower in the center of Yeosu Bay before the rainfall, whereas it was higher in the central part of Yeosu Bay and was uniformly distributed after rainfall (Figures 2G, H).

The t-test analysis revealed that the average salinity before rainfall was significantly higher than that after rainfall (p<0.001). Water temperatures and the SPM were higher after rainfall than before rainfall (p<0.05 and p<0.001, respectively). The Chl-a concentration was not significantly different before and after rainfall (p>0.05). The t-test analysis revealed that the average salinity before rainfall was significantly higher than that after rainfall (p<0.001). SST and SPM were higher after rainfall than before rainfall (p<0.05 and p<0.001, respectively).



Zooplankton abundance pattern before and after rainfall

Four taxonomic groups (Appendicularians, Branchiopods, Copepods, Chaetognaths) were present before rainfall, and among these, only branchiopods were absent after rainfall (Figure 3). Appendicularian abundance ranged from 2.6% to 17.1%, except for Station 7 (no occurrence), before the rainfall, and in some transition zones (Stations 6–9) ranged from 0.4% to 2.8% after rainfall (Figure 3B). The proportion of appendicularians was higher in Yeosu Bay than in Gwangyang Bay before rainfall (Figure 3B). Branchiopod abundance ranged from 0.3% to 15.9% before rainfall and did not occur after rainfall (Figure 3). Branchiopods occupy a higher proportion in Yeosu Bay than in Gwangyang Bay. Copepod abundance ranged from 58.7% to 96.6% before rainfall and from 79.7% to 98.0 % after rainfall (Figure 3). Copepods were the most dominant among the zooplankton taxa, accounting for more than 58% of the total zooplankton abundance both before and after rainfall. Chaetognath abundance ranged from 0.3% to 29.8% before the rainfall and from 2.0% to 20.3% after rainfall (Figure 3). The proportion of chaetognaths before rainfall was higher in Yeosu Bay than in Gwangyang Bay, whereas it tended to be higher in Gwangyang Bay than in Yeosu Bay (Figure 3B).




Figure 3 | Zooplankton abundance patterns in Yeosu Bay in June (left) and August (right). (A) Total zooplankton abundance (inds. m-3). (B) Stacked percentage (%) of zooplankton abundance. N/A represents non-sampled stations.



The zooplankton abundance ranged from 416 to 19,975 inds. m-3 before rainfall, and 617–3,582 inds. m-3 after rainfall (Figure 3A). A significant decrease was observed in the total zooplankton abundance after rainfall (mean: 405±833 inds. m-3) than that before rainfall (mean: 141±331 inds. m-3) (Figure 3A, p<0.001, Mann–Whitney U test). Copepod abundance significantly contributed to the decrease in the total zooplankton abundance.



Feeding habit composition of the dominant species before and after rainfall

Acartia omorii, Paracalanus parvus s. l., Corycaeus spp., and copepodites were predominant before rainfall, and Bestiolina coreana, Centropages dorsispinatus, P. parvus s. l., and copepodites after rainfall (Figure 4). Copepodites were the most dominant taxa both before and after rainfall. The proportions of A. omorii and P. parvus s. l. tended to decrease from Gwangyang Bay to Yeosu Bay before rainfall, whereas the proportions of copepodites and P. parvus s. l. tended to increase from Gwangyang Bay to Yeosu Bay after rainfall (Figure 4). Zooplankton were distinguished by their two feeding habits (particle feeders, PFs; carnivores) before and after rainfall (Figure 4B). Before the rainfall, PFs ranged from 59.4% to 87.0%, and the carnivore proportion ranged from 13.0% to 40.6% (Figure 4B). After rainfall, the proportion of PFs increased by 70.3–94.9% and that of carnivores decreased by 5.1–29.7% (Figure 4B). PF accounted for more than 50% of the total zooplankton abundance both before and after rainfall. In addition, a significant increase in the PF proportion (Table 3, p<0.001) and a significant decrease in the carnivore proportion before and after rainfall were confirmed (Table 3, p<0.001).




