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The effect of biodiversity on ecosystem productivity has been a controversial issue in ecological research. The species richness–productivity relationship is highly variable in natural ecosystems, with a positive relationship being one of the most commonly observed relationships. Previous regional studies from terrestrial ecosystems have demonstrated that environmental gradients can regulate the species richness–productivity relationship. However, how this relationship varies in freshwater ecosystems across spatial environment gradients remains unclear. In this study, we propose that the species richness–productivity relationship can be modulated by the water depth. Here, we surveyed the submerged macrophyte community structure by establishing 24 transects and 642 quadrats in Erhai Lake, Yunnan Plateau, China. Our findings highlight that the species richness–productivity relationship gradually changed from slightly positive to strongly positive as the environment became more light-limited with the increasing water depth, supporting the stress-gradient hypothesis. The results from this study provide new insights into the biodiversity–ecosystem functioning relationships and in managing lake macrophyte communities and productivity.
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1 INTRODUCTION
The relationship between biodiversity and community productivity has been one of the key issues and controversies in ecology in recent decades (Fraser et al., 2015; Dyola et al., 2022). This is mainly due to the important theoretical value and management implications of the biodiversity–productivity relationship (Loreau et al., 2001; Tilman et al., 2012; Wu et al., 2015; Grace et al., 2016). There have been substantial efforts to examine the effects of biodiversity on ecosystem functioning, and different relationships (e.g., positive, negative, and hump-shaped) or a lack of relationship has been found between biodiversity and ecosystem functioning (Hector et al., 1999; Huston, 2000; Duffy et al., 2017). The variations in their relationship can be attributed to the differences in the environmental gradient, ecosystem type, sampling method, and research method (e.g., biodiversity-manipulation experiments, field surveys, and meta-analyses) (Hector et al., 1999; Hooper et al., 2005; Roscher et al., 2005; Cardinale et al., 2012; Isbell et al., 2015).
Understanding how the species richness–productivity relationship changes across environmental gradients is crucial for improving ecosystem management (Schmid, 2002; Paquette and Messier, 2011; Liang et al., 2016; Liang et al., 2022). Although several contrasting species richness–productivity relationships have been observed in terrestrial ecosystems (Schmid, 2002; Guo et al., 2019; Su et al., 2019), a positive relationship is one of the most common patterns (Loreau et al., 2001; Hooper et al., 2005). Studying this question also helps us gain deeper insights into another important pattern in ecology (Loreau et al., 2001; Hooper et al., 2005), which is the hump-shaped relationship between productivity and species richness (Figure 1A). It has been suggested that the initial increase in species richness in an ecosystem is mainly due to the increased availability of resources, while species interactions (i.e., competition) drive a decline in species richness at latter stages (He et al., 2002; Fridley, 2003). Previous studies have proposed two important underlying mechanisms to describe biodiversity effects on productivity: 1) biodiversity effects on productivity can be enhanced with favorable environmental conditions (Loreau et al., 2001; Wang et al., 2019) (Figure 1B) because sufficient resources and space under a favorable environment reduce competition and provide opportunities for species to coexist, therefore increasing the positive effect of species diversity on productivity (Fridley, 2003; Paquette and Messier, 2011); 2) biodiversity effects can also be enhanced under unfavorable environmental conditions (Paquette and Messier, 2011; Steudel et al., 2012; Wang et al., 2019) (Figure 1C). For instance, Paquette and Messier (2011) showed that the relationship between species richness and productivity gradually changes from significantly positive to an insignificant relationship with the environment changing from harsh to favorable conditions. Particularly, the enhancement of the complementary effects and niche partitioning can increase the positive effects of species diversity on productivity in harsh environments (Fridley, 2003; Paquette and Messier, 2011).
[image: Figure 1]FIGURE 1 | Hypothesized relationships between species richness and community productivity in a natural lake ecosystem. (A) Overall unimodal relationship between productivity and species richness, which is shaped by the changing environmental conditions that have variable effects on species richness and productivity (Loreau et al., 2001). (B) and (C): local patterns of species richness in relation to productivity at specific environmental conditions (black lines) that modulate the overall species richness–productivity relationship the (dashed blue curve). (B) Effect of richness on community productivity is assumed to cause divergent species richness–productivity relationships, with increasing species richness along environmental gradients, modified from the studies by Loreau et al. (2001), Wu et al. (2015), and Wang et al. (2019). (C) Effect of richness on community productivity is expected to cause convergent species richness–productivity relationships, with increasing species richness along environmental gradients, modified from the studies by Paquette and Messier (2011), Wu et al. (2015), and Wang et al. (2019).
Previous biodiversity–productivity relationship studies were mainly concentrated on grassland and forest ecosystems, and these studies demonstrated that environmental gradients are important in modulating biodiversity–ecosystem functioning relationships (Mulder et al., 2001; Steudel et al., 2012; Guo et al., 2019). Nevertheless, lake ecosystems have received very little attention (Skacelova and Leps, 2014; Li et al., 2020; Danet et al., 2021), and the results from the limited existing studies are controversial. Some studies have demonstrated that species richness positively affects the community biomass of submerged macrophytes (Gustafsson and Bostrom, 2011; Wang et al., 2022b), while others found no relationships (Riis et al., 2018; Zhang et al., 2019). Water depth is widely acknowledged as the main factor determining the submerged macrophytes’ growth and distribution because water depth affects light intensity (Strand and Weisner, 2001; Bai et al., 2014; Dong et al., 2014). With the increasing water depth, the absorption and scattering of light in water increases (Middelboe and Markager, 1997), creating stronger light-limited conditions. Previous studies have revealed that increasing the water depth negatively affects species richness (Fu et al., 2014a; Ye et al., 2018; Lewerentz et al., 2021; Ma et al., 2021). Additionally, some studies have shown that the relationship between community biomass and water depth is unimodal or is either negative or positive (Fu et al., 2014a; Dong et al., 2014; Bolpagni et al., 2016; Ye et al., 2018; Wang et al., 2022a). Water depth can act as an environmental filter for selecting species with specific phenotypic characteristics, and it affects species interactions (Fu et al., 2014a; Fu et al., 2014b), potentially regulating the effects of species richness on the community biomass of submerged macrophytes. Nevertheless, limited information is available about how the macrophyte species richness–productivity relationship varies across water depth gradients.
In this study, we explored how the species richness–biomass relationship of submerged macrophytes varies with the water depth in a large subtropical lake ecosystem (here, biomass is used as a surrogate measure of productivity) (Peng and Huang, 2000). We conducted a field survey of the submerged macrophyte community structure in Erhai Lake, China. We hypothesized that 1) the relationship between the macrophyte community biomass and water depth would be hump-shaped, 2) the species richness of the macrophyte community decreases with the increasing water depth, and 3) the relationship between the macrophyte community biomass and species richness varies across water depth gradients.
2 MATERIALS AND METHODS
2.1 Survey area
Erhai Lake is a large subtropical lake located on the Yunnan–Guizhou Plateau in China (25◦52′N and 100◦06′E). It has a water surface area of 252 km2 situated 1,966 m above sea level (a.s.l.), with an average water depth of 10 m and an average water retention time of 4.5 years. During the study period, the average water level of the lake was 1,965.03 m a.s.l. The region has a subtropical monsoon climate, with an annual mean temperature of 15°C, wet seasonal precipitation of 870 mm (May–October), and dry seasonal precipitation of 170 mm (November–April) (Wen et al., 2021). Erhai Lake is in the early stages of eutrophication and is changing from mesotrophic to eutrophic, with total nitrogen (TN) and phosphorus (TP) concentrations ranging from 0.60 to 0.80 mg L-1 and 0.015 to 0.037 mg L-1, respectively (Yin et al., 2021). The dominant submerged macrophyte species in the lake include Potamogeton maackianus, Vallisneria natans, Ceratophyllum demersum, and Hydrilla verticillata (Wen et al., 2022). There are 6 common, 10 rare, and 2 endangered species in Erhai Lake, including Utricularia aurea Lour. and Ottelia acuminata (Ye et al., 2018; unpublished data). The maximum colonization depth of the submerged macrophytes is less than 5.5 m (Wen et al., 2022).
