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The biodiversity-stability relationship is a fundamental subject of ecological research. Considerable evidence demonstrates that biodiversity can either increase or decrease stability. Most relevant research mainly focuses on grassland and forest ecosystems. The biodiversity-stability relationship in aquatic ecosystems and the underlying mechanisms remain poorly understood. To fill the gap, we conducted a year-long study on the phytoplankton of reservoir ecosystems in the Xiangxi Bay of Three Gorges Reservoir (TGR) to test the following hypotheses: (H1) phytoplankton species richness and functional diversity directly reduce phytoplankton community stability in reservoir ecosystems; (H2) nutrient enrichment and water temperature increasing directly reduce phytoplankton community stability; and (H3) nutrients and water temperature indirectly reduce phytoplankton community stability via biodiversity. The structural equation model (SEM) found that functional diversity (community-weighted means of traits and functional divergence) had significant negative correlations with phytoplankton community stability (p < 0.05), while the species diversity had no significant correlation with phytoplankton community stability (p > 0.05). This finding partially supported the hypothesis H1, which suggested that the functional diversity had a closer tie with stability than the species diversity. SEM did not find any direct effect of environmental factors on phytoplankton community stability, which rejected our hypothesis H2. Instead, SEM found that water temperature and phosphate decreased phytoplankton community stability by increasing the first principal component of the community-weighted means of traits (CWM_PC1), which supported hypothesis H3. Further analysis showed that the increased water temperature and phosphate concentration can promote “r-strategists” species (larger CWM_PC1), which are less resistant to environmental disturbances, therefore decreasing the phytoplankton community stability. Our study highlights the importance of functional diversity in maintaining the relationship between biodiversity and stability in the phytoplankton community, which may provide a mechanistic understanding of the biodiversity-stability relationships in aquatic ecosystems.
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Introduction

The relationship between biodiversity and ecosystem functioning is a central topic in ecological research (Ptacnik et al., 2008; Filstrup et al., 2014; Ye et al., 2019). A particularly pressing scientific challenge in the context of global change is to understand and predict the impact of biodiversity loss to ecosystem functions, because biodiversity is being lost at an unprecedented rate (Diaz et al., 2007; de Mazancourt et al., 2013; Leps et al., 2018). As one of the fundamental ecosystem functions, ecosystem stability is defined as the ability of a community to restore its original structure and functional state after disturbance (Loreau and de Mazancourt, 2013). The ecosystems that have higher stability are generally supposed to have a high ability to buffer the effects of environmental disturbances (de Bello et al., 2021). Therefore, understanding the drivers that promote ecosystem stability is essential to maintain biodiversity and ecosystem stability, and mitigate the adverse impacts of global change on ecosystems and biodiversity (de Bello et al., 2021; Van Meerbeek et al., 2021).

The relationship between biodiversity and stability is one of the long-term research interests for ecologists (MacArthur, 1955; McCann, 2000; de Bello et al., 2021). Both theoretical and empirical studies have shown that species diversity can either increase or decrease stability, depending on different intrinsic mechanisms (McCann, 2000; Ives and Carpenter, 2007). For example, Craven et al. (2018) reported that grassland community stability increases with grassland diversity increasing due to compensatory dynamics across species. Yet, for the ecosystems in which compensatory dynamics is not the mechanism for diversity dependence, a negative biodiversity-community stability relationship was also observed (Pfisterer and Schmid, 2002). So far, most knowledge on the biodiversity-stability relationship comes from grassland ecosystems and forest ecosystems (Craven et al., 2018; Bongers et al., 2021; Schnabel et al., 2021). Diffusion barriers in aquatic ecosystems are usually weak and energy and material flow within and between habitats are relatively rapid (Giller et al., 2004). Thus, it is usually considered that the dispersal rates of plankton in aquatic ecosystems are faster than other species in terrestrial ecosystems (Ptacnik et al., 2010), implying that aquatic organisms have a higher community turnover rate and may have different biodiversity-stability relationships comparing to terrestrial ecosystems. Exploring the biodiversity-stability relationships in aquatic ecosystems can help us deeper understand the mechanism of community maintenance in aquatic ecosystems, which is crucial for the future development of conservation strategies for aquatic ecosystems (Baert et al., 2016; Danet et al., 2021; Xu et al., 2021).

