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Introduction

Water depth (WD) and snail abundance (SA) are two key factors affecting the growth of submersed aquatic plants in freshwater lake ecosystems. Changes in WD and SA drive changes in nutrients and other primary producers that may have direct or indirect effects on submersed plant growth, but which factor dominates the impact of both on aquatic plants has not been fully studied.





Methods

To investigate the dominant factors that influence aquatic plant growth in plateau lakes, a one-year field study was conducted to study the growth of three dominant submersed macrophyte (i.e., Vallisneria natans, Potamogeton maackianus, and Potamogeton lucens) in Erhai Lake.





Results

The results show that, the biomass of the three dominant plants, P.maackianus, is the highest, followed by P.lucens, and V.natans is the lowest. Meanwhile, periphyton and snails attached to P.maackianus are also the highest. Furthermore, WD had a positive effect on the biomass of two submersed macrophyte species of canopy-type P.maackianus and P.lucens, while it had a negative effect on rosette-type V.natans. Snail directly inhibited periphyton attached on V.natans and thereby increasing the biomass of aquatic plants, but the effect of snails on the biomass of the other two aquatic plants is not through inhibition of periphyton attached to their plants.





Discussion

The dominant factors affecting the biomass of submersed macrophyte in Erhai Lake were determined, as well as the direct and indirect mechanisms of WD and snails on the biomass of dominant submersed macrophyte. Understanding the mechanisms that dominate aquatic plant change will have implications for lake management and restoration.
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Introduction

Submerged macrophytes serve as major primary producers in freshwater lakes and provide a range of ecological services and functions (Moss, 1990; Scheffer, 1998). For example, submerged macrophytes can provide extensive substrate, habitat, shelter and food resources for periphyton, invertebrates and fish, remove nutrients from the water column and sediment, inhibit sediment resuspension and improve water transparency, thereby influencing a series of ecological processes (Moss, 1990; Scheffer et al., 1993; Jeppesen et al., 1998). However, as with other components of freshwater ecosystems, submersed macrophyte growth limitation and biomass reduction can be influenced by a combination of biotic and abiotic factors, including WD, light, nutrients and macroinvertebrates (Zhang et al., 2020a; Yuan et al., 2021; Ren et al., 2022; Wen et al., 2022).

The distribution and growth of submersed macrophytes are closely linked to WD. WD affects submerged macrophytes both directly and indirectly by altering a number of other environmental variables, such as the intensity of underwater light and nutrients (Wang et al., 2019; Wang et al., 2021b; Zhang et al., 2022). Many studies have shown that deep water can attenuate underwater light intensity and inhibit the growth and spread of submersed macrophytes (Yuan et al., 2021; Chen et al., 2023). In addition, shallow areas of lakes are susceptible to wind and wave disturbance, which can cause changes such as sediment resuspension, reduced water transparency, and increased concentrations of nitrogen, phosphorus (Van Zuidam and Peeters, 2015; Xu et al., 2022; Zhou et al., 2022). Thus, differences in WD can affect the composition and biomass of submersed macrophytes in freshwater lakes by altering a variety of factors in the water column. Furthermore, the response and adaptability of submersed macrophytes with different growth forms to WD differ in freshwater ecosystems (He et al., 2019; Meng et al., 2023). Vallisneria natans, Potamogeton maackianus and Potamogeton lucens are three common and dominant submersed macrophytes in Erhai lake, Yunnan Province, China, and their growth forms are different: V.natans is a rosette-forming species, and P.maackianus, P.lucens shows canopy growth (Wang et al., 2021a; Yu et al., 2022; Wen et al., 2022). Therefore, there may be differences in the pathways affected by submersed macrophytes of different growth forms.