Figure 4 | (A) Copepod abundance (inds. m-3) in June (left) and August (right). (B) Carnivore-particle feeder percentage (%). N/A represents non-sampled stations. Carni, carnivores; PF, particle feeder.




Table 3 | Results of chi-square test (feeding habits between before and after rainfall).



Before rainfall, the carnivore abundance was positively correlated with SST, salinity, SPM, and Chl-a concentration. PF abundance also showed a positive correlation with all environmental variables, and the relationship with SPM was highly significant (Table 4, p<0.001). After rainfall, the carnivore abundance was positively correlated with SST, SPM, and Chl-a concentration but negatively correlated with salinity. However, water temperature and Chl-a concentrations were the only significant factors (Table 4; p<0.01 and p<0.05, respectively). Except for the relationship with salinity, which was not statistically significant (Table 4, p>0.05), the other factors exhibited a positive correlation (p<0.05). This correlation result suggests that salinity caused a reduction in the carnivore abundance, and prey factors (SPM and Chl-a concentration) were affected by an increase in PF abundance.


Table 4 | Pearson correlation between the abundance of feeding habit groups on zooplankton and environment factors.





Factors controlling variations in indicator species before and after rainfall

Based on Bray–Curtis dissimilarity–based cluster analysis, the study area was divided into three groups by zooplankton assemblages before rainfall (A, B, and C) and two groups after rainfall (A and B). IndVal analysis was performed only in Groups A and C before rainfall and Groups A and B after rainfall (Figure 5; Table 5). Although Group B included several stations before rainfall event, there were no species with an indicator power index greater than 25. Neritic species (A. erythraea, A. hongi, Evadne nordmanni, Labidocera rotunda, and Tortanus forcipatus) were extracted from both Groups A and C before rainfall, and they were statistically insignificant (Table 5). After rainfall, Group A comprised neritic and brackish species (A. erythraea, A. ohtuskai, A. sinjiensis, B. coreana, Parvocalanus crassirostris, and Pseudodiaptomus marinus), whereas Group B mainly comprised offshore warm-current species (A. pacifica, Canthocalanus pauper, C. furcatus, and Temora discaudata) in Yeosu Bay (Table 5).




Figure 5 | Results of Bray–Curtis dissimilarities–based cluster analysis and non-metric multidimensional scaling (nMDS) ordination plots for June (A) and August (B).




Table 5 | Indicator power index (IndVal) of zooplankton communities in Yeosu Bay.



The accumulated contribution of the two axes dividing Groups A and C was 83.86% before rainfall. The factors that had a significant correlation with neritic indicator species (E. nordmanni, A. hongi, A. erythraea, and T. forcipatus) before rainfall were surface water temperature and surface salinity (p<0.05) (Figures 6A, C). However, they did not significantly correlate with other environmental factors (Figures 6A, C). Indicator species showed a positive correlation with water temperature and a negative correlation with salinity (p<0.05) (Figure 6C). After rainfall, the accumulated contribution of the two axes, dividing groups A and B, was 86.62% (Figure 6B). Indicator species were consisted of A. erythraea, B. coreana, A. ohtsukai, Parvocalanus crassirostris, Pseudocalanus marinus, and A. sinjiensis for Group A and Calanus sinicus, Canthocalanus pauper, Temora discaudata, C. furcatus, and A. pacifica for Group B. The indicator species of Group A showed a positive correlation with SST and SPM and a negative correlation with salinity (p<0.05) (Figure 6D). The indicator species of Group B showed a positive correlation with salinity and a negative correlation with SST, Chl-a concentration, and SPM (p<0.05) (Figure 6D). Moreover, after rainfall, there was a high correlation between the indicator species and the environmental factors (Figure 6D, p<0.05).




