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Abstract

:

Zooplankton abundance patterns exhibit apparent seasonality depending on seasonal variations in water temperature. To analyze the abundance patterns of zooplankton communities, it is necessary to consider the environmental factors that are essential for zooplankton community succession. However, this approach is challenging due to the seasonal variability of environmental factors. In this study, all rotifer species inhabiting a water body were classified into three groups based on their abundance and frequency of occurrence, and decomposition method was used to classify them into groups that exhibit seasonal vs. non-seasonal variability. Multivariate analysis was performed on the seasonal, trend, and random components derived from the classical decomposition method of zooplankton abundance and related environmental factors. This approach provided more precise results and higher explanatory power for the correlations between rotifer communities and environmental factors, which cannot be clarified with a simple abundance-based approach. Using this approach, we analyzed the seasonality-based patterns of the abundance of rotifer species by dividing the environmental factors into those associated with seasonal and non-seasonal variabilities. Overall, the results demonstrated that the explanatory power of redundancy analysis was higher when using the three time series components than when using undecomposed abundance data.
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1. Introduction


Zooplankton communities undergo changes caused by organic interactions with biotic and abiotic factors [1,2]. Continuous changes in various environmental factors—such as water quality, food sources, predators, and seasons—and complex interrelationships in aquatic ecosystems also affect the processes underlying zooplankton succession [3,4,5,6]. In temperate areas that are influenced by the monsoon climate, zooplankton communities show pronounced seasonality due to a causal correlation with strong seasonal variability in water temperature [7]. However, seasonal variations in environmental factors can complicate the analysis of zooplankton succession patterns [8]. In addition, zooplanktons alternate between parthenogenetic reproduction (i.e., the production of several asexual generations with a short life cycle) and sexual reproduction (i.e., the production of resting eggs (ephippia) that hatch to produce offspring) [9]. This reproductive mechanism also varies depending on environmental factors, resulting in complex patterns of temporal and spatial abundance and succession [10]. Accordingly, zooplankton communities generally comprise a mixture of perennial and sporadic species [11,12]. To accurately analyze the abundance patterns of these species, it is essential to consider the seasonal factors that affect zooplankton community succession [13].



Competition-induced changes in the dominant taxa of zooplankton communities can greatly affect community structure. Although community structure and occurrence patterns are generally analyzed based on species (or taxon) composition [14], rare taxa that occur only under specific environmental conditions are generally understudied. This is primarily due to the low abundance and frequency of rare taxa and the limitations imposed by their causal relationships with environmental factors [15,16]. Zooplankton communities are formed through direct and indirect interactions between the taxa and aquatic environmental factors [17]. At the same time, since sporadic species occur only in certain environmental conditions, their seasonal patterns in response to environmental factors should be considered in order to examine the entire zooplankton community.



Environmental changes lead to seasonal (characterized by regular and cyclical changes in taxon abundance profiles (inter-annual and intra-annual)) and non-seasonal (irregular or non-cyclical changes in abundance) variabilities in community structure [18,19]. In zooplankton communities, seasonal variability involves community-wide changes in taxon structure and abundance. These primarily occur due to seasonal changes in environmental factors, such as solar radiation and volumetric fluctuations in water bodies (based on water temperature and rainfall), and exogenous factors, such as nutrients and pollutants [20,21,22,23]. Analyzing the seasonal variability in zooplankton communities can shed light on the mechanisms underlying community-level change. Moreover, it is crucial for determining the spatiotemporal characteristics of aquatic environments that harbor and maintain zooplankton communities [24].



Non-seasonal variability can be divided into inter-annual and intra-annual variability. Non-seasonal inter-annual variability involves changes in mean annual abundance, reflecting the overall trend of variation in the abundance of zooplankton [25]. These trends can be used to determine how long-lasting change (such as global warming) affects aquatic ecosystems and to identify the factors affecting the ecological resilience of ecosystems (which determines how well they recover from anthropogenic disturbances) [26,27,28]. These trends can also be used to study rapid regional shifts and other changes in community structure [29]. Non-seasonal intra-annual variability refers to irregular, rapid, and transient changes in zooplankton communities. Therefore, although studies examining variability at the community level typically use long-term data, they are generally excluded from analysis since these data usually do not provide insights into the underlying cause of change [30,31].