In addition to WD effects, variation in SA may also contribute to changes in aquatic macrophyte biomass (Sheldon, 1987; Zhi et al., 2020). In general, as common benthic invertebrates in freshwater lakes, snails are generally regarded as generalist herbivores with diverse food sources including organic detritus, periphyton, decaying and living aquatic macrophytes (Brönmark, 1990; Yang et al., 2020; Ren et al., 2022). A complex relationship among snails, periphyton and macrophytes has been shown in many previous studies (Li H. et al., 2020; Yang et al., 2020; Zhi et al., 2020; Ren et al., 2022). For example, snails can indirectly promote the growth of submersed macrophytes by directly scraping periphyton attached to the surface of aquatic plants (Yang et al., 2020; Ren et al., 2022). In addition, snails can also directly graze macrophytes thereby inhibiting aquatic plant growth, especially at high snail densities (Zhi et al., 2020). Furthermore, snails can increase nutrient levels in the water column through excretion, which is likely to affect the relationship between periphyton and macrophytes. However, early studies were relatively short, or only conducted only under controlled experimental conditions in mesocosms (Yang et al., 2020; Ren et al., 2022), and these studies do not necessarily reflect the interactions between snails, periphyton and macrophytes observed in filed lakes. Furthermore, different plants typically have different leaf complexity (Dibble and Thomaz, 2009), with increased periphyton biomass associated with higher leaf complexity in macrophytes (Ferreiro et al., 2013; Hao et al., 2017; Zhi et al., 2020). Thus, heterogeneity of macrophytes with different structures may influence the relationship among snail, periphyton, and macrophyte.

A large number of studies have been conducted on the effects of environmental factors such as water depth, light availability, snail abundance and water column nutrient content on the biomass, community structure and distribution of submersed aquatic plants (Olsen et al., 2015; Li et al., 2020a; Qin et al., 2020; Zhang et al., 2020b), and they have primarily focused on a single factor or in the mesocosm experiment (Yu et al., 2015; Zhi et al., 2020; Zhang et al., 2020b; Ren et al., 2022; Chen et al., 2023). However, the comprehensive effects of WD, SA and other environmental factors on submersed aquatic plants are still unknown in plateau lakes with complex ecological processes and require investigation in field lakes.

Erhai is a large plateau lake with important ecological significance in Yunnan Province, China (Li et al., 2020b). The declines of submersed macrophytes due to anthropogenic activities and eutrophication has been repeatedly reported (Fu et al., 2018). In our field survey, P.maackianus, P.lucens, and V.natans were found to be the top three dominant submersed macrophytes in Erhai lake. Therefore, we conducted a one-year quarterly survey and measured the biomass of the three aquatic plants species in different WD, as well as periphyton, snail and the other environmental factors. In the present study, we identify the dominant environmental factors that influence the respective biomass of different growth forms in freshwater lakes. we hypothesized that 1) The effects of WD on submersed macrophyte biomass vary among species; 2) Snails promote submersed macrophyte growth by grazing on periphyton, but different species of aquatic plant species may be affected differently; 3) WD may have a dominant effect on the biomass of submersed plants with different growth forms rather than SA, because the distribution of snails may be affected by water depth (according to our field observations).





Materials and methods




Study area

The study was conducted out at Erhai Lake, Yunnan Province, China (25°55′N,100°78′E). Erhai Lake is a large subtropical freshwater lake in China. It covers a water surface area of 252 km2 and has an average depth of 10 m (with a maximum depth of 20 m). In recent decades, external nutrient inputs to the lake have also increased as a result of increased anthropogenic activities, and the water quality of Erhai Lake has changed from oligotrophic to mesotrophic (Lin et al., 2020), which caused the submersed macrophyte community to shift from being dominated by Potamogeton maackianus to being jointly dominated by V.natans and P.maackianus (He et al., 2015; Wang et al., 2021a). From September 2019 to August 2020, we conducted quarterly surveys and sampling in eight bays around Erhai Lake for one year to investigate the effects of water depth and snail abundance on the three dominant plants in Erhai Lake. The location of Erhai Lake, the distribution of sampling bays and sampling points are shown in Figure 1.




Figure 1 | The location of Erhai Lake and sampling bays.