Figure 6 | Results of canonical correspondence analysis (CCA) and correlation analysis. The correlation analysis between indicator species and environmental factors in this study (p<0.05). (A, C) June; (B, D) August. SST, Sea surface temperature; Eva. nor, Evadne nordmanni; A. hon, Acartia hongi; A. ery, A. erythraea; L. rot, Labidocera rotunda; T. for, Tortanus forcipatus; A. pa, A. pacifica; A. oh, A. ohtsukai; C. sin, Calanus sinicus; Can. pa, Canthocalanus pauper; B. cor, Bestiolina coreana; Par. cra, Parvocalanus crassirostris; T. dis, Temora discaudata.



Bio-ENV was used to analyze the combination of environmental factors that exerted the greatest effects on indicator species abundance, and the results indicated the highest correlation between surface water temperature and surface salinity before rainfall (correlation coefficient: 0.7576, Table 6). However, the highest correlation was observed for a single combination of surface salinity after rainfall (correlation coefficient: 0.7521, Table 6).


Table 6 | Correlation between environmental factors and log (x+1) + 1-transformed zooplankton abundance data using Bio-ENV analysis (Spearman rank correlation).






Discussion

SST increased overall, owing to the time difference before and after rainfall (Figures 2A, B). Salinity gradually increased with increasing distance from the Seomjin River after rainfall, whereas there was no spatial difference before rainfall (Figures 2C, D). Although salinity has been recognized as an important factor in the distribution of zooplankton in the Seomjin River Estuary, the salinity gradient can vary greatly depending on rainfall conditions, even within the same season (Figures 2C, D). Large amounts of freshwater are introduced from the surrounding areas into the temperate estuaries during summer (Jha et al., 2013; Parab et al., 2013; Sahu et al., 2013). The inflow of freshwater can transport nutrients to increase the phytoplankton biomass (Zhao and Guo, 2011). However, Chl-a concentration was not significantly different before and after rainfall in this study (p>0.05, t-test), indicating that there was no difference in the phytoplankton biomass used as a food source for zooplankton before and after rainfall (Figures 2G, H). In contrast, SPM increased significantly after rainfall compared to before rainfall (p<0.05, t-test). It has been found that SPM in the study area is mainly dead or aggregated phytoplankton rather than inorganic matter (Kang et al., 2019; Kang et al., 2020a). SPM inflow from the Seomjin River can be recognized as an increase in the nutritional opportunities for PFs. The PF group increased in abundance, and the carnivore group abundance significantly decreased after rainfall (Table 3). SPM can play a pivotal role as a food source for zooplankton (e.g., copepods and cladocerans) if organic matter-based or nutrient substances are attached to inorganic substances (Poulet, 1978; Arruda et al., 1983). Therefore, these results and the origin of SPM in the study area show that SPM acts as a potential food source for PFs. To understand the fluctuating characteristics of estuaries, it is necessary to periodically monitor the zooplankton population and distribution according to their feeding habits.

According to the zooplankton monitoring data of over 21 years in the study area, PFs were the dominant group in most studies (Table 7). Since the study region is constantly affected by the Seomjin River water, the continuous inflow of SPM seems to consist of an environment in which PF, in particular immature copepods (copepodites), can prosper. However, in previous studies, copepodites have been significantly underestimated in the proportion of PF in feeding habit composition. Therefore, we suggest that the feeding habit composition and the ratio of copepodites can be used as an index that can well express the variability of the environmental condition after rainfall.


Table 7 | Dominant copepods in Yeosu Bay from 2001 to 2018.



Feeding habits after rainfall compared to before rainfall indicated a significant decrease in carnivore proportion and an increase in PF proportion (p<0.001, Table 3). The reduction in the carnivore proportion after rainfall was largely attributed to Corycaeus spp. (Figure 4). Copepodites contributed greatly to the increase in PF proportion after rainfall, which can be explained as follows: first, copepodites and P. parvus s. l., which appeared dominant both before and after rainfall in the study region, would have survived rapid salinity changes because most of them have a euryhaline habitat range (Suh et al., 1991; Moon et al., 2012); second, copepodites and P. parvus s. l. would have increased in environments rich in phytoplankton-based particulate prey transported from the Seomjin River (Kwon et al., 2002; Kang et al., 2019; Kang et al., 2020a). This was supported by the correlation analysis results between zooplankton abundance, feeding habits, and environmental factors. In addition, although the particulate organic matter content was not measured separately in this study, previous studies have confirmed that SPM can be used as a food source by copepods (Poulet, 1978; Roman, 1984; David et al., 2005; Lee et al., 2019; Menéndez et al., 2019).