Beyond taxonomic diversity, there is a growing interest in investigating the relationship between traits-based functional diversity and ecosystem functioning (Ye et al., 2013, 2019; Gross et al., 2017; Bongers et al., 2021). Functional diversity is based on the various traits of species and their adaptations and responses to environmental change. Compared to taxonomic diversity, trait-based functional diversity can better reflect species resource acquisition and niche complementarity (Mason et al., 2005; Poos et al., 2009). Recently, ecologists have begun to focus on the effects of functional diversity and traits on stability (Mouillot et al., 2013; Oliver et al., 2015; de Bello et al., 2021). Theoretically, the dominant species effect, compensatory dynamics, and insurance effect are three of the major mechanisms explaining biodiversity-stability relationships (de Bello et al., 2021). Specifically, the dominant species effect is generally used to explain the relationships between stability and functional diversity; while, the theories of compensatory dynamics and insurance effect are applicable for explaining the relationships between stability and taxonomic and functional diversity (de Bello et al., 2021). The theory of the dominant species effect is derived from the mass-ratio theory (Grime, 1998) and holds that the resistance and recovery of community biomass after disturbance is related to the traits and functional roles of dominant species in the community, rather than to species diversity itself. The compensatory dynamics theories hypothesized that community species have countervailing responses to environmental change (Gonzalez and Loreau, 2009). While the theory of insurance effect emphasizes that the species with the same of similar effects on ecosystem functions have functional redundancy to maintain the community stability (Yachi and Loreau, 1999). Therefore, an interesting question is whether taxonomic or functional diversity is more closely related to the stability in aquatic ecosystems and the mechanism behind it.

Recently, several studies have shown the significance of functional trait-based life history strategies in understanding the functional diversity-stability relationships (Craven et al., 2018; Li et al., 2021; Schnabel et al., 2021). It is generally accepted that “K-strategists” species with larger individuals and more conservative resource acquisition show greater resistance (ability to withstand perturbation) but less resilience (recovery from perturbation) to a disturbance (MacGillivray et al., 1995; Karlowsky et al., 2018). On the contrary, “r-strategists” species with smaller size and rapid resource uptake can recover rapidly after a disturbance and show greater resilience. However, “r-strategists” species are less resistant in the face of environmental disturbances (Pianka, 1970). The “r-K strategists” continuum based on phytoplankton traits in freshwater ecosystems was proposed by Wentzky et al. (2020), who argued that a trait-based rather than taxonomic approach to classifying phytoplankton into “r-K strategists” species is more helpful in the understanding of how phytoplankton communities respond to changes in environmental conditions. Specifically, the “r-strategists” species were characterized by smaller cell size, stronger motility and clustering tendency, ability to take mixed nutrients, silicon-free access capability, and the “K-strategists” species were characterized by larger cell size, weaker motility and clustering tendency, lack of ability to take mixed nutrients, ability to obtain silicon. Previous studies on the phytoplankton “r-K strategists” continuum generally focus on how phytoplankton community structures in response to environmental factors (Wentzky et al., 2020). In this study, we try to investigate the mechanisms underlying the relationship between phytoplankton functional diversity and community stability from the conception of the phytoplankton “r-K strategists” continuum.