Measurement of water physiochemical parameters and phytoplankton biomass

We designed three parallel transects in each bay, and the sampling points on each transect were set at intervals of 1m WD. The sampling WD are 1 m, 2 m, 3 m, 4 m, 5 m, and 6 m respectively. Prior to water sampling, WD was measured at each site and 2 L of mixed water samples were collected at 50 cm below the water surface, at the intermediate depth and at 50 cm above the sediment surface. The collected water samples were acidified and stored at 4°C, and transported to the laboratory as soon as possible, and the water column concentrations of total nitrogen (TN), total phosphorus (TP), orthophosphate (PO4-P), nitrate (NO3-N) and ammonium nitrogen (NH4-N) were determined in accordance with standard methods. After filtering the water samples through Whatman GF/C glass fiber filters, chlorophyll-a (Chl a) was determined by the ethanol-thermal method (Liu et al., 2020).

Use a water quality analyzer (YSI, USA) to measure physical and chemical indicators of the water column including pH, dissolved oxygen (DO), conductivity (C), total dissolved solids (TDS) and oxidation-reduction potential (ORP) at each sampling point in the field. Photosynthetically active radiation (PAR) was determined at 0.5 m WD intervals (0, 0.5, 1, 1.5, 2, 2.5 … m) on the basis of the actual WD of the sampling point with the Li-1400 data logger (Li-1400; Li-Cor Company, Lincoln, NE, USA). The calculation equation for the light extinction coefficient (K) of the water column is as follows: K = -(1/d) ln (Id/Is). In the equation, d is the water depth, Id is the PAR value at the water depth d, and Is is the PAR value at the water surface (Krause-Jensen et al., 1998).





Measurements of macrophytes, periphyton and snails

Submersed macrophytes were collected with a rotating harvester hook (sampling area: 0.2 m2) at each sampling site after water sampling was completed. The plants obtained were cleaned and identified according to species, and then the three dominant species (V.natans, P.maackianuss and P.lucens) were selected and weighed separately, and then placed in sealed bags and brought to the laboratory for subsequent processing. Furthermore, prior to bagging, one plant per variety was chosen at random, individually placed in a sealed plastic bag and brought to the laboratory, and then tap water was added to the sealed bag several times to remove periphyton attached to the plant by shaking thoroughly. The periphyton solution obtained after several shakes was fixed with Lugol’s reagent, precipitated for 48 hours and concentrated to a final volume of 40-50 ml for storage. The mass and abundance of the periphyton was then calculated by counting the concentrated periphyton solution using a counting chamber (0.1 ml) under a microscope at 400 times magnification. Periphyton biomass was calculated as the mass of periphyton attached to the plants divided by the weight of the host plant and expressed in mg g−1. Finally, three species of the plants, which were packed separately and returned to the laboratory, were further processed to collect the snails. Each species of submersed macrophytes brought back to the laboratory in sealed bags were rinsed several times, and the rinsed solution was filtered through a sieve with a pore size of 1 mm. At the end, the snails collected in the sieve were counted and weighed.





Data analysis

Homogeneity of variance and normal distribution tests were conducted on all data before analysis. Before conducting variance analysis and constructing structural equations, the data of three aquatic plants, snail abundance, periphyton biomass, and water nutrients were all log (x+1) transformed to meet the data analysis requirements. Differences in the biomass of the three submersed macrophytes V.natans, P.maackianuss and P.lucens, as well as periphyton and snail attachment to the three plants and environmental variables (TN, TP, Chl a, and K), were analyzed using one-way ANOVA and non-parametric tests. A Kruskal-Wallis test was performed using the “ggpubr” package to determine differences in in biomass and their periphyton and snail among the three species and environmental variables.

The R package “lmerTest” was used for the following analysis. A multivariate linear mixed model was constructed to detect the effects of WD, snail, nutrients (TN and TP), and light (K) on the biomass of three macrophyte specie and their periphyton biomass, using as a random variable. The standardized regression coefficient for each explanatory variable implies the change in the average response per unit increase in the associated predictor variable, holding all other predictor variables constant. In addition, we quantified the inclusive R2 for WD, snail, nutrients (TN and TP) and light (K) based on linear mixed effects model fitting using the “partR2” package in R. The inclusive R2 here is the variance explained by the predictor without taking into account covariance with other predictors. Higher values of inclusive R2 indicate that a predictor is more important in explaining the variance of macrophyte biomass (V.natans, P. maackianuss and P.lucens).