The abundance of branchiopods and appendicularians, a representative taxonomic group belonging to PF, decreased significantly after rainfall (Figure 3). They had population maintenance strategies such as parthenogenesis or with short generation times under environmental conditions suitable for reproduction and growth (Paffenhöfer, 1973; Hopcroft and Roff, 1995; Hopcroft et al., 1998; Korhola and Rautio, 2001). On the other hand, their populations are reduced by various factors, and many studies have been revealed to be determined by biological and chemical factors rather than physical factors (Brett, 1989; Marmorek and Korman, 1993; Tomita et al., 2003). The inflow of freshwater owing to rainfall can cause rapid changes in the estuarine environment and affect their distribution.

Most copepods are salinity-resistant species, such as neritic or brackish species. In particular, P. parvus s. l. suitably dominate in summer when environmental fluctuations are severe because of their fast reproduction cycle and short egg hatching time (Ianora, 1998). A. omorii occurred only before rainfall, while the species that occurred only after rainfall were B. coreana and C. dorsispinatus (Figure 4A). A. omorii is known to favor water temperatures less than 25°C and is the dominant species in coastal environments (Shim and Yun, 1990; Soh and Suh, 1993). After rainfall, B. coreana and C. dorsispinatus inhabit brackish waters and coastal waters, mainly in the summer in Gwangyang Bay (Jang et al., 2004; Moon et al., 2011). Our results included most of the species that have been studied in Gwangyang and Yeosu Bay (Table 7). In particular, the increase of particle feeders such as B. coreana and C. dorsispinatus seems to be related with the increase of SPM after rainfall. Meanwhile, after rainfall, indicator species analysis clearly distinguished Group A, which was affected by the Seomjin River, from Group B, which was affected offshore, and no statistically significant species were observed in Yeosu Bay, regardless of the sufficiently high indicator power index in the IndVal analysis (Table 5). However, before rainfall, the study area was composed of a single ecological community because of the low correlation with physical factors, such as water temperature and salinity.



Conclusions

This study confirmed that the salinity gradient owing to rainfall is extended to the coast with a large difference, even within the same season. SPM, which rapidly increases with rainfall, can provide nutritional benefits to PFs as a potential food source in estuarine–coastal environments. This suggests that it could contribute to restore the decreased zooplankton populations after rainfall in estuarine–coastal environments. Contrary to previous studies, our study is valuable for evaluating SPM as a potential source of zooplankton and supports its importance as a potential source in temporary, highly turbid estuarine–coastal environments. In future studies, periodic monitoring of the process of restoring zooplankton populations will be required through short-term sampling after rainfall.
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OEBPS/Images/table4.jpg
Before rainfall (June 2018) After rainfall (August 2018)

Carni PF Carni PF
SST 0.8738 ** 0.9195 * 0.4193 ** 0.5228 *
Salinity 0.7725 *** 0.8325 * -0.6884 -0.3887
SPM 0.2918 ** 0.2596: %% 0.3759 0.2949 *
Chl-a concentration 0.6707 * 0.6906 * 0.2288 * 0.4531 *

Asterisks indicate that the correlation is significant (*p<0.05; **p<0.01; ***p<0.001). SST, sea surface temperature; PF, particle feeders; Carni, carnivores.
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OEBPS/Images/table3.jpg
Test daf X-square P

Carnivore proportion 1 1,941.5 < 2.2e-16
(June > August)

Particle feeder proportion 1 1,941.5 <2.2e-16 ***
(June < August)

Asterisks indicate that the correlation is statistically significant (***p<0.001).
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01-2003

Jang et al. (2004)

Acartia omorii [ ]
A. erythraea [ ]
A. ohtsukai
A. pacifica

Bestiolina coreana

Centropages abdominalis [ ]
C. dorsispinatus

Canthocalanus pauper

Clausocalanus furcatus

Calanus sinicus (]
Labidocera rotunda

Paracalanus parvus s. 1. [ ]
Pseudodiaptomus marinus [ ]
Temora discaudata

Tortanus forcipatus

Ditrichocorycaeus affinis

Corycaeus spp.