Phytoplankton is the basis of food webs in aquatic ecosystems (Litchman and Klausmeier, 2008), accounting for about 50% of total global primary production (Field et al., 1998). The phytoplankton diversity and dynamics are closely related to the biogeochemical cycling processes of elements (Falkowski et al., 2004). Therefore, studying the phytoplankton diversity-community stability relationship is essential for the development of conservation strategies in aquatic ecosystems. Most current research on phytoplankton diversity-community stability relationships is based on the compensatory and insurance effect (Ptacnik et al., 2008; Tian et al., 2017a,b). For example, Tian et al., 2017a,b reported that phytoplankton taxonomic diversity increases phytoplankton community stability due to compensatory effects. On the contrary, the dominant species effect in maintaining the phytoplankton diversity-stability relationship was seldom reported yet. Actually, in some dynamic ecosystems (e.g., reservoir ecosystems), the small-size phytoplankton likely dominate the community (Wang et al., 2011b; Pȩczuła et al., 2014). In this case, the dominant species effect may be the main mechanism explaining the relationship of phytoplankton diversity-stability. Therefore, following the theory of the dominant species effect, we hypothesized that phytoplankton diversity directly reduces phytoplankton community stability in reservoir ecosystems because of the dominance of small-size phytoplankton.

In contrast, the impact of changes in environmental factors on biodiversity-stability relationships has received extensive attention from scholars (De Laender et al., 2016; Craven et al., 2018; Li et al., 2021; Schnabel et al., 2021). Phytoplankton community stability is not only affected by diversity but also directly affected by the environment (Hillebrand et al., 2018; Polazzo and Rico, 2021). Research showed that warming will increase the proportion of small-size species in aquatic ecosystems (Daufresne et al., 2009). In the light of this research, we hypothesized that water temperature increase will result in the dominance of small-size phytoplankton species (“r-strategists” species), therefore reducing the phytoplankton community stability. Meanwhile, nutrient enrichment has been recognized as the major factor causing cyanobacterial blooms (Lurling et al., 2018), which was generally constituted by small body-size cyanobacteria (e.g., Microcystis sp.) (Filstrup et al., 2014). Therefore, we also hypothesized that nutrient enrichment would reduce the phytoplankton community stability because of the increment of the proportion of small body-size cyanobacteria.

We conducted a year-long study on the phytoplankton of natural aquatic ecosystems in the Xiangxi Bay of Three Gorges Reservoir (TGR). Using the weekly dynamic time series of phytoplankton communities and environmental variables, the causal network between environmental variables, biodiversity, and community stability was reconstructed using piecewise structural equation modeling, which examines the relationship between environmental variables, biodiversity, and community stability. Specifically, we tested the following hypotheses:







	

	H1: Phytoplankton species richness and functional diversity directly reduce phytoplankton community stability in reservoir ecosystems.











	

	H2: Nutrient enrichment and water temperature increase directly reduce phytoplankton community stability.











	

	H3: Nutrients and water temperature indirectly reduce phytoplankton community stability via biodiversity.







Materials and methods


Study area

The field sampling site was set up in the middle region of Xiangxi Bay of the TGR (Figure 1). The TGR is located in Chongqing and Hubei Province in the upper reaches of the Yangtze River, with a total water surface area of 1,080 square kilometers and a total storage capacity of 39.3 billion m3 (Ye et al., 2022). The TGR is the most giant strategic reservoir of freshwater resources in China and has huge benefits for water resource allocation (Ye et al., 2016). Xiangxi Bay is the largest tributary of the TGR in Hubei Province. After the TGR was impounded, the downstream section of the river for dozens of kilometers became a lake-like slow-flowing water body, called Xiangxi Bay (Ye et al., 2007). We choose Xiangxi Bay as the study site because the previous study showed that small-size species dominate the phytoplankton community (Wang et al., 2011b), which provides an excellent natural study site to test our research hypotheses. The local climate is subtropical monsoon, characterized by warm winters and hot summers, cold early spring and autumn, cloudy and breezy, high humidity, heavy rain, and little frost (Wang et al., 2011a).
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FIGURE 1
Geographical location of sampling site in the Xiangxi Bay of Three Gorges Reservoir (TGR).




Data

The phytoplankton and related environmental data used in this study were obtained from the Xiangxi Bay Ecosystem Station of TGR. Specifically, weekly data from 29 February 2008 to 3 April 2009, for the site in the middle of Xiangxi Bay (Figure 1) was selected to test our research hypotheses. During the study period, the weather in the area was typical, with no unusual occurrences of hotter or wetter weather than the annual average (Wang et al., 2011a). The details for the field sampling, phytoplankton, and environmental factors analyses can be found in Ye et al. (2007) and Wang et al. (2011b). In simple terms, the water temperature (WT) was measured in situ by a multi-parameter water quality sonde (YSI 6600, YSI Inc., Yellow Springs, OH, United States). The water samples were collected at the surface layer (0.5 m depth) for water quality analyses and phytoplankton identification and counting. The water quality variables, including dissolved inorganic nitrogen (DIN, the sum of the ammonia nitrogen, nitrite nitrogen, and nitrate nitrogen), phosphate (PO4-P), dissolved silicate (DSi), were analyzed by the segmented flow analyzer (Skalar SAN++, Netherlands) in the lab. Phytoplankton was counted in the Fuchs–Rosenthal chamber by a microscope (Olympus CX21, Japan) at 10 × 40 magnification. The phytoplankton species identification was referred to by John et al. (2002) and Hu and Wei (2006). The summary statistics of the above environmental variables including nutrients and water temperature could be found in (Supplementary Table 1) in the supporting information.



Phytoplankton functional and taxonomic diversity

The diversity indices include, species richness (SR), community-weighted means (CWM) of traits (Lavorel et al., 2008), and functional divergence (FDiv) (Villeger et al., 2008) were used to investigate the biodiversity-stability relationship. CWM represents the effect of dominant species in a community on ecosystem stability (de Bello et al., 2021). FDiv represents the degree of ecological niche complementarity among community species (Lavorel et al., 2008). The CWM and FDiv are selected to investigate whether the dominant species effect or the insurance effect is the mechanism determining the relationship between phytoplankton diversity and stability in our study.

Following Weithoff (2003) and Ye et al. (2019), the functional diversity indices were calculated based on five functional traits, including (1) motility, (2) cell size, (3) silica use, (4) mixotrophy, and (5) chains or colonies. Specifically, Motility is classified as 0, no motility; 0.5, motility regulated by air bubbles in the body; and 1, flagellated and able to move actively in water. The cell size takes values ranging from 0.1 to 1. The last three functional traits are binary variables (0, 1), with 1 for having the ability and 0 for not having the ability (Ye et al., 2019).

To reduce the dimension of community-level traits, we performed principal component analysis (PCA) on the community-weighted means eigen values CWM of these five traits. The first principal component explained 73.41% of the total variation of the community-weighted means eigen values of the five traits (CWM_PC1) (Craven et al., 2018). The Bi-plot of principal component analysis (Supplementary Figure 1) and its loadings of community weight mean of five functional traits (Supplementary Table 2) suggest an “r-K strategists” continuum in life history. Specifically, a larger value of CWM_PC1 corresponds to “r-strategists” species, characterized by smaller cell size, stronger motility and clustering tendency, ability to take mixed nutrients, and silicon-free access capability. Whereas a smaller value of CWM_PC1 corresponds to “K-strategists” species, characterized by larger cell size, weaker motility and clustering tendency, lack of ability to take mixed nutrients, and ability to obtain silicon (Wentzky et al., 2020). PCA was performed with the “PCA” function in the “FactoMineR” package (Lê et al., 2008). Calculation of functional diversity using the “FD” package (Laliberté and Legendre, 2010; Laliberté et al., 2014).



Community stability

The temporal stability of phytoplankton is calculated as the Bray–Curtis similarity (BC) between phytoplankton community samples sampled in two adjacent weeks (Ptacnik et al., 2008; Filstrup et al., 2014; Tian et al., 2017b). The values of BC were calculated by Equation 1. Specifically, in Equation 1, Wi1 and Wi2 are the biomass of phytoplankton species i in the two samples; n is the total number of phytoplankton species present in the two sampling samples. The numerator of the above equation represents the summed variation of biomass; the denominator represents the total biomass. Exploring the changes in the numerator and denominator can provide further insight into the mechanisms of community stability changes (Tian et al., 2017b). The BC value is ranged from 0 to 1, and a higher BC value represents higher community stability (Filstrup et al., 2014).