Structural equation modeling (SEM) was used to analyze the effects of WD, nutrients and snails on the biomass of three submersed aquatic plants in subtropical lakes. We used the R package “piecewiseSEM” to construct the SEM, adding a random effect of season in each path. An overall test of fit of the SEM was performed using Fisher’s c, degrees of freedom, and p-values.






Results




Difference in biomass of V.natans, P.maackianuss, and P.lucens

The biomass of the three submersed macrophyte species showed different variation trends in the four seasons (Figure 2). The biomass of V.natans has no significant difference among four seasons, with an average biomass of 1.64kg m-2. Meanwhile, there were significant differences in the biomass of P.maackianuss and P.lucens among the four seasons. Among them, the biomass of P.maackianuss was highest in spring and winter, and lowest in summer and autumn, with values of 4.89-5.86 kg m-2 and 3.49-3.91kg m-2 respectively, whereas the biomass of P.lucens was opposite, with biomass of 1.2-1.59 kg m-2 in spring and winter and 2.30-2.50 kg m-2 in summer and autumn. Over the four seasons, the average of V.natans, P.maackianuss and P.lucens biomass was 1.64 ± 1.58 kg m-2, 4.62 ± 3.91 kg m-2 and 2.32 ± 1.83 kg m-2, respectively.




Figure 2 | Biomass of three dominant submersed macrophytes in Erhai Lake across four seasons. Mean and standard deviation are shown in each bar. The different letters on the bars indicate significant differences at p < 0.05.







Difference in snail and periphyton attached on V.natans, P.maackianuss, and P.lucens

There were significant differences in SA and periphyton biomass on the three species among the four seasons (Figure 3) . Snail abundance and periphyton biomass on three submerged macrophyte species (with similar trends) were higher in autumn and winter than in spring and summer, and no major differences were found between spring summer and autumn winter, except for P.lucens. The abundance of snails on P.lucens was significantly lower in winter than in autumn, while the opposite was true for periphyton biomass. In general, there were significant differences in the average SA and periphyton biomass on the three submersed macrophyte species. The average SA and periphyton biomass on V.natans was the lowest, 7.04 mg g-1, followed by P.lucens, and the highest was P.maackianus.




Figure 3 | Changes in SA and periphyton biomass attached to three submerged macrophytes. Mean and standard deviation are shown in each bar. The different letters on the bars indicate significant differences at p < 0.05.







Changes in environmental factors

Overall, TN, TP, Chl a and light extinction coefficient (K) differed significantly among the four seasons, and showed similar trends of variation, with the highest values in summer and autumn and lowest values in spring and winter. For TN, 0.76 mg L−1 and 0.63 mg L−1 were the highest and lowest values, respectively. The highest and lowest values for TP were 0.043 mg L−1 and 0.035 mg L−1, respectively (Figure 4). The highest values of Chl a and K were 20.3 mg L-1 and 2.15, respectively, and the lowest values were 12.7 mg L-1 and 0.95 (Figure 4).




Figure 4 | Changes in total nitrogen (TN), total phosphorus (TP), phytoplankton chlorophyll- a (Chl a) and light extinction coefficient (K) in Erhai Lake across four seasons. Mean and standard deviation are shown in each bar. The different letters on the bars indicate significant differences at p < 0.05.







Effects of multiple driving factors on macrophytes biomass

The multivariate linear mixed model showed that WD had a significant negative effect on V.natans biomass (β= -0.22, p<0.01), while it had a significant positive effect on P.maackianus (β= 0.124, p<0.001) and P.lucens biomass (β= 0.182, p<0.05) (Table 1). Meanwhile, WD had a significant negative effect on all periphyton (β= -0.21, p<0.001; β= -0.135, p<0.001), except for periphyton attached on P.lucens (β= -0.067, p>0.05). SA had a significant positive effect on the biomass of three plants (V.natans: β= 0.28, p<0.01; P.maackianus: β= 0.329, p<0.001; P.lucens: β= 0.368, p<0.001) and periphyton attaches to P.maackianus (β= 0.143, p<0.001). For nutrients, TP has a positive effect on periphyton attached to the three plant species (β = 0.116, p < 0.05; β = 0.09, p < 0.05; β = 0.124, p < 0.05) and phytoplankton (Chl a: β = 0.236, p < 0.001) (Table 1). Among the five variables, we found that WD and SA were the most important drivers affecting three plant species, accounting for 14.8-27.2%, 14.7-24.4% of the variance respectively (Figure 5).