In this study, we categorized rotifers based on the patterns of changes in their abundance. Furthermore, we classified rotifer abundance and environmental factors by type of change with the aim of revealing the correlation between the change in appearance and environmental factors. Rotifers are zooplankton that feed on ciliates, bacteria, and other small creatures [32,33,34] and play a crucial role in the nutrient cycle in freshwater ecosystems. Rotifers are generally a dominant group among freshwater zooplankton. Rotifer populations grow rapidly in eutrophicated waters or in environments with certain conditions [35,36,37,38]. For example, when examining the water of Lake Daecheongho, a designated research area, it was evident that the eutrophication conditions that occur seasonally in the blue-green algae bloom, a food source for rotifers, allowed for the predominance of rotifers at most study sites [39]. Furthermore, in contrast to other zooplankton taxa which appear only seasonally, such as cladoceran and copepod, rotifers were continually dominant during the survey period. Moreover, we selected rotifers for analysis in this study due to the continuous emergence of new species. We also included non-seasonal inter-annual variability in our analyses in an attempt to clarify its ecological implications. Instead of relying on abundance data alone, we applied a more sophisticated statistical approach by analyzing seasonal and non-seasonal variability separately. Thus, our results provide new insights into the relationship between rotifer communities and environmental factors.




2. Materials and Methods


2.1. Study Site


Daecheong Lake is an artificial lake that is elongated along the north–south axis. It has a watershed area of 4184 km2, lake area of 72.8 km2, and lake volume of 1.5 billion m3. The study area was set up in Munui (latitude: 36.505945°; longitude: 127.500714°; average water depth: 17.4 ± 2.2 m; inter-annual variability in water depth: 11.3–22.1 m), which is located in an inlet area that is representative of the watershed environment and water quality in Daecheong Lake. The water quality and plankton community were surveyed twice per month (at the beginning of the month and after a fortnight) from March 2017 to November 2019, excluding the winter months (Figure 1).




2.2. Water Sampling and Measurement of Abiotic Factors


The water temperature was directly measured at the survey site using a sensor (YSI-6600, YSI, Yellow Springs, OH, USA). A water sample was collected, transported to the laboratory, and used for the measurement of total nitrogen (TN), total phosphorus (TP), and chlorophyll-a concentration (Chl-a). TN and TP were measured using a continuous flow analyzer (FUTURA 3, AMS Alliance, FREPILLON, France), and the Chl-a concentration was measured using a standard method for testing water quality (http://qaqc.nier.go.kr/qaqcnew/main.do, accessed on 15 August 2022).




2.3. Plankton Sampling


To sample the phytoplankton at the study site, 500 mL of raw water was collected in a sterile PE bottle and fixed immediately with Lugol’s solution (final concentration, 5%). In the laboratory, the collected sample was subjected to sedimentation for 24 h. The supernatant was discarded, and the concentrated sample (final volume, 20 mL) was mixed well. A subsample was extracted and placed in a Sedgewick Rafter chamber, and the genera of zooplankton were counted and identified under an optical microscope (Axioserver, Zeiss, Oberkochen, Germany; 40–100× magnification). The zooplankton were sampled onsite by vertically towing a plankton net (mesh size: 60 μm; diameter: 30 cm; length: 60 cm) through the water body at the study site. The sample was fixed in 4% neutral buffered formalin immediately after harvesting. The species and genera of zooplankton in the sample were identified under a dissecting microscope (SZ61, Olympus, Tokyo, Japan) and an optical microscope (Axio Imager M1, Zeiss) at 40–100× magnification. To identify zooplankton species, the methods reported by Patterson and Hedley were used for protozoa [40], while those reported by Flössner and Jeong et al. were used for rotifers and crustaceans [41,42]. Furthermore, copepods were identified using the methods reported by Chang [43]. Zooplankton abundance was estimated as individuals per liter (ind/L) based on the number of individuals counted per unit volume of raw water filtered (calculated based on the diameter and towing distance of the plankton net).




2.4. Analyzed Factors


2.4.1. Rotifer Groups


The variability in zooplankton community composition was estimated using rotifer groups, which are the dominant zooplankton group in Daecheong Lake. The rotifers observed during the survey period were classified into three groups based on their patterns of occurrence (abundance and frequency): (1) HAF: high abundance and frequency group; (2) MAF: medium abundance and frequency group; and (3) LAF: low abundance and frequency group. This helped minimize the underestimation of inter-species differences among zooplankton species with similar patterns of occurrence (e.g., species that occur throughout the year or those that occur temporarily for a short period of time).