Statistical analysis

To test our hypotheses, we used piecewise structural equation models (SEMs) to analyze the direct and indirect causal relationships between community stability and environmental and biotic variables. SEM is widely used in the field of ecology to investigate direct or indirect relationships between study variables (Schnabel et al., 2021; Li et al., 2022). Following Craven et al. (2018) and Schnabel et al. (2021), we fitted the piecewise SEM using the linear regression models. Based on prior knowledge (Ptacnik et al., 2008; Xu et al., 2021), we hypothesized that biodiversity diversity directly improved community stability and its components (i.e., total biomass and summed variation of biomass) and that these indicators are regulated by environmental variables. In other words, environmental variables can affect the stability of the phytoplankton community, either directly or indirectly, by influencing biodiversity. We built our SEMs using the “piecewiseSEM” package (Lefcheck, 2016).

The relative importance of the two components of stability (i.e., summed variation of biomass and total biomass) in explaining community stability was investigated using linear regression and variance partitioning analysis (VPA). VPA was performed with 999 permutation tests to obtain significance. VPA used the “varpart” function in the “vegan” package (Oksanen et al., 2019). All data analysis was performed on R 4.1.2 (R Core Team, 2021). In all analyses, environmental factors, biodiversity (except CWM_PC1), community stability and phytoplankton biomass were log2 transformed to meet normality assumptions (Craven et al., 2018; Schnabel et al., 2019).




Results


Phytoplankton community stability

The weekly dynamics of phytoplankton community stability calculated by the Bray–Curtis similarity were presented in Figure 2A. It can be seen from the figure that though there was substantial month-to-month variation, community stability was generally lower from March 2008 to October 2008, compared to November 2008 to January 2009. And the community was most stable on 6 March 2009, and the community stability decreased from 6 March 2009, onward. This suggests that the phytoplankton community is more stable from late autumn to early winter compared to spring and summer, but longer-term testing would be needed to confirm this. Components of community stability whose weekly dynamics of summed variation of biomass trended in the opposite direction to that of community stability (Figure 2B). That is, both summed variation of biomass and total biomass were significantly and negatively correlated with phytoplankton community stability (Figures 3A,B), suggesting there was a correlation between high community stability and lower total phytoplankton biomass variation from the points of 3 October 2008, 5 December 2008, and 6 March 2009. Summed variation of biomass and total biomass explained 51 and 23% of the phytoplankton community stability, respectively, and together they explained 14% of the variation in community stability (Figure 3C).
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FIGURE 2
Weekly dynamics of phytoplankton community stability (Bray–Curtis similarity) (A) and the components of Bray–Curtis similarity shown in panels (A,B) in the Xiangxi Bay of Three Gorges Reservoir (TGR).
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FIGURE 3
Linear relationships between phytoplankton community stability (Bray–Curtis similarity) and summed variation of biomass (A) and total biomass (B). (C) Shows the variance partitioning result for phytoplankton community stability. *p < 0.05, **p < 0.01, and ***p < 0.001.




The drivers of the phytoplankton community stability

Our structural equation modeling provides insight into the relationship between biodiversity, environmental factors, and phytoplankton community stability, which provides strong evidence that biodiversity is a key mediator regulating the environmental factor-phytoplankton community stability relationship, and that biodiversity is driven by environmental factors. Overall, our model achieved an acceptable fitness (Fisher’s C = 3.661, and p-value = 0.454) (Figure 4A). All variables together explained 33% of the variation in community stability (R2 = 0.33). The pathway with the greatest impact on community stability was (standardized path coefficient of direct effect = −0.50) CWM_PC1, which directly reduced community stability, and FDiv had a similarly strong negative effect on community stability (standardized path coefficient of direct effect = −0.37). Direct pathways of SR effects on community stability were not significant. Furthermore, we found that PO4-P and WT affected stability through indirect pathways, i.e., WT and PO4-P enhanced CWM_PC1 to reduce community stability. The direct pathways of PO4-P, WT, DIN, and DSi on community stability were not significant (Figure 4A).
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FIGURE 4
Piecewise structural equation model (SEM) depicts the relationships between the environment variables, biodiversity and community stability (A). Overall, the model fits the data well: Fisher’s C = 3.661, AIC = 59.661, and p-value = 0.454. Piecewise SEM depicts the relationships between the environment variables, biodiversity and community stability components (B). The model fit the data well: Fisher’s C = 3.661, AIC = 79.661, and p-value = 0.454. The solid and dashed arrows represent positive and negative relationships, respectively, and the light-gray arrows represent non-significant relationships (p > 0.05). Dissolved silicate (DSi), phosphate (PO4-P), dissolved inorganic nitrogen (DIN), water temperature (WT), phytoplankton species richness (SR), the first principal component of the community-weighted means of traits (CWM_PC1), functional divergence (FDiv), Bray–Curtis similarity between phytoplankton community samples sampled in two adjacent weeks (Bray–Curtis similarity), the total biomass of phytoplankton samples from two adjacent weeks (Total biomass), summed variation of biomass of phytoplankton samples from two adjacent weeks (Summed variation of biomass).


Further, we investigated how environmental factors and diversity affect the community stability for a deeper understanding of the mechanisms behind the biodiversity-stability relationship (Figure 4B). All variables together explained 40% of the total biomass (R2 = 0.40) and 44% of the summed variation of biomass (R2 = 0.44). We can see that all the paths that affect the total biomass are not significant (Figure 4B), and the path that has the greatest impact on the summed variation of biomass (standardized path coefficient of direct effect = 0.48) is that CWM_PC1 directly increases the summed variation of biomass, which indicates that CWM_PC1 decreases community stability by increasing summed variation of biomass. Similar to CWM_PC1, species richness also improved the summed variation of biomass (standardized path coefficient of direct effect = 0.47). Environmental variables affect the summed variation of biomass through direct or indirect pathways, WT increases the summed variation of biomass by promoting CWM_PC1 and species richness, thereby reducing the community stability. PO4-P positively acting on CWM_PC1 increased the summed variation of biomass, while negatively acting on SR decreased the summed variation of biomass. DIN can reduce the summed variation of biomass directly or by reducing SR (Figure 4B).




Discussion


Relationship between biodiversity and phytoplankton community stability

We found that phytoplankton community stability had no significant correlation with the species richness but had a significant negative correlation with CWM_PC1 (Figure 4A). This finding revealed that CWM_PC1 is the most important biotic factor driving phytoplankton community stability (Figure 4A) and supported our hypothesis that functional diversity directly reduced phytoplankton community stability in reservoir ecosystems. In our case, larger values of CWM_PC1 indicated that the phytoplankton community was more unstable because the community was dominated by “r-strategists” species (characterized by smaller cell size, stronger motility and clustering tendency, ability to take mixed nutrients, and silicon-free access capability). Conversely, smaller values of CWM_PC1 indicated that the phytoplankton community dominated by “K-strategists” species (characterized by larger cell size, weaker motility and clustering tendency, lack of ability to take mixed nutrients, and ability to obtain silicon), which can maintain a more stable community. We also found that CWM_PC1 reduced community stability by increasing summed variation of biomass (Figure 4B). When communities were dominated by “r-strategists” species, they were less resistant to environmental stresses and thus showed greater variation in community biomass, which reduced community stability (Donohue et al., 2013).

Our study is consistent with a recent study conducted in grassland ecosystems (Craven et al., 2018). Craven et al. (2018) found that communities dominated by “slow” species (low specific leaf area, low leaf N and P, and high leaf dry matter content) are more stable than those dominated by “fast” species (high specific leaf area, high leaf N and P, and low leaf dry matter content) because “slow” species can enhance ecosystem stability (the ratio of the mean and standard deviation of biomass) by increasing mean above-ground biomass production. When considering different disturbances, communities species dominated by “r-strategists” species can maintain community stability when a system is subjected to persistent environmental fluctuations (environmental stochasticity) due to stochastic factors in the biotic or abiotic environment due to the ability to recover quickly, while communities dominated by “K-strategists” species may maintain community stability in the face of pulse perturbation (Donohue et al., 2016; Kefi et al., 2019). The “r-strategists” species should be more resilient, while the “K-strategists” species should be more resistant (Kefi et al., 2019). Previous studies showed that water level fluctuations will affect the dynamic of phytoplankton in the TGR (Wang et al., 2011a,b; Ye et al., 2022). Therefore, how water level fluctuations influence the phytoplankton diversity-stability relationships is an interesting research question and should be explored in future studies.

Structural equation model found a significant negative relationship between FDiv and community stability (Figure 4A). This is contrary to some previous studies on the phytoplankton diversity-stability relationships (Ptacnik et al., 2008; Tian et al., 2016, 2017b). However, the negative correlation between phytoplankton biodiversity (evenness) and phytoplankton community stability was supported by Filstrup et al. (2014). Filstrup et al. (2014) studied the lakes are eutrophic and the phytoplankton communities were dominated by a few dominant species of the cyanobacteria, especially the Microcystis sp., limiting the growth and reproduction of other phytoplankton species. The reduction in phytoplankton community turnover in cyanobacteria-dominated ecosystems indicates an “inhibition model” of succession (Connell and Slatyer, 1977), similar to the formation of closed canopy shrubs in terrestrial ecosystems, and inhibits the growth of trees. Microcystis blooms can also reduce weekly community turnover by competitively excluding or inhibiting other taxa through the efficient use of TP supply (Reynolds, 2006) or the chemosensory effects of secondary metabolites (Pflugmacher, 2002). Previous studies showed that Xiangxi Bay is facing a serious eutrophication problem because of the pollutants in its watershed and the associated phytoplankton bloom in the bay (Wang et al., 2011b; Ye et al., 2014, 2022). Specifically, in our study, cyanobacterial biomass accounted for 51% of the total phytoplankton community biomass, and the cyanobacterial was dominated by Microcystis sp. and Anabaena sp., which is consistent with the study reported by Filstrup et al. (2014), suggesting the biodiversity-stability relationship was also determined by the dominant species effect.

We note that CWM_PC1 has a significant negative effect on FDiv (standardized path coefficient of direct effect = −0.73) (Figure 4A). FDiv describes the formation of species clusters in the character space, where a higher degree of divergence indicates that species groups are distributed at the edges of the character space (Mason et al., 2005; Villeger et al., 2008). For example, divergence is lower when the most abundant species have functional traits close to the center of the functional trait range; conversely, divergence is higher when the most abundant species have extreme functional trait values. In multivariate environments, functional divergence is related to the distribution of abundance within the functional trait space occupied by the species (Villeger et al., 2008). CWM is defined as the average of the values present in the community, weighted by the relative abundance of taxa with each value (Lavorel et al., 2008), Lavorel et al. (2008) argue that both CWM and FDiv measures require characterization of taxa and information on their relative abundance, and thus both CWM and FDiv depend on the characterization values among the more abundant species within the community distribution of the two indices, and there is some similarity in the properties of these two indices. We also found that an increase in the CWM_PC1 index caused a decrease in the FDiv index, i.e., the dominance of “r-strategists” species led to a decrease in FDiv, and since FDiv has a negative effect on stability, CWM_PC1 indirectly maintained phytoplankton community stability by decreasing FDiv.

Our study has not found a significant relationship between species richness and phytoplankton community stability (Figure 4A). Functional diversity reflects the differentiation of functional traits of community species, and trait-based functional diversity better explains the variation of phytoplankton community stability through ecological niche differentiation (Mouillot et al., 2013; de Bello et al., 2021). The functional diversity index was suggested to be superior to species diversity in explaining the stability of the phytoplankton community.