Figure 5 | Inclusive R2 and 95% CI for each driver on (A) V.natans biomass and (B) P.maackianuss biomass and (C) P.lucens biomass.




Table 1 | Effect of water depth (WD), snail abundance (SA), nutrients (TN and TP), and light extinction coefficient (K) on three species macrophytes biomass and their periphyton biomass in a multivariate linear mixed model.







Effect of snail, nutrients and water depth on macrophytes biomass

Piecewise SEM results showed that WD and SA could have direct or indirect effects on macrophyte biomass (Figure 6). Overall, the model explained 34%, 57%, and 38% of the variation in biomass of the three aquatic species, respectively. Specifically, WD had a direct negative effect on V.natans, but a significant positive effect on P.maackianus and P.lucens. SA directly inhibits periphyton attached to V.natans and thereby increasing the biomass of aquatic plants, but the effect of snails on the biomass of the other two aquatic plants is not through inhibition of periphyton attached to their plants.




Figure 6 | Piecewise structural equation model (SEM) showing the effects of WD, SA and nutrients on macrophyte biomass directly and indirectly. Solid black line shows a significant positive correlation and the solid red line shows a significant negative correlation, with the dotted line indicates no significance. Standardized path coefficients (similar to relative regression weights) are shown as numbers next to the path lines. Next to each response variable in the model is the proportion of variance explained (R2). Model fit: V.natans: Fisher’s C = 2.139, P=0.508; P. maackianus: Fisher’s C = 0.469, P=0.791; P.lucens: Fisher’s C = 0.214, P=0.899. *p < 0.0 5, **p < 0.01, ***p < 0.001.








Discussion

Our results showed that WD inhibited the growth of V.natans, but significantly increased the biomass of P.maackianus and P.lucens. SA significantly inhibited periphyton attached to V.natans, thereby enhancing its host plant biomass, but it was difficult to offset the negative effect of WD on V.natans. Meanwhile, snails did not have a positive impact on their hosts by significantly inhibiting the periphyton attached to the P.maackianus and P.lucens. Overall, the three dominant species are mainly affected by WD, which means that WD has a greater impact on submersed plants than snail grazing in Erhai Lake, a mesotrophic lake.

WD is one of the most important factors influencing the growth and distribution of submersed macrophytes (Olsen et al., 2015; Su et al., 2018; Li et al., 2020a; Qin et al., 2020), and many studies has shown that variation of WD can have both an effect on underwater light availability and play an important role in the nutrient status of lakes (Li et al., 2020a; Qin et al., 2020; Yang et al., 2022; Chen et al., 2023). Generally, with the increase of water depth, the intensity of underwater light decreases, which is not conducive to the growth of submersed macrophytes (Yuan et al., 2021; Chen et al., 2023). In our results, WD significantly inhibited the biomass of V.natans biomass while at the same time significantly improving the biomass of P.maackianus and P.lucens. The reason for the inconsistent results on the effect of water depth on different plant biomass may be that the different growth types of the dominant macrophytes respond differently to underwater light caused by WD. V.natans, as a rosette-type submersed macrophyte with its stems and leaves under water, responds to changes in water depth by regulating leaves chlorophyll a concentration and photosynthetic efficiency, whereas P.maackianus and P.lucens, as canopy-type submersed plants, respond to changes in water depth by extending their shoot length to the water surface (Chen et al., 2016; He et al., 2019). In addition, V.natans biomass was the lowest among the three dominant macrophytes, followed by P.lucens, and P.maackianus biomass was the highest. This indicates that within the range of 0-6m water depth, the attenuation of underwater light intensity caused by deeper WD has a greater inhibitory effect on rosette-type plants than on canopy-type plants. In other words, rosette-type V.natans is more susceptible to deeper WD and light suppression. For example, Li et al. (2021) found strong suppression of both V.natans and H.verticillata biomass in deeper water (250cm), whereas only V.natans was suppressed in intermediate water depth (150cm). Moreover, we also found nutrient significantly enhanced the growth of V.natans and had no significant effect on the other two plants, suggesting that V.natans may have a broad nutrient-absorption capacity. The adaptation of these species to their environment may explain the differences in biomass.