2.2 Field survey
We conducted the study in Erhai Lake in June and July of 2017. Three evenly distributed transects were set perpendicular to the shoreline in each of the eight bays (i.e., Shapin, Xizhou, Majiuyi, Erhaiyue, Xiangyang, Wase, Changyu, and Hongshan) within the lake. With the local socioeconomic development in recent decades, increasing anthropogenic discharge and agricultural non-point pollution around these bays lead to the increased sediment nutrient content, i.e., TP and TN concentrations increased by ca. 0.10% and 0.46% within 2010, respectively (Li et al., 2016). There are 23 rivers flowing into the lake, with one river and one water diversion tunnel flowing out of the lake (Yang et al., 2021a; Yang et al., 2021b; Hu et al., 2021). Macrophyte sampling occurred at 0.5 m water depth intervals across each transect using a rotatable reaping hook to the maximum colonization depth (i.e., 5 m depth) of macrophytes (Figure 2). The sampling area per sample was 0.2 m2, and sampling was repeated three times at each depth. We sampled the submerged macrophyte communities from 642 quadrats (0.2 m2) (Figure 2). The macrophytes collected from each sample were washed, identified of their species level, drained, and weighed as fresh biomass. The total plant community biomass and the biomass of individual macrophytes at each sampling plot were expressed as the average value from three quadrats. The distribution depth of the submerged macrophytes was determined using a sonic depth finder. Water clarity at each quadrat across the water depth was measured in situ with the Secchi depth before sampling.
[image: Figure 2]FIGURE 2 | Study locations within Erhai Lake showing the sampling plots.
2.3 Data analyses
Based on our hypotheses, we applied the polynomial regression to explore the non-linear relationships of community biomass with the water depth and species richness. Since we assumed that species richness is negatively correlated with the water depth, unary linear regression analysis was used to explore their relationship. The macrophyte community biomass data were log(x + 1), transformed to improve the variance homogeneity and normality of data. In order to classify the distribution pattern of the submerged macrophyte community biomass along the water depth gradient, regression trees (RTs) were performed to divide the water depth into classes by applying the R package “Party.” RT models recursively partition data to find increasingly homogeneous subsets based on independent variable splitting criteria using variance-minimizing algorithms. The dependent data were partitioned into a series of descending left and right child nodes derived from parent nodes (Krzywinski and Altman, 2017). The RT divided the water depth into three classes, 0< water depth ≤1.5 m, 1.5< water depth ≤3.6 m, and 3.6< water depth ≤5 m (Supplementary Figures S1, S2), representing shallow, medium, and deep water areas, respectively. The species richness of the submerged macrophyte community was the average value at each sampling depth and was calculated using the R package “Vegan.” Simple linear regression was used to explore the relationship between the macrophyte community biomass and species richness of different water depth areas. Relative biomass is equal to the biomass of a species divided by the sum of the biomass of all species in each plot, and a species with a relative biomass of more than 5% was defined as a dominant species (Mouillot et al., 2013; Ma et al., 2017; Ratcliffe et al., 2017) (see Supplementary Figure S3 for biomass variation across the dominant species). The ratio of water clarity (i.e., Secchi depth) to water depth was calculated as a proxy for underwater light availability, and simple linear regression was applied to explore the relationship between the water clarity and the water depth ratio and water depth (Supplementary Figure S4). We used the ggplot2 package in R for graph plots. All statistical analyses and graph plots were performed using R 3.5.4 (R Core Team, 2019).
3 RESULTS
3.1 The relationships between water depth, community biomass, and species richness
The macrophyte community biomass showed a unimodal relationship with the water depth gradient (R2 = 0.29; p < 0.001; Figure 3A). The macrophyte community biomass decreased as the water depth increased (R2 = 0.16; p < 0.001; Figure 3B). The water clarity to water depth ratio decreased with the increasing water depth (Supplementary Figure S4). Species richness also showed a unimodal relationship with the macrophyte community biomass (R2 = 0.06; p < 0.05; Figure 3C).
[image: Figure 3]FIGURE 3 | Results of polynomial regressions showing relationships between (A) water depth and the macrophyte community fresh biomass, (B) water depth and macrophyte species richness, and (C) macrophyte community biomass and species richness. The blue lines indicate the polynomial regression models, and the shades indicate the 95% confidence intervals. Data are the mean values of species richness and community biomass from three quadrats at each water depth.
3.2 The relationship between species richness and community biomass across the water depth gradient
Community biomass positively correlated with species richness both in shallow and deep water areas. However, the relationship was significant only in deep water (p < 0.05). The slope of biomass against species richness was small in shallow water but became steeper in deep water (Figure 4). The relationship between community biomass and species richness was insignificant at the medium water depth (p > 0.05; Figure 4).
[image: Figure 4]FIGURE 4 | Linear relationships between species richness and community biomass at individual depth classes (solid lines). The shades indicate the 95% confidence intervals of linear regressions. Red, blue, and green symbols represent shallow (0< water depth ≤1.5 m), medium (1.5< water depth ≤3.6 m), and deep (3.6< water depth ≤5 m) water depth categories, respectively. Data are averages of the three sampling points at individual water depth classes per transect.
3.3 Community composition of submerged macrophytes across water depth gradients
In the shallow water area, dominant macrophytes species included P. maackianus (35.4%), followed by C. demersum (18.3%), Myriophyllum spicatum (13.7%), P. lucens (9.7%), H. verticillata (8.2%), Potamogeton wrightii (5.5%), and V. natans (5.2%). In the medium water area, the most dominant species were P. maackianus (59.5%), followed by C. demersum (11.7%), V. natans (8.4%), P. lucens (7.6%), and H. verticillata (5.9%). In the deep water area, the most dominant species comprised P. maackianus (35.7%), followed by V. natans (34.5%) and C. demersum (26.5%). The relative biomass of V. natans increased with the increasing water depth. P. maackianus had the highest relative biomass in the medium water depth, whereas C. demersum had the lowest relative biomass (Figure 5; Supplementary Figure S3).
[image: Figure 5]FIGURE 5 | Relative biomass of submerged macrophyte species in Erhai Lake. The scale is 0–1, i.e., 0%–100%.
4 DISCUSSION
Our results showed an overall humped-shaped relationship between community biomass and species richness of the submerged macrophytes, which is consistent with our first hypothesis. The species richness of the macrophyte community decreased with the increasing water depth, which is in line with our second hypothesis. The positive effect of species richness on macrophyte community biomass increased with the water depth, supporting the stress-gradient hypothesis (Figure 1C; hypothesis 3).
4.1 Community structure varied with water depth gradients
We found that species richness decreased with the increasing water depth. In addition, there was a significant decrease in the water clarity to water depth ratio (i.e., light availability) with the increasing water depth (Supplementary Figure S4). These findings imply that the increasing light limitation with the increasing water depth negatively affects macrophyte species richness (Chisholm et al., 2013). At the medium water depth, the macrophyte community composition changed dramatically compared to that in shallow water. As light availability became more limited in deeper water, the submerged macrophytes likely competed for light and space, and dense canopy-forming species, such as P. maackianus, displaced the neighboring species and eventually became dominant at the medium water depth area. Previous studies also showed that canopy-forming species could elongate their stems and form a dense canopy to gain a competitive advantage over non-canopy-forming species (Fu et al., 2014b; He et al., 2019). However, at the deep water area, the macrophyte community structure was dominated primarily by a few species tolerant to low-light conditions, including P. maackianus, C. demersum, and V. natans, thus reducing species richness. Consistent with our findings, previous studies also reported reduced species richness in deep water areas as only a few species can withstand low-light conditions and grow (He et al., 2019; Chou et al., 2022).
4.2 Species richness–biomass relationship of submerged macrophytes modulated by the water depth
Our results showed an overall unimodal relationship between macrophyte biomass and species richness, likely due to the fact that the species richness effect on community biomass was enhanced at harsher low-light conditions. These findings support our prediction that environmental gradients can modulate species richness–biomass relationships at a finer spatial scale. For instance, in shallow water, macrophyte species richness did not significantly affect the community biomass, likely due to the weak effects of complementarity (e.g., species-complementary resource use) (Jiang et al., 2008; Jiang et al., 2009). At the medium water depth, the community biomass was, on average, the highest compared to that at other water depths, and the insignificant species richness–biomass relationship likely resulted from the competitive exclusion (i.e., two species competing for the same limited resource may not coexist) between dominant and subordinate species (Huston, 1997; Tilman et al., 1997). In deep water, the numbers of species reduced sharply due to a further decrease in the underwater light availability, and only a few low-light tolerant species, i.e., P. maackianus, C. demersum, and V. natans, were able to colonize (Wen et al., 2022). These species can adapt to low-light conditions through different adaptive strategies (e.g., P. maackianus allocates more biomass to stems and forms dense canopies, while V. natans increases both the leaf chlorophyll content and leaf biomass) and occupy different water-column spaces (Chen et al., 2016; He et al., 2019; Wen et al., 2022). In addition, P. maackianus and M. spicatum can provide feedback to improve the environmental conditions, such as water clarity by inhibiting the growth of phytoplankton and periphyton through allelopathy or nutrient competition (Liu et al., 2020) and facilitate the growth of other species that are less tolerant to low-light conditions. The stronger species richness–biomass relationship in the deep water area in our study indicates that interspecific interactions among species may be conducive to the community biomass at low-light environments. Our findings agree with previous studies, which demonstrated that positive species interactions among macrophytes could promote growth and reproduction under adverse environments (Le Bagousse-Pinguet et al., 2012; Hao et al., 2013; Liu et al., 2020). For instance, Hao et al. (2013) found that the positive interaction between P. maackianus and M. spicatum due to their morphological differences or niche complementarity has enhanced their survival in harsh environments (e.g., severe eutrophic conditions). Hence, our results support the stress-gradient hypothesis, which suggests that species that are dominant in tough conditions will reinforce each other. However, in favorable environmental conditions, they exhibit competitive interactions (Bertness and Callaway, 1994; Steudel et al., 2013).
4.3 Implications for biodiversity conservation and the management practice
Our research provides evidence that the effects of macrophyte species richness on community biomass vary with the water depth in a large subtropical lake, suggesting that water depth can modulate the species richness–biomass relationship. In addition, our results imply that maintaining multiple macrophyte species with adaptive strategies to low-light conditions is important for enhancing the overall macrophyte community biomass in light-limited environments. Consistent with our findings, previous studies also reported a hump-shaped relationship between community biomass and water depth (Lewerentz et al., 2021; Ma et al., 2021), suggesting that the submerged macrophyte biomass can be regulated by managing water levels in freshwater lakes. Our results have significant management implications for the lake macrophyte biodiversity conservation and productivity.
5 CONCLUSION
Understanding the species richness–biomass relationship is essential for biodiversity conservation and the sustainable management of natural ecosystems. Our results revealed a unimodal relationship between biomass and species richness of submerged macrophytes. However, the effects of species richness on community biomass strongly depended on the water depth, supporting the stress-gradient hypothesis. In the shallow water area, where light was not limited, macrophyte species richness showed a weak effect on community biomass. In contrast, species richness enhanced community biomass in deep water areas with relatively more light-limited conditions. This study provides support for biodiversity-ecosystem functioning relationships in freshwater ecosystems, but these relationships are affected by environmental gradients, i.e., the water depth in our case. Our findings imply that artificial water level management may be applied to modulate the relationship between macrophyte diversity and productivity in freshwater lakes.
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