Oithona spp.

Unidentified Harpacticoids

Black circles denote the dominant species in each year.

2005-2010
Lee (2012)

2014-2015
Soh et al. (unpublished)

15-2016
Lee et al. (2017)

2018.06
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Current study





OEBPS/Images/table1.jpg
Feeding Habits

Carnivore

Particle feeder

Species

Aidanosagitta crassa (Tokioka, 1938)
Flaccisagitta enflata (Grassi, 1881)
Calanopia thompsoni Scott A., 1909
Labidocera rotunda Mori, 1929

Tortanus forcipatus (Giesbrecht, 1889)
Oncaea spp.

Oithona spp.

Corycaeus spp.

Evadne nordmanni Lovén, 1836
Pseudevadne tergestina Claus, 1877

Podon leuckartii (Sars G.O., 1862)
Oikopleura spp.

Acartia erythraea Giesbrecht, 1889

Acartia hongi Soh and Suh, 2000

Acartia omorii Bradford, 1976

Acartia ohtsukai Ueda and Bucklin, 2006
Acartia pacifica Steuer, 1915

Acartia sinjiensis Mori, 1940

Acarocalanus spp.

Bestiolina coreana Moon, Lee, and Soh, 2010
Calanus sinicus Brodsky, 1962
Canthocalanus pauper (Giesbrecht, 1888)
Clausocalanus minor Sewell, 1929
Centropages tenuiremis Thompson L.C. and Scott A., 1903
Centropages dorsispinatus Thompson 1.C. and Scott A., 1903
Centropages furcatus (Dana, 1849)
Paracalanus parvus s. 1.

Paracalanus aculeatus Giesbrecht, 1888
Paracalanus gracilis Chen and Zhang, 1965
Parvocalanus crassirostris (Dahi F., 1894)
Pseudodiaptomus marinus Sato, 1913
Temora discaudata Giesbrecht, 1889
Temora sp.

Undinula vulgaris (Dana, 1849)
Copepodites and Nauplii

Occurrence
June August
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Reterence

Amano et al. (2019)

Ohtsuka and Onbe (1991)

Anraku and Omori (1963)
Go et al. (1998)

Nakamura and Turner (1997)
Gophen and Harris (1981)
Katechakis and Stibor (2004)

Lombard et al. (2011)
Saiz and Kiorboe (1995)

McKinnon (1996)
Jungbluth et al. (2017)
Chen et al. (2010)

Hu et al. (2014)

Ohtsuka et al. (1996)

Tiselius et al. (2013)

Jungbluth et al. (2017)
Pagano et al. (2003)
Acros and Fleminger (1986)

Gerber and Gerber (1979)
Finlay and Roff (2004)

It was assumed that the feeding habits of species without reference are the same as that of the genus. However, the feeding habits of Sagittidae followed those of Chaetognatha.





OEBPS/Images/table5.jpg
Month Group Indicator Species IndVal (%)

June A Acartia erythraea 40
Acartia hongi 40

Evadne nordmanni 60

Labidocera rotunda 60

(& Tortanus forcipatus 50

August A Acartia erythraea * 74.5
Acartia ohtuskai * 57.1

Acartia sinjiensis 286

Bestiolina coreana * 59.4

Parvocalanus crassirostris 429

Pseudodiaptomus marinus 339

B Acartia pacifica *** 75

Calanus sinicus *** 75

Canthocalanus pauper *** 87.5

Centropages furcatus 25

Temora discaudata *** 777

Asterisks indicate that the correlation is statistically significant (*p<0.05; **p<0.01; ***p<0.001).