The impact of snails on aquatic plants depends on the snail abundance (Jones and Sayer, 2003; Zhi et al., 2020). While macrophytes can also be used as a food source by snails, it is generally accepted that periphyton constitutes a larger proportion of the snail diet than macrophytes. For example, Zhi et al. (2020) reported an effective removal of periphyton from four macrophyte species (Myriophyllum spicatum, Potamogeton wrightii, P. crispus, and P. oxyphyllus) by herbivorous snails, resulting in a significant increase in host plant biomass. Nevertheless, high densities of snails can consume both plants and periphyton, resulting in no positive effect on submerged macrophytes (Zhi et al., 2020). In this study, we observed that when the abundance of snails attached to V.natans is approximately 13 ind m-2, they exerted significant feeding pressure on the periphyton, and contributed to an increase in host plant biomass. This is also in line with the results of previous studies. For example, Ren et al. (2022) found when the initial density of herbivorous snail was 16 ind m-2, V.natans biomass could be promoted by removing periphyton attached to host plant leaves. However, despite the higher abundance of snails on P.maackianus (45 ind m-2) and P.lucens (32 ind m-2), there was no obvious effect on the periphyton and their host plants. This may also be due to the fact that snail have other abundant food sources besides periphyton and their host plants, which may require further verification.

Changes in WD are often accompanied by changes in the physical and chemical parameters of the water column, which will inevitably affect the growth of submersed macrophyte, either directly or indirectly (Meng et al., 2023). For example, external disturbances such as wind and waves tend to resuspend sediments and release nutrients (TN and TP) from the sediments into the water column, reducing clarity in shallow areas (Tammeorg et al., 2015; Baastrup Spohr et al., 2016; Tong et al., 2017). Our results found that the concentration of TN, TP and Chla showed similar trends of variation, with the highest values in summer and autumn and lowest values in spring and winter. In addition, the average concentrations of TN and TP (0.76 mg L-1 and 0.036 mg L-1, respectively) were highest in the depth range 0-2m, which were higher than those in the depth range 2-4m and 4-6m. Meanwhile, V.natans biomass was the highest in 0-2m water depth (consistent with the change of TN and TP), while the biomass of P.maackianus and P.lucens were the highest in 2-4m and 4-6m, respectively. Although the concentration of TN and TP in the water column strongly influence the biomass of V.natans, and snails also promote V.natans growth by inhibiting periphyton, but it is difficult to offset the direct negative effects of WD on V.natans. In addition, we found that WD significantly increased the biomass of P.maackianus and P.lucens, while SA significantly affected the nutrient contents in the water column but did not significantly affect P.maackianus and P.lucens, indicating that aquatic plants are directly controlled by WD and less affected by nutrient contents and SA.

In conclusion, the three dominant aquatic plants in a meso-eutrophic lake Erhai were mainly and directly affected by WD, and snail only had a positive and direct promotion effect on the rosette-type V.natans by grazing the periphyton attached to its host plant, but had no significant effect on the other two canopy-type submersed plants (P.maackianus and P.lucens). WD can directly inhibit the increase of V.natans biomass, but significantly increased the biomass of P.maackianus and P.lucens. SA significantly inhibited periphyton attached to V.natans, thereby increasing aquatic plant biomass, but it was difficult to offset the negative effect of WD on V.natans. For P.maackianus and P.lucens, although SA significantly affected the nutrient content of the water column, it did not significantly affect the biomass of P.maackianus and P.lucens. Overall, aquatic plants are directly controlled by WD and less affected by nutrient contents and SA in the mesotrophic lake.
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