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Both eutrophication and salinization are growing global environmental problems in freshwater ecosystems, threatening the water quality and various aquatic organisms. However, little is known about their interactive effects on theses stressors and the role of lake depth on these interactions. We used field surveys to compared zooplankton assemblages over four seasons in eight Yunnan Plateau lakes with different trophic states, salinization levels, and water depths. The results showed that: 1) the species number (S), density (DZoop), and biomass (BZoop) of zooplankton exhibited strong seasonal dynamics, being overall higher in the warm seasons. 2) Data collected over four seasons and summer data both revealed highly significant positive relationships of S, DZoop, and BZoop with total nitrogen (TN), total phosphorus (TP), and phytoplankton chlorophyll a (Chl a). 3) S, DZoop, and BZoop displayed a unimodal relationship with salinity, peaking at 400–1000 μS/cm (conductivity, to reflect salinity). 4) The two large-sized taxa (cladocerans and copepods) generally increased at low-moderate levels of TN, TP, Chl a, and Cond and was constant or decreased at high levels. The average body mass (biomass/density) of crustaceans decreased with increasing TN, TP, Chl a, and conductivity. Our findings indicate that zooplankton may be more vulnerable in deep lakes than in shallow lakes when exposed to conductivity stress even under mesotrophic conditions, and the overall decrease in size in zooplankton assemblages under the combined stress of eutrophication and salinization may result in a lowered grazing effect on phytoplankton.
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1 INTRODUCTION
With increasing human activities, lake eutrophication has become a global environmental problem (Wurtsbaugh et al., 2019), causing deteriorated water quality and loss of biodiversity (Wang et al., 2014; Lürling et al., 2017). Moreover, eutrophication may show unexpected effects when interacting with other environmental changes such as global warming (Moss et al., 2011; Nazari-Sharabian et al., 2018). For example, the mass deaths of African elephants in Botswana in 2020 were attributed to a combination of eutrophication and elevated levels of cyanobacterial toxins caused by frequent hot-dry climates (Wang et al., 2021). In some areas, eutrophication may interact with lake salinization; an issue receiving increasing attention particularly in arid and semi-arid zones due to decreased precipitation, increased evaporation, and an increasing demand for food and hence irrigation by a growing population (Williams, 1999; Yılmaz et al., 2021; Cunillera-Montcusí et al., 2022).
Salinization of lakes may inhibit zooplankton and thus promote the development of phytoplankton being released from grazing (O’Neil et al., 2012; Jeppesen et al., 2015; Hintz and Relyea, 2019; He et al., 2020; Jeppesen et al., 2020a). Moreover, greatly decreased diversity, abundance, and hatching rates of zooplankton have been observed at high salinities (Schallenberg et al., 2003; Jeppesen et al., 2015), and a test of five cladocerans (Alona rectangula, Daphnia pulex, Moina macrocopa, Ceriodaphnia dubia, and Simocephalus vetulus) exposed to high salinity showed strongly reduced survival and reproduction (Sarma et al., 2006). A study comparing lakes with wide salinity gradients in north-west China showed a significant functioning loss of the lake ecosystem with increasing salinity, suggested by drastic reduction of biodiversity, food chain length, and average trophic position in the food chain (Vidal et al., 2021). A study of 45 Tibetan lakes in China, moreover, showed that pronounced shifts in the structure and functions of lake ecosystems may be expected when certain critical salinity levels are passed (Lin et al., 2017).
When facing combined stress from salinization and eutrophication, larger changes in lake ecosystems may be expected. For example, an outdoor mesocosm experiment showed that eutrophication and salinization jointly promoted large blooms of phytoplankton and periphyton while causing declines in the abundance of many invertebrate and macrophyte species (Lind et al., 2018). Another example is a study of bacterial communities in selected lakes and rivers in the semi-arid Inner Mongolia Plateau, which showed combined stressor effects of salinity and nutrients on the aquatic bacterial community, leading to a major decline in species diversity (Tang et al., 2021). A study of 20 lakes with different trophic status and salinity in southern Siberia revealed that an increase in the nutrient load led directly to an increase in zooplankton biomass, while an increase in salinity indirectly led to a decrease in zooplankton biomass (Zadereev et al., 2022). Other studies, however, indicate that zooplankton communities developed in eutrophic systems are less sensitive to salinization due to cross-tolerance effects (Ersoy et al., 2022).