Environmental variables indirectly reduce phytoplankton community stability via functional diversity

Our SEM found that water temperature and phosphate indirectly reduced phytoplankton community stability via functional diversity, which supports hypothesis H3. The direct effects of the four environmental factors on phytoplankton community stability were not significant. It is widely considered that warming will affect the size structure of organisms in ecosystems (Daufresne et al., 2009) and thereafter changes ecosystem function directly or indirectly (Burgmer and Hillebrand, 2011; Yvon-Durocher et al., 2015). Our study shows that WT increases summed variation of biomass by increasing CWM_PC1 values (Figures 4A,B) (i.e., increasing temperature promotes the growth of “r-strategists” species and suppresses the growth of “K-strategists” species), thus reducing community stability. At the same time, our study is consistent with previous findings that elevated temperatures affect biodiversity, which disrupts ecosystems and increases the volatility of phytoplankton community biomass (Beninca et al., 2011; Bestion et al., 2021). Wentzky et al. (2020) found that spring phytoplankton communities with lower temperatures were dominated by “r-strategists” species, and summer phytoplankton communities with higher temperatures were dominated by “K-strategists” species. Our results differ from the study of Wentzky et al. (2020), and further comparisons show that the lakes studied by Wentzky et al. (2020) differed not only in temperature but also in nutrients between spring and summer, i.e., higher nutrient content in spring and lower nutrient content in summer lakes. Differences in nutrient content between seasons are also factors to be considered in causing a species shift in the “r-K strategists.”

PO4-P was positively correlated with CWM_PC1, indicating that PO4-P promoted the growth of “r-strategists” species and increased summed variation of biomass, thus reducing community stability (Figures 4A,B). According to previous studies in Xiangxi Bay, phosphorus was found to be the main limiting nutrient for algal growth and blooms in this bay (Huang et al., 2020). According to the Redfield ratio (Redfield, 1958), the stoichiometric ratio of 16N: 1P (in atoms) is a widely used criterion in determining nutrient limitation in aquatic ecosystems. According to our study, we found that the N/P ratio was greater than 16 in 42 of 57 samples, indicating that the phytoplankton in Xiangxi Bay may be limited by phosphorus resources. Nutrient inputs are considered to be important drivers of species turnover (Jochimsen et al., 2013) and diversity (Lehtinen et al., 2017), suggesting that diversity may be a necessary mediator of nutrient effects on stability. The study by Jochimsen et al. (2013) also reported that community changes were closely related to changes in phosphorus, i.e., as nutrients increased, increases in some taxa were offset by decreases in others, thus altering the resilience of phytoplankton community biomass. Therefore, the increase in effective phosphorus concentration in Xiangxi Bay may increase the risk of autumn blooms, suggesting that management strategies need to pay special attention to phosphorus loading and control.




Conclusion

In this study, we investigated how environmental factors, species and functional diversity affect phytoplankton community stability. We found that the functional diversity indices, community-weighted means of traits and functional divergence, had significant negative correlations with phytoplankton community stability (p < 0.05), while the species richness had no significant relationship with the phytoplankton community stability (p > 0.05). This indicated that functional diversity can better explain phytoplankton diversity and community stability than species richness. Meanwhile, we found that the environmental factors have no direct impact on stability, but indirectly reduce phytoplankton community stability through changing functional diversity. Specifically, water temperature and phosphate are the most important environmental factors indirectly affecting phytoplankton community stability. We found that increasing water temperature and PO4-P will promote the first principal component of the community-weighted means of traits (CWM_PC1), and thereafter decrease phytoplankton community stability. Further analysis found that the increased water temperature and PO4-P concentration promoted the growth of “r-strategists” species and inhibited the growth of “K-strategists” species, thereby reducing phytoplankton community stability. Our study suggests that global warming and eutrophication will bring significant negative effects on phytoplankton community stability and highlights the important role of functional diversity and traits in maintaining the stability of aquatic ecosystems.
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