2.4.2. Environmental Factors


To analyze the variability in rotifer community composition, we selected relevant abiotic environmental factors that can potentially affect rotifer community composition and identified relevant biotic factors based on known predator–prey interactions and inter-species competition [44,45,46,47]. The abiotic environmental factors included water temperature, TN, TP, and Chl-a concentration. Chl-a concentration represents the biomass value of total phytoplankton, while TN and TP represent nutrient concentration in lake ecosystems and act as limiting factors for phytoplankton growth [47,48]. Moreover, water temperature acts as the ultimate factor that determines the seasonality within the water body [49].



The biotic factors included the abundance data of copepods (excluding nauplii), cladocerans, nauplii, and various phytoplankton taxa (protozoa, green algae, blue-green algae, and diatoms) (Table 1).





2.5. Statistical Analysis


2.5.1. Decomposition Procedure


The Shapiro–Wilk test was conducted to confirm whether the data regarding rotifer abundance and environmental factors were normally distributed for data analysis. The results indicated that the data were normally distributed (p < 0.05). Using the classical decomposition method based on time series data, we classified the variability in the abundance of individual rotifer groups and in the associated environmental factors into seasonal and non-seasonal variability (further subdivided into inter-annual and intra-annual variability). The time series were decomposed into seasonal, trend, and random components using the additive decomposition model. The trend component was estimated using a centered moving average and was categorized as non-seasonal inter-annual variability. The seasonal component—obtained by averaging the values that remained after the trend component had been extracted—was categorized as seasonal variability. The random component was obtained by subtracting the trend and seasonal components from the rotifer abundance data and was categorized as non-seasonal intra-annual variability [50]. The decomposition method was performed using the “stats” package in R statistical software [51]. In addition, we used Pearson correlation coefficient analysis to assess the correlation between the abundance of each zooplankton group and time series components.




2.5.2. Multivariate Analysis Based on Decomposed Components


To evaluate the abundance patterns of rotifer species depending on changes in environmental factors, we performed redundancy analysis (RDA) for each of the aforementioned decomposed components using the “vegan” package in R. RDA, rather than canonical correlation analysis (CCA), was judged to be an appropriate method for data analysis based on the results of detrended correspondence analysis (DCA) using rotifer abundance and environmental factor data (gradient length < 4.0) [52,53]. All decomposed components of the three rotifer groups’ abundance (HAF, MAF, and LAF group) and environmental factors were analyzed. The decomposed components of each rotifer group were set as response variables for their respective analysis, and those of environmental factors were set as explanatory variables (Figure 2).






3. Results


3.1. Variability in the Abundance of Zooplankton Groups and Results of the Time Series Analysis


The zooplankton groups recorded during the observation period (2017–2019) included 35 rotifer species and 9cladocerans. However, due to the difficulties in copepod identification, cyclopoids were only classified into adults (cyclopoid) and nauplii. Rotifers were the dominant taxa, accounting for 72.7% of the zooplankton population. Patterns of abundance varied between the zooplankton taxa (Figure 3A). Among rotifers, population peaks—that is, a rapid increase in the number of individuals within 1–2 months, followed by a rapid decrease within 1 month—were observed in the spring, summer, and autumn throughout the observation period. The time period of these peaks differed across the years (Figure 3A), as did the seasonally dominant species (Figure 4). There was an overall increase in the average abundance of rotifers in Daecheong Lake. Cladocerans did not occur in high numbers, except during 2–3 months of rapid population expansion. However, no cladocerans were observed in October and November. The populations of all cladoceran taxa peaked in April/May and in July/August, showing regular patterns of abundance (unlike copepods and rotifers; Figure 3A). Copepods (cyclopoids) were rarely observed, except during a low population peak each year (especially in July). However, the period of this population peak varied across the years (Figure 4).



The three components extracted from the time series of each zooplankton group were analyzed to elucidate the overall patterns of change throughout the observation period (Figure 5, Figure 6 and Figure 7). The seasonal components of rotifers and cladocerans showed similar patterns that coincided with the respective population peaks and patterns of variability in seasonal abundance (Figure 3B). Consequently, the seasonal components of rotifers and cladocerans were fairly highly correlated (r = 0.58). In contrast, the seasonal components of copepods showed no correlations with those of rotifers and cladocerans (Figure 3B). The trend component of rotifers showed a gradual and constant increase, reflecting the continuous increase in their average annual abundance (Figure 3C). However, the trend components of copepods and cladocerans showed no clear patterns, reflecting the lack of patterns in their respective abundance throughout the observation period. Similar to the seasonal components, the random components of rotifers and cladocerans also showed similar patterns. Most of the population peaks of rotifers coincided with those of cladocerans (Figure 3D), resulting in a fairly high correlation (r = 0.63). Moreover, the random components of copepods showed similar patterns to those of rotifers (Figure 3D). There was no marked variability in the random components of copepods; nevertheless, the recurrent population peaks of copepods throughout the observation period were similar to those of rotifers, resulting in a high correlation (r = 0.77) in random components. Thus, the findings related to random components deviated considerably from those related to seasonal components, as there was no correlation in seasonal components between rotifers and copepods.




3.2. Abundance-Based Classification of Rotifers


The 35 rotifer species recorded during the observation period were classified into three groups based on their abundance and frequency: (1) 9 species were classified into the HAF (high abundance and frequency) group (Polyarthra vulgaris, Keratella cochlearis, Hexarthra mira, Synchaeta oblonga, Pompholyx complanata, Ploesoma truncatum, Trichocerca sp., Conochilus sp., and Kellicottia bostoniensis), (2) 11 species were classified into the MAF (middle abundance and frequency) group (Filinia terminalis, large Trichocerca spp. (including elongata and cylindrica), Brachionus angularis, Filinia longiseta, Polyarthra euryptera, Kellicottia longispina, Brachionus quadridentatus, Lecane flexilis, Euchlanis dilatata, Monostyla closterocerca, and Asplanchna sp.), and (3) 13 species were classified into the LAF (low abundance and frequency) group (Keratella quadrata, Mytilina sp., Brachionus rubens, Brachionus calyciflorus, Monostyla sp., Asplanchna sieboldi, Brachionus sp., Brachionus forficula, Trichotria tetractis, Monostyla bulla, Lecane sp., Lecane luna, and Notholca labis) (Table 2).



Of the 35 rotifer species, Keratella valga and Ascomorpha ecaudis could not be classified into any of the groups because of their inconsistent abundance and frequency rankings. To evaluate whether the abundance patterns of these species were similar to those of any other rotifers in the three groups, we performed 1:1 correlation analysis with the three decomposed components of the other rotifer species. Keratella valga belonged to the HAF group in terms of abundance and the MAF group in terms of frequency. However, 1:1 correlation analysis revealed a high correlation (r = 0.78) with the seasonal component of Euchlanis dilatata (MAF), a very high correlation (r = 0.97) with the trend component of Brachionus quadridentatus (MAF), and a high correlation (r = 0.75) with the random component of Brachionus quadridentatus (MAF). Therefore, Keratella valga showed patterns similar to those of rotifers in the MAF group. Ascomorpha ecaudis belonged to the MAF group in terms of abundance and the HAF group in terms of frequency. The 1:1 correlation analysis revealed a high correlation (r = 0.71) with Asplanchna sp. (MAF) in the seasonal component, a high correlation (r = 0.84) with Brachionus rubens (LAF) in the trend component, and a fairly high correlation (r = 0.61) with Synchaeta oblonga (HAF) in the random component. Thus, Ascomorpha ecaudis showed high correlations with rotifers in all three groups, exhibiting abundance/frequency patterns different from those of all other rotifer species.




3.3. RDA of Rotifer Groups Based on Undecomposed Population Data


RDA revealed that the abundance and frequency of rotifers in the HAF group were related to water temperature, cladoceran abundance, and protozoan abundance. However, the associations were not statistically significant due to the low explanatory power (24.64%) of the first and second RDA axes (Figure 5A). The abundance and frequency of rotifers in the MAF and LAF groups were also partially associated with environmental factors (as shown in the RDA plot), but the explanatory power of the first and second RDA axes was very low (Figure 5B,C).




3.4. RDA of Rotifer Groups Based on the Seasonal Component


When the seasonal component was used for RDA, the first and second RDA axes explained the relationships between rotifer occurrence patterns and environmental factors to a greater extent than the RDA axes obtained using undecomposed population data. Each group of the rotifers was found to interact differently with environmental factors. In the HAF group, the two RDA axes explained 43.15% of the variance, and all rotifer species were significantly correlated on both axes (RDA species score > 0.5; Figure 6A). Moreover, rotifer species in the HAF group showed positive correlations with copepod abundance and water temperature. In the MAF group, the two RDA axes explained 47.31% of the variance. Rotifers in this group showed correlations with green algae, water temperature, nauplius abundance, and blue-green algae (in decreasing order; Figure 6B). In the LAF group, the two RDA axes explained 37.53% of the variance, and the explanatory power was lower than those in HAF and MAF (Figure 6C). Rotifer species in the LAF group were positively correlated with green algae, copepod abundance, water temperature, TN, nauplius abundance, diatoms, and Chl-a (in decreasing order). Overall, the analysis of seasonal components revealed that water temperature was significantly correlated with rotifers in all groups.




3.5. RDA of Rotifer Groups Based on the Trend Component


In all three groups, RDA based on the trend component resulted in first and second axes with approximately twice the explanatory power of those obtained from the analysis of the other two components (HAF: 72.2%; MAF: 75.83%; LAF: 69.46%; Figure 7). In addition, all rotifer species in the respective groups were significantly correlated with all environmental factors (except nauplius abundance). Rotifers in the HAF and MAF groups showed the highest correlations with protozoan abundance, whereas those in the LAF group showed the highest correlations with TP.




3.6. RDA of Rotifer Groups Based on the Random Component


Following RDA based on the random component, the first and second RDA axes explained 40.76%, 45.7%, and 30.79% of the variance in the HAF, MAF, and LAF groups, respectively. Thus, these results had higher explanatory power than those obtained from analyzing the undecomposed population data and lower explanatory power than those obtained from analyzing the other decomposed components (Figure 8). The explanatory power of the two RDA axes was lowest in the LAF group (Figure 8C). Rotifers in the HAF group were positively correlated with nauplii, protozoans, copepods, cladocerans, and diatoms (in decreasing order; Figure 8A). However, species-specific analysis could not be performed for two species (Polyarthra vulgaris and Keratella cochlearis) due to their low levels of interaction with environmental factors. Because these were high-frequency species, their abundance patterns may have been better explained by the seasonal and trend components. Rotifers in the MAF group were associated with nauplius abundance, TN, copepod abundance, green algae, and Chl-a (in decreasing order; Figure 8B), whereas those in the LAF group were associated with water temperature, diatoms, Chl-a, green algae, and copepods (in decreasing order; Figure 8C). Overall, the RDA of the random component revealed that none of the rotifer groups were associated with TP and blue-green algae, and all of them interacted with copepods. Notably, the three rotifer groups interacted differently with water quality (the environmental factor most closely associated with rotifer species composition).





4. Discussion


Long-term data (collected at regular intervals) on zooplankton community structure and related environmental factors can be used to assess changes in lake ecosystems and aquatic communities and to identify the causes of variability [1]. However, even data collected over several years can contain evidence of various fluctuations in population and community data, such as recurrent episodes of seasonal variations in populations and temporary fluctuations in species abundance. These patterns can often cause confusion when interpreting trends. Here, we evaluated how major environmental factors affect the zooplankton community in a lake. To this end, we categorized non-seasonal and seasonal variations in populations based on a time series analysis of changes in environmental factors and the abundance patterns of individual rotifer species. To facilitate this approach, rotifer species were classified into three groups based on their abundance and frequency patterns.



Compared with the RDA of undecomposed population data, the RDA of decomposed components had more explanatory power and better explained the relationships between rotifer occurrence and environmental factors. The multivariate analysis of population data (undecomposed raw data) had very low explanatory power (average: 17.39%). In contrast, RDA of the seasonal, trend, and random components explained 42.66%, 72.50%, and 39.08%, respectively, of the associations between rotifer occurrence patterns and environmental factors. This demonstrated that analyses based on decomposed components can provide better insights into these relationships than analyses based on undecomposed data. This improvement was particularly marked in the RDA results of rotifer species in the LAF group. Species in this group are difficult to study because of their seasonal occurrence. However, the analyses based on individual decomposed components yielded discernible results regarding the species abundance patterns and revealed concrete relationships between the occurrence patterns and environmental factors.



Although rotifers were more abundant than other taxa in the inlet area at Munui, only 9 of the 35 rotifer species showed high abundance and frequency overall (HAF). Several studies have investigated zooplankton species that are commonly found in freshwater ecosystems (such as Polyarthra vulgaris and Keratella cochlearis) and assessed their relationships with environmental factors (such as eutrophication and seasonal changes) [1,54]. However, there is limited scope for obtaining data on temporarily occurring species [55,56]. In this study, the RDA results based on undecomposed population data revealed positive relationships between rotifer species in the LAF group and environmental factors (such as water temperature and green algae). However, the results had very low explanatory power (10.49%), which makes it difficult to accurately identify any significant relationships. In contrast, the RDA results based on individual decomposed components revealed that seasonal variability was most closely associated with green algae, trend variability (non-seasonal inter-annual variability) with TP, and short-term intra-annual variability with water temperature. These environmental factors dominate the feeding environment, eutrophication, and seasonality in water bodies and are known to affect zooplankton community structure [57,58,59]. Classifying population variability into seasonal, non-seasonal inter-annual, and non-seasonal intra-annual variability allows us to extract the environmental factors associated with each type of variability. Therefore, this is considered to be an effective approach for elucidating the mechanisms underlying population-level changes in a given water body. In time series analysis, non-seasonal intra-annual variability is typically discarded as random noise and generally excluded from the analysis [30]. However, we included non-seasonal intra-annual variability in the zooplankton community in our analysis, which allowed us to examine the relationships between zooplankton species and environmental factors in more detail.



Multivariate analyses based on the seasonal component revealed that the abundance of rotifer species in all three groups was significantly associated with water temperature. Water temperature is generally considered to reflect seasonality in various environmental factors and aquatic communities [59]. By analyzing these data based solely on seasonal variability (that is, by separating seasonal vs. non-seasonal variability), it should still be possible to identify populations with cyclic seasonality vs. no seasonality based on their respective relationships with water temperature. Multivariate analyses based on the trend component revealed that the rotifer species in all three groups were positively correlated with all environmental factors (except nauplius abundance). This is inconsistent with the findings of a previous study that reported a close association between the total biomasses of rotifers and nauplii in various habitats [60]. Although nauplius abundance may be closely associated with the rotifer population, the association between these group has limited explanatory power for a direct relationship between nauplius abundance and individual rotifer species [61], as shown in this study. Follow-up studies are needed to investigate the relationships between the abundance patterns of individual species. To analyze the relationship between nauplii and rotifers using the methodology proposed in this study, more comprehensive data on rotifer abundance and frequency are required. Multivariate analyses based on random components revealed that rotifer abundance in all three groups was positively correlated with copepod abundance. This result is unexpected because copepod abundance is typically used as an indicator of predation pressure. It is possible that the favorable factors for both rotifer and copepod growth might have weakened the effect of predation [62,63].



In this study, we performed multivariate analysis by decomposing the population data of zooplankton and data related to various environmental factors into three decomposed components. We tested whether analyses based on individual decomposed components can better explain variations in the population structure of rotifer species with different patterns of temporal change. In lentic ecosystem, various environmental factors are intertwined and shape the species composition through species-specific interactions. However, the ways by which they affect species composition, particularly the time, period, and persistence of their impacts, are different. The water temperature and precipitation acting as ultimate factors increase or decrease significantly with periodicity, which gives strong seasonality to other related environmental factors within a year. At the same time, the temperature often continues to increase in a larger time scale due to global warming. On the other hand, unpredictable events such as the inflow of chemical pollutants including nutrients input in the lake can affect the community structure within a relatively short time period. In our analyses, by decomposing the environmental factors, we were able to extract different driving forces affecting the zooplankton community in different ways.



However, we have identified some aspects of the study that require further validation. Although multivariate analyses based on decomposed components showed clearer results than previously used analytical methods, further analyses using more comprehensive data are required to test the ecological significance of this approach. The species were categorized based on their patterns of variability in abundance, which introduces an inherent risk of bias. For example, when estimating the trend component, the moving average method was used for data smoothing by averaging the values adjacent to each time point. This invariably resulted in high correlations between the smoothed data. The statistical significance and ecological implications of such biased results will have to be tested further. Likewise, the results of multivariate analysis using this approach will have to be tested further to determine whether the enhanced explanatory power can properly explain the relationships between species occurrence patterns and environmental factors [64]. Another limitation of this study is that the classical time series analysis used in this study extracts values from the trend and random components. Therefore, it cannot be used to derive data points for the front and rear time points throughout the observation period [65], which reduces the plausibility of a direct comparison between the resulting data and original (undecomposed) population data. Additional analyses using the time series model may help elucidate the complex relationships between different decomposed components [66,67] and address the statistical limitations of this study. Finally, the three-year observation period in this study may be rather short, and the data may not be adequate for accurate interpretation based on time series analysis. Therefore, further research based on continuous and long-term monitoring is required to determine the correlations between the environmental factors and aquatic populations in the lake.
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Figure 1. Survey site at Munui in an inlet area of Daecheongho (a lake in South Korea). 
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Figure 2. Time series data to elucidate the relationship between the abundance patterns of rotifers and environmental factors. 
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Figure 3. Inter-annual changes (2017–2019) in the number of zooplankton individuals by taxon (A) and patterns of change in the seasonal (B), trend (C), and random (D) components derived from the time series of rotifers, cladocerans, and copepods in Daecheong Lake. 
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Figure 4. Inter-annual changes (2017–2019) in the number of rotifers by species in Daecheong Lake; top 11 species and others based on three-year patterns of abundance found in the pooled samples. 
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Figure 5. Redundancy analysis of the undecomposed population data (raw data into time series components) of three rotifer groups and relevant environmental factors. (A) High abundance and frequency rotifers group, (B) Middle abundance and frequency rotifers group, (C) Low abundance and frequency rotifers group. Abbreviations: Temp, temperature; Cla, cladoceran; Cop, copepod; Nau, nauplii; Pro, protozoa; Blga, blue-green algae; Dia, diatom; Gra, green algae; Polv, Polyarthra vulgaris; Kerc, Keratella cochlearis; So, Synchaeta oblonga; Hm, Hexarthra mira; Plt, Ploesoma truncatum; Tsp, Trichocerca sp.; Pomc, Pompholyx complanata; Csp, Conochilus sp.; Kelb, Kellicottia bostoniensis; TLspp, Large Trichocerca spp. (T. elongata, T. cylindrica); Fl, Filinia longiseta; Moc, Monostyla closterocerca; Ft, Filinia terminalis; Ed, Euchlanis dilatate; Ba, Brachionus angularis; Pole, Polyarthra euryptera; Asp, Asplanchna sp.; Lf, Lecane flexilis; Kell, Kellicottia longispina; Bq, Brachionus quadridentatus; Kerq, Keratella quadrata; Mysp, Mytilina sp.; Bf, Brachionus forficula; As, Asplanchna sieboldin; Bsp, Brachionus sp.; Mob, Monostyla bulla; Br, Brachionus rubens; Bc, Brachionus calyciflorus; Lsp, Lecane sp.; Mosp, Monostyla sp.; Triate, Trichotria tetractys; Ll, Lecane luna; Nl, Notholca labis. 
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Figure 6. Redundancy analysis of the seasonal component (derived from the time series of the abundance estimates of three rotifer groups) and environmental factors. (A) High abundance and frequency rotifers group, (B) Middle abundance and frequency rotifers group, (C) Low abundance and frequency rotifers group. 
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Figure 7. Redundancy analysis of the trend components (derived from the time series of the abundance estimates of three rotifer groups) and environmental factors. (A) High abundance and frequency rotifers group, (B) Middle abundance and frequency rotifers group, (C) Low abundance and frequency rotifers group. 
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Figure 8. Redundancy analysis of the random component (derived from the time series of the abundance estimates of three rotifer groups) and environmental factors. (A) High abundance and frequency rotifers group, (B) Middle abundance and frequency rotifers group, (C) Low abundance and frequency rotifers group. 
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Table 1. Summary of 11 environmental factors that may influence the species composition of the rotifer community in Daecheong Lake.
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Environment Factor

	
Value

	
Unit

	
Min

	
Max

	
Average

	
SD

	
CV (%)






	
Water Quality Factor

	
Temperature

	
°C

	
6.53

	
27.7

	
19.36

	
6.23

	
32.15




	
TN

	
mg/L

	
0.66

	
2.473

	
1.37

	
0.33

	
23.82




	
TP

	
mg/L

	
0.00

	
0.052

	
0.02

	
0.01

	
59.80




	
Chl-a

	
mg/m3

	
0.00

	
39.11

	
3.80

	
6.66

	
175.23




	
Biological Factor

	
Cladocerans

	
ind/L

	
0.00

	
39.11

	
3.80

	
6.66

	
175.23




	
Copepods

	
ind/L

	
0.00

	
12.82

	
2.89

	
3.01

	
104.03




	
Nauplii

	
ind/L

	
0.00

	
26.47

	
3.51

	
5.08

	
144.58




	
Protozoa

	
ind/L

	
0.00

	
53.61

	
5.64

	
10.76

	
190.78




	
Blue-green algae

	
cells/mL

	
0.00

	
345,538

	
12,409.88

	
49,921.40

	
402.27




	
Diatom

	
cells/mL

	
8.00

	
3472

	
596.63

	
743.86

	
124.68




	
Green algae

	
cells/mL

	
4.00

	
1190

	
223.53

	
270.94

	
121.21








Note: Abbreviations: Min, minimum; Max, maximum; SD, standard deviation; CV, coefficient of variation; ind, individuals; Chl-a, chlorophyll a; TN, total nitrogen; TP, total phosphorus.
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Table 2. Summary of the community data (number of individuals, number of species ratio, and frequency) for rotifer species abundance and frequency 2017–2019 in Daecheong Lake.
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	Abundance Rank
	Rotifer Species
	Total Individuals (ind/L)
	Species Ratio (%)
	Frequency
	Rotifer Group





	1
	Polyarthra vulgaris
	489.33
	35.127
	47
	HAF Group



	2
	Keratella cochlearis
	342.37
	24.577
	48
	HAF Group



	3
	Synchaeta oblonga
	155.06
	11.131
	40
	HAF Group



	4
	Hexarthra (Pedalla) mira
	99.62
	7.151
	17
	HAF Group



	5
	Keratella valga
	60.62
	4.352
	12
	*



	6
	Ploesoma truncatum
	49.34
	3.542
	32
	HAF Group



	7
	Trichocerca sp.
	38.13
	2.737
	29
	HAF Group



	8
	Pompholyx complanata
	30.53
	2.192
	19
	HAF Group



	9
	Conochilus sp.
	24.17
	1.735
	19
	HAF Group



	10
	Kellicottia bostoniensis
	24
	1.723
	19
	HAF Group



	11
	Large Trichocerca spp. (elongata, cylindrica)
	16.25
	1.167
	17
	MAF Group



	12
	Ascomorpha ecaudis
	12.69
	0.911
	20
	*



	13
	Filinia longiseta
	9.55
	0.686
	12
	MAF Group



	14
	Monostyla closterocerca
	9.45
	0.678
	8
	MAF Group



	15
	Filinia terminalis
	5.05
	0.363
	5
	MAF Group



	16
	Euchlanis dilatata
	4.59
	0.329
	12
	MAF Group



	17
	Brachionus angularis
	4.41
	0.317
	5
	MAF Group



	18
	Polyarthra euryptera
	3.73
	0.268
	5
	MAF Group



	19
	Asplanchna sp.
	3.5
	0.251
	11
	MAF Group



	20
	Lecane flexilis
	2.45
	0.176
	5
	MAF Group



	21
	Kellicottia longispina
	1.98
	0.142
	3
	MAF Group



	22
	Brachionus quadridentatus
	1.76
	0.126
	3
	MAF Group



	23
	Keratella quadrata
	0.94
	0.067
	2
	LAF Group



	24
	Mytilina sp.
	0.63
	0.045
	2
	LAF Group



	25
	Brachionus forficula
	0.5
	0.036
	3
	LAF Group



	26
	Asplanchna sieboldi
	0.39
	0.028
	2
	LAF Group



	27
	Brachionus sp.
	0.36
	0.026
	2
	LAF Group



	28
	Monostyla bulla
	0.3
	0.022
	2
	LAF Group



	29
	Brachionus rubens
	0.28
	0.020
	1
	LAF Group



	30
	Brachionus calyciflorus
	0.26
	0.019
	1
	LAF Group



	31
	Lecane sp.
	0.26
	0.019
	3
	LAF Group



	32
	Monostyla sp.
	0.26
	0.019
	1
	LAF Group



	33
	Trichotria tetractis
	0.16
	0.011
	1
	LAF Group



	34
	Lecane luna
	0.08
	0.006
	1
	LAF Group



	35
	Notholca labis
	0.04
	0.003
	1
	LAF Group







Note: * Not included in the rotifer for the analysis.
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