Water depth may play a vital role for the interactive effects of eutrophication and salinization in lakes. A study using a global lake data set (573 lakes) demonstrated that the relative roles of nitrogen and phosphorus in affecting eutrophication were determined by water depth, where shallow lakes were mainly eutrophic and dominated by nitrogen limitation, while deep lakes were dominated by phosphorus limitation (Qin et al., 2020). Stratified deep lakes tend to have better water quality and lower biomass of both phytoplankton and zooplankton (Zadereev et al., 2022). Generally, shallow lakes are more susceptible to eutrophication (Qin et al., 2006). Shallow lakes, because of their large surface: volume ratio, are also more vulnerable to drought and imbalanced ratios between evaporation and precipitation (Coops et al., 2003; Jeppesen et al., 2009). However, little is known about the potential role of water depth in influencing the responses of zooplankton to increasing nutrient and salinity levels.
The Yunnan Plateau is an area rich in lakes that experience both eutrophication and salinization. Due to excessive loading of nutrients, many Yunnan Plateau lakes have shifted to a eutrophic state (Liu et al., 2012). Simultaneously, droughts have occurred frequently in the area in recent years; e.g., the average drought frequency increased by 29% from 2009 to 2018; in 2019, the area suffering from extreme drought, which is far more than the normal (Ding and Gao, 2020; Wang and Yu, 2021). The Yunnan Plateau is characterized by lakes with a wide range of depths, and thus exhibit a mosaic of lakes with different eutrophic status, salinities, and depths.
We studied zooplankton in eight lakes at the Yunnan Plateau with contrasting depths, nutrient levels and salinities and had the following hypotheses: 1)The zooplankton biomass will increase with increasing nutrients levels, but less so at high salinities not least at low nutrient concentrations due to an expected cross-tolerance effects in the eutrophic lakes; 2) the zooplankton response to nutrients and salinity will differ between deep and shallow lakes, being stronger for nutrients and less strong for salinity in the shallow lakes.
2 MATERIALS AND METHODS
2.1 Study area
The eight study lakes were Lake Luguhu, Lake Chenghai, Lake Yangzonghai, Lake Erhai, Lake Xingyunhu, Lake Dianchi, Lake Yilonghu, and Lake Qiluhu, with widely varying trophic states ranging from oligotrophic to eutrophic, salinity levels ranging from freshwater to brackish, and an average water depth ranging from 2.2 m to 38.6 m (Figure 1). The area is dominated by a subtropical humid semi-arid monsoon climate (Zheng et al., 2010). Lake Xingyunhu, Lake Dianchi, Lake Yilonghu, and Lake Qiluhu have differed in trophic state in recent years (Supplementary Table S1). The salinity of Lake Chenghai gradually increased between 950–1200 mg/L during 2006–2016 (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Location and sampling sites of the studied lakes. Panels show the geographical location (left) and the basic lake characteristics and sampling sites (right). Zmax, maximum depth; Zmean, mean depth. LGH, Lake Luguhu; CH, Lake Chenghai; YZH, Lake Yangzonghai; EH, Lake Erhai; XYH, Lake Xingyunhu; DC, Lake Dianchi; YLH, Lake Yilonghu; QLH, Lake Qiluhu.
2.2 Sampling and analysis
2.2.1 Water sample collection and analyses
Depending on the morphological characteristics of the lakes, 7–15 sites were selected randomly and sampled in October and December 2020 and April and July 2021. The sampling included physical variables such as water temperature (WT, °C), dissolved oxygen (DO, mg/L), pH, and conductivity (Cond, µS/cm), measured in situ by a multiparameter water quality sonde (EXO2, Xylem, United State). Turbidity (Turb) was measured by a HACH 2100 Q turbidimeter. Water depth (ZM) and Secchi depth (ZSD) were measured by a depth sounder and a Secchi disc, respectively. Water samples were collected at 0.5 m, 3 m and 5 m depth at each sampling site with a 5 L water collector and then mixed. A 1 L subsample was used for water quality determination in the lab. Chlorophyll a (Chl a), total nitrogen (TN), total phosphorus (TP), soluble reactive phosphate (SRP), and nitrate-nitrogen (NO3-N) were analyzed according to the standard methods described by the Editorial Board of Water and Wastewater Monitoring and Analysis Methods of the Ministry of Environmental Protection of the People’s Republic of China (State Environmental Protection Administration, 2002). TN was determined by an alkaline potassium persulfate digestion-UV spectrophotometric method. TP was determined by an ammonium molybdate-ultraviolet spectrophotometric method after being digested with K2S2O8 solution. Chl a was extracted using 90% acetone (at 4°C for 24 h) after filtration through Whatman GF/C filters (0.45 μm, GE Healthcare United Kingdom Limited, Buckinghamshire, United Kingdom), and absorbance was then read at 665 nm and 750 nm, both before and after acidification with 10% HCl by spectrophotometry. For specific variable and season, we averaged all sample points within each lake and then applied the average of the four seasons as the composite value for the whole lake. Because SRP in most of the lakes we studied was below the detection limit, coupled with the fact that TN and nitrate nitrogen were highly correlated (Supplementary Figure S11), we used TN and TP for subsequent analysis.
2.2.2 Zooplankton sample collection and analysis
For zooplankton analysis, a 20 L subsample (a mix of the samples taken at 0.5, 3, and 5 m depth) was concentrated to 50 mL by filtering it through a 64 μm nylon net to collect zooplankton. The samples were fixed with a formaldehyde solution (3%–5% final conc.) and identified microscopically at a magnification of either ×100 or ×200 (Zhang and Huang, 1991). Zooplankton biomass was estimated by multiplying the averaged density with the average dry mass for specific species taken from the literature, i.e., “Specifications for freshwater plankton surveys (SC/T 9402–2010)” (The Ministry of Agriculture of the People’s Republic of China, 2011), and the identification of zooplankton species was mainly conducted according to “New Technology of Micro-biological Monitoring”, “Freshwater Rotifera of China”, and “Zoology of China-Freshwater Copepoda” (Wang, 1961; Editorial Committee of Zoology of China and Chinese Academy of Sciences, 1979; Shen, 1990).
2.3 Data processing and analyses
A comprehensive trophic level index (TLI) of the studied lakes was calculated based on Chl a, TN, TP, and ZSD (Jin and Tu, 1990; Jing et al., 2008). The TLI value for the whole lake is the average of each sampling site during the four seasons.
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where TLIj is the comprehensive trophic level index of the Jth parameter, Wj is the relative weight of the trophic level index of the Jth parameter, and rij is the correlation coefficient between the Jth parameter and the reference parameter Chl a.
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where the units Chl a, TP, TN, and SD were μg/L, mg/L, mg/L, and m, respectively. The trophic status partition criterion was based on the TLI scores. Oligotrophic, TLI<30; mesotrophic, 30 ≤ TLI≤50; slightly eutrophic,50 < TLI ≤60; medium eutrophic, 60 < TLI ≤70; and highly eutrophic, TLI >70.
Using an average water depth of 10 m as a threshold, the eight lakes were roughly divided into deep (with clear thermal stratification) and shallow (without clear thermal stratification) ones to analyze the potential role of water depth for the response of zooplankton to eutrophication and salinization. Due to the strong spatial heterogeneity of water depth at the different sampling sites in each lake, all the site-specific data from all four seasons were used in the correlation analysis to reveal the potential role of water depth. Moreover, analyses based on average data for the four seasons were performed. To ease comparison with other research studies, the Cl− concentration (mg/L) was converted to conductivity (μS/cm) by the function of Moffet et al. (Afonina and Tashlykova, 2020), and salinity (g/L) was converted to conductivity by dividing by 0.774 (Boros and Vörös, 2010).
Functional Plotting Software (Origin, version 9.1; OriginLab Corp., United State), Statistical Program for Social Sciences (SPSS, version 24.0; International Business Machines Corp., United State) and The R Programming Language (R, version 4.2.0; University of Auckland, NZ) were used to analyze data and draw graphs. The data were Log10-transformed (zooplankton species number and density, Log10 (X + 1); zooplankton biomass, Log10 (X + 0.001)), and SPSS was used to verify whether the data were in line with normal distribution. The “ggpubr”, “ggplot2”, “ggsci”, and “mgcv” packages in R were used for generalized additivity model (GAM) analysis. To develop the GAM model, we first used zooplankton species number and abundance as response variables, and physicochemical indicators of the water environment such as TN, TP, Chl a, conductivity, water depth, transparency and turbidity as independent variables, all variables being log-transformed. Then, we excluded independent variables that were highly correlated with each other. In addition, we used F-statistics and stepwise regression to select significant predictor variables. The final GAM model included four variables of TN, TP, Chl a, and conductivity. To explore the response of zooplankton to nutrient and salinity at different water depths, the lakes were first divided into two groups: deep and shallow. In addition, multiple stepwise regression analysis was performed using SPSS to determine the significance levels of the independent variables, here also including lake depth. In order to determine presence of interactions between nutrients, conductivity and water depths, we developed a regression model including the independent variables and the product terms of the independent variables, i.e., “A*B” model (using spss to convert the variables and build a linear regression model). A second-order polynomial analysis was done using the converted variables (TN*Cond and TP*Cond), with the species number and biomass of zooplankton as response variables, to investigate the interaction between nutrients and conductivity at different water depths.
3 RESULTS
3.1 Main limnological characteristics
The eight lakes formed a clear gradient in nutrient status and salinity measured as conductivity (Cond) (Table 1). Based on the calculated Trophic Level Index (TLI) values, the lakes were categorized as eutrophic (Lakes Xingyunhu, XYH; Dianchi, DC; Yilonghu, YLH; Qiluhu, QLH), mesotrophic (Lakes Chenghai, CH; Yangzonghai, YZH; Erhai, EH), and oligotrophic (Lake Luguhu, LGH). According to the measured Cond, the lakes could be classified into three groups, with the highest levels in CH and QLH, moderate levels in YZH, EH, XYH, DC, and YLH, and the lowest levels in LGH.
TABLE 1 | Main limnological characteristics (mean ± SE) of the eight studied lakes.
[image: Table 1]3.2 Zooplankton assemblages
The single factor ANOVA analysis indicated that species number, density and biomass of zooplankton differed significantly among the eight lakes (Supplementary Table S2). We found large differences in zooplankton species number S) among the lakes (Figure 2). In general, Ss of cladocerans and copepods was lower than that of rotifers and protozoans except for CH where S for cladocerans and rotifers were higher than for the other two taxa (Figure 2A). S was generally higher in the warm than in the cold seasons except for QLH (Figure 2B).
[image: Figure 2]FIGURE 2 | Zooplankton assemblage composition in the eight studied lakes. (A) Species number of the eight major taxa, (B) species number in the four seasons. Density (C) and biomass (D) of the main zooplankton groups. Explanation of the abbreviated lake names is given in Figure 1.
The density and biomass of zooplankton (DZoop, BZoop) showed an increasing trend with increasing nutrient status assessed by TLI (Figures 2C, D) and were mostly higher in the warm than in the cold seasons. Rotifers and protozoans were generally dominant (>60%) in density, except for the overwhelming dominance of copepods in CH in summer (>70%) (Figure 3). In terms of biomass, rotifers and copepods dominated in all the studied lakes, while cladocerans also accounted for a large proportion of CH, EH, XYH, and DC (Figure 3).
[image: Figure 3]FIGURE 3 | Percentage shares of the density (A) and biomass (B) of zooplankton in the studied lakes in the four seasons. The lakes are presented in a decreasing order of trophic status from top to bottom.
3.3 Relationships between zooplankton and the environments
Spearman rank correlation analyses showed highly significant positive relationships between the zooplankton variables (S, DZoop, and BZoop) and TN, TP, Chl a, WT, and TLI and negative relationships with ZM and ZSD (Supplementary Figure S2).
Generally, S displayed increasing trends with TN, TP, and Chl a (Figures 4A–C). There is a unimodal trend between S and conductivity (Cond), with S peaking at intermediate Cond and decreasing at higher Cond (Figure 4D). In comparison, S was much higher in shallow and hypertrophic Lake QLH with similar Cond. The S of cladocerans and copepods generally increased at low-moderate levels of TN, TP, Chl a, and Cond and was constant or decreased at high levels (Figures 4E–L). Differently, the S of rotifers and protozoans showed a relatively pronounced increasing slope at high levels of TN and Chl a and a drop at high Cond (Figures 4M–T). The analyses for summer (Supplementary Figure S4) and four-season mean data in each lake (Supplementary Figure S7) revealed similar results as those of the annual full data set.
[image: Figure 4]FIGURE 4 | Generalized additive model of the relationships between TN, TP, Chl a, and Cond with the species number of total zooplankton (A–D), Cladocera (E–H), Copepoda (I–L), Rotifera (M–P), and Protozoa (Q–T) in the studied lakes. The studied lakes were divided into two groups according to mean depth (Z), i.e., DC, XYH, YLH, and QLH as shallow lakes with Z < 10 m, LGH, CH, YZH, and EH deep lakes with Z > 10 m. See Supplementary Table S3 for model parameters.
Similarly, both DZoop and BZoop increased significantly with increasing TN, TP, and Chl a (Figure 5 and Supplementary Figures S3A–C), with larger slopes at high TN and Chl a and gentler slopes at high TP. There was a unimodal relationship between DZoop and BZoop and Cond, with DZoop and BZoop peaking at intermediate Cond and decreasing at higher Cond (Figure 5 and S3 d). DZoop and BZoop of cladocerans decreased but increased significantly for protozoans at high TN (Figure 5, Supplementary Figures S3E–Q). At high Cond, the abundances of all four taxa in the deep lakes decreased significantly; in shallow lakes, a clear decline was found for the abundance of cladocerans and copepods (Figure 5, Supplementary Figures S3H–L), while rotifer and protozoan abundances maintained increasing trends with Cond (Figure 5, Supplementary Figure S3P–T). The analyses of the summer (Supplementary Figures S5, S6) and annual lake averages for the four season (Supplementary Figures S8, S9) revealed similar results as those of the annual full data set. In the analysis of species number and abundance in relation to TN and TP, the R2 values for relationship to TN were higher than those to TP. The protozoans and rotifers showed the same pattern, while for cladocerans and copepods the relationship were more closely related to TP than to TN.
[image: Figure 5]FIGURE 5 | Generalized additive model of the relationships between TN, TP, Chl a, and Cond with the biomass of total zooplankton (A–D), Cladocera (E–H), Copepoda (I–L), Rotifera (M–P), and Protozoa (Q–T) in the studied lakes. See Figure 4 for the classification of deep and shallow lakes and Supplementary Table S3 for model parameters.
The ratio of zooplankton biomass to density was also analyzed to elucidate changes in body mass (Leptodora kindti and Simocephalus vetulus were excluded from the 17 sampling sites in Lake Dianchi and from one sampling site in Lake Luguhu in this analysis as the results were biased due to larger size) (Figure 6). Generally, the biomass/density of total zooplankton gradually decreased with increasing TN, TP, Chl a, and Cond (Figures 6A–D). The ratio of cladocerans was generally relatively constant along the environmental gradients studied (Figures 6E–H). Copepods showed a decreasing trend, but in the deep lakes there was a slight increase along the TN and Chl a gradient, and this pattern was consistent for crustaceans (cladocerans and copepods) (Figures 6I–P). We further analyzed the ratio of zooplankton biomass to phytoplankton biomass (because L. kindti is a top predator that never eats phytoplankton, it was subtracted from the 17 sampling sites in Lake Dianchi in this analysis), which generally showed a weak change with TN, TP, and Cond (Supplementary Figure S10). The ratio averaged 0.18 in the deep lakes and 0.10 in the shallow lakes.
[image: Figure 6]FIGURE 6 | Generalized additive model of the relationships between TN, TP, Chl a, and Cond with the biomass/density of total zooplankton (A–D), Cladocera (E–H), Copepoda (I–L), Crustaceans (M–P) in the studied lakes. See Figure 4 for the classification of deep and shallow lakes and Supplementary Table S6 for model parameters.
Multiple stepwise regression analyses showed that TN, Cond, TP and water depth (ZM) were the key driving environmental factors for zooplankton species number (decline with depth), but Cond showed no significant effects on total density and biomass (Table 2). TN, TP, Cond, TN*Cond, TP*Cond, TN*Cond*ZM, TP*Cond*ZM in the regression model (Table 3) were all statistically significant, indicating that interactive effects of Cond with TN and TP, and the water depth played an important role in this interaction. Second-order polynomial analysis showed that both species number and biomass of zooplankton first increased and then decreased with TN*Cond and TP*Cond in the deep lakes, with an overall negative correlation, while a significant positive correlation was found for the shallow lakes (Figure 7).
TABLE 2 | Multiple stepwise regression analysis of zooplankton species number, biomass and environmental parameters.
[image: Table 2]TABLE 3 | Analysis of zooplankton species number, biomass and environmental parameters by “A*B” regression model.
[image: Table 3][image: Figure 7]FIGURE 7 | Second-order polynomial analysis of the relationship between TN*Cond and TP*Cond and zooplankton species number and biomass in the studied lakes.
4 DISCUSSION
4.1 Changes in zooplankton species diversity and abundance
Our study, based on the mean of four seasons’ data of eight plateau lakes, revealed that both species number and biomass of zooplankton generally increased with increasing nutrient status (TP range 0.005–0.27 mg/L, TN range 0.025–6.09 mg/L), though leveling off at high TP. This concurs with the results of numerous other studies revealing that zooplankton abundance is generally lowest in oligotrophic lakes (May and O’Hare, 2005; Lampert and Sommer, 2007; García-Chicote et al., 2018). Some studies have reported a lower or a decreasing trend in species richness at high nutrient status. Investigations of lakes in Denmark, United State, and Italy found decreased zooplankton species richness above 0.05 mg TP/L, while the abundance of zooplankton increased above 0.09 mg TP/L (Havens et al., 2009; Jeppesen et al., 2011). A study of Danish lakes showed that, within the TP range 0.02–0.99 mg/L, a decreasing trend in species number levelled out at 0.1 mg TP/L while that of biomass remained high until 0.4 mg TP/L (Jeppesen et al., 2000). Studies in theUnited State (Lake Apopka, Florida) and Europe (Lago Trasimeno, Umbria, Italy) showed an increasing trend in zooplankton biomass in the TN range of approximately 0.75–5.7 mg/L (Havens et al., 2009). Another study in Lake Erhai in Yunnan plateau showed an increase in crustacean abundance in the TN range of 0.3–0.8 mg/L (Yin et al., 2023). The widely occurrence of low SRP under detection limit in these lakes might indicate P-limitation on productivity.
We further found water depth (ZM) to be an important influencing factor. ZM was significant negatively correlated with the species number and abundance of zooplankton. Others have also highlighted the role of lake depth. For example, an analysis of data from 1151 lakes (America and the Europe) showed that deep lakes usually have larger volume and a greater environmental capacity to better buffer, dilute and settle incoming nitrogen and phosphorus nutrients than shallow lakes (Zhou et al., 2022). Another example is a study of 30 lakes in the Yangtze River showing that a TP regime shifts thresholds between a clear water state dominated by submerged macrophytes and a turbid water state dominated by phytoplankton varied little at moderate depths, but decreased significantly when the depth exceeded 3–4 m and increased sharply when the depth was below 1-2 m (Wang et al., 2014).
After dividing the eight lakes into deep and shallow, we found that the species number and abundance of zooplankton in deep lakes were more significantly correlated with TN, TP and Chl a than in shallow lakes. Along TN*Cond and TP*Cond gradients, the species number and biomass of zooplankton showed a unimodal relationship in deep lakes, while they increased monotonically along these gradients in the shallow lakes.
Along the conductivity gradient, both the species number and biomass of zooplankton showed increasing trends at a conductivity level as high as 1085 μS/cm in the shallow lakes but were lower at a similar conductivity level (1096 μS/cm) in the deep lake. Similar unimodal changes (as in the deep lake) in the species richness of zooplankton have been reported in some other studies but at different salinity levels, e.g., > 1.4 g/L (1808 μS/cm) in endorheic soda lakes in southeastern Transbaikalia (Russia) (Afonina and Tashlykova, 2020), >500 μS/cm in the Carpathian Basin (Horváth et al., 2014), 0-1 g/L (0–1290) μS/cm in Lake Waihola, New Zealand (Schallenberg et al., 2003), and 1 g/L in a mesocosm experiment (1290 μS/cm) (Nielsen et al., 2008). Increases in the species number and biomass of zooplankton with increasing nutrient levels have also been reported in Danish lakes with conductivities in the range of 0.5–1.2 g/L (646–1550 μS/cm) (Jensen et al., 2010) and in the range of 1745–5790 μS/cm for 24 lakes in Xinjiang, China (Gutierrez et al., 2018). In our study, we demonstrated the interaction between TN, TP and Cond, respectively, and that such interactions differed significantly in deep and shallow (eutrophic) lakes. This indicates a buffering effect of eutrophication, i.e., communities developed under eutrophic conditions may be less sensitive to salinization due to cross-tolerance effects (Ersoy et al., 2022). The shallow lakes in our study and those from Denmark and Xinjiang, China, were mostly eutrophic, while the deep lakes in our study and those with decreased zooplankton at high conductivity were all in an oligotrophic or mesotrophic state.
In addition to the factors already discussed, variation in ion composition may also play a role because salinization effects depend on the composition and concentration of ions, both in terms of background salinity and the ‘chemical cocktails’ of ions created by anthropogenic activities (Schuler and Relyea, 2018; Kaushal et al., 2019; Zadereev et al., 2022). A discrepancy was also found between the effects of conductivity on zooplankton species number (significantly negative) and abundance (weak), as suggested by the results of multiple regression analyses. This may reflect the shift in assemblage composition, i.e., protozoans and rotifers are more tolerant to salinity (Sarma et al., 2006; Hintz et al., 2017) and both dominate and maintain the total density and biomass at high conductivity, as discussed in the following section.
4.2 Zooplankton decline in body mass along with eutrophication and salinization
We found that the average body mass (biomass/density) of crustaceans (cladocerans and copepods) decreased with increasing TN, TP, and Chl a due to changes in species composition. This is consistent with previous studies (e.g., Uye, 1994; Ostojić, 2000; Qin et al., 2013). A survey of 74 lakes in northeastern Poland with TP levels ranging from 0.02 to 0.94 mg/L and Chl a from 1.1 to 182 μg/L, revealing a decrease in average body mass of crustaceans with increasing TP (Ejsmont-Karabin and Karabin, 2013). Another example is a study of 71 shallow lakes in Denmark with a mean summer TP range of 0.02–1 mg/L, revealing that the average body mass of cladocerans decreased with increasing TP (Jeppesen et al., 2000). A study in 631 Danish lakes also showed a weak trend of decreasing body mass of crustaceans in the TP range 0.015–0.3 mg/L (Jeppesen et al., 2020b).
We found that the biomass ratio of zooplankton:phytoplankton decreased weakly with increasing TN and TP but it was overall low; thus, the ratio averaged 0.18 in deep lakes and 0.10 in shallow lakes. Although weak, this relationship was similar to those found elsewhere. For example, a study of 1656 shallow lakes from Florida and Denmark showed a decreasing trend of the zooplankton:phytoplankton ratio within the TP range 0.015–0.3 mg/L (Jeppesen et al., 2020b). A study of 71 shallow lakes in Denmark showed that the zooplankton: phytoplankton ratio was approximately 0.45 at 0-0.05 mg TP/L,.0.25 at 0.05–0.1 mg TP/L, 0.15 at 0.1-0.2 mg TP/L, and 0.1 at 0.2–0.4 mg TP/L (Jeppesen et al., 2000). A study of data collected in 466 lakes in Greenland, Denmark, New Zealand, and Norway showed that the zooplankton:phytoplankton ratio decreased within the range 0.003–0.8 mg/L (from a mean value of 0.35 in the most oligotrophic lakes to less than 0.1–0.2 in the most eutrophic lakes) and that the fish predation pressure on large-bodied cladocerans was overall unimodally related to TP (Jeppesen et al., 2003). Analysis of data collected from lakes and reservoirs across the United States from the 2012 National Lake Assessment also shows that in eutrophic lakes, increasing eutrophication caused a decrease in the ratio between zooplankton and phytoplankton (Yuan and Pollard, 2018).
The generally low biomass of cladocerans, low average body mass of crustaceans and low zooplankton:phytoplankton biomass ratio suggest a strong top-down control by fish of zooplankton (Hrbáček et al., 1961; Brooks and Dodson, 1965; Li et al., 2022), which is typical for (sub) tropical lakes (Jeppesen et al., 2020b). Unfortunately, fish data were not available for the eight lakes in this study due to the fishing ban policy. However, from the published literature, fish in Yunnan Plateau lakes are mainly dominated by planktivores, herbivores, and omnivores (Yuan et al., 2010), many of which prey on zooplankton. The eutrophic study lakes (e.g., YLH, QLH, XYH, and DC) are dominated by planktivorous fish, including silver carp (Hypophthalmichthys molitrix) and bighead carp (Aristichys nobilis) (Guan and Huang, 2014; Wang, 2017; Xue et al., 2017). The lakes with the lowest nutrient levels are dominated by omnivores, planktivores, and herbivores. For example, the main fish species in EH are silver carp (H. molitrix), bighead carp (A. nobilis), grass carp (Ctenopharyngodon Idella), blunt snout bream (Megalobrama amblycephala), salangid icefish (Neosalanx taihuensis), and other fishes such as stone moroko (Fei, 2012). The main fish in LGH are omnivores such as goldfish (Carassius auratus) and carp (Cyprinus carpio) (Huang et al., 2020). The fish in YZH are mainly goldfish, silver carp, bighead carp, tilapia, banded catfish (Pelteobagrus fulvidraco), and small fish such as stone moroko (An et al., 2015). The fish in CH are mainly salangid icefish (Dong and Wang, 2013). Thus, all the lakes were dominated by fish having the potential of feeding on zooplankton.
Along with increasing eutrophication, species richness and the abundance of crustaceans (sum of cladocerans and copepods) showed a weaker upward trend than the abundance of rotifers and protozoans, while cladocerans exhibited a decrease at high TN, all groups demonstrated a decrease at the higher salinity levels, not least in the deep lakes. The average body mass (biomass/density) of crustaceans decreased with increasing TN, TP, Chl a, and conductivity. Such changes have been widely reported in mesocosm experiments (Thompson and Shurin, 2012; Lind et al., 2018; Moffett et al., 2020; Coldsnow and Relyea, 2021; Greco et al., 2022; Hébert et al., 2022; McClymont et al., 2022) and field investigations (Brucet et al., 2009; He et al., 2020; Zadereev et al., 2022) at moderate to low conductivities. However, at higher conductivities, the food web transforms from three-trophic to two-trophic without fish, and large cladocerans such as Daphnia may become dominant until they reach a critical level at high conductivities (Lin et al., 2017).
5 CONCLUSION
Our study showed interaction effects of nutrients and conductivity (i.e., salinity) on zooplankton and that water depth may play an important role in this interaction. Eutrophication apparently mitigated the effect of salinity stress on zooplankton abundance to some extent. Both eutrophication and salinization led to a decrease in zooplankton body size. At the same TN*Cond and TP*Cond gradients, the species number and biomass of zooplankton showed a decreasing trend in the deep lakes, while the opposite was true in the shallow lakes, suggesting that the salt tolerance of zooplankton in the shallow lake may be higher than that in the deep lake, but further studies are needed to confirm this. In addition, fish apparently had strong control of large-bodied consumer zooplankton in the studied Yunnan Plateau lakes, not least the eutrophic ones.
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