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Periphyton is an ecological essential in freshwater lakes and rivers. Its abundance and biomass are very dynamic in various habitats and subject to various factors, for example, nutrient and light. Following flooding events, the transitional area adjacent to a river inlet and the shallow lake generates diverse habitats for periphyton with gradients in current velocity, suspended matters, nutrients, and light, which would strongly shape the growth and community of periphyton. In this study, three sampling sites were established around a river inlet in Erhai Lake, China, and a field survey was conducted in the sites from April to August (flooding seasons) in 2019 to investigate the abundance and biomass of periphyton and explore influential factors. The results showed that three study areas have different gradients of current velocity depending on the distance to the river inlet, thereby regulating the concentrations of nutrients and suspended matters, which strongly affected the periphyton community; to be specific, the biomass of periphyton was inhibited by the concentration of suspended matters and high concentrations of silicate mainly reduced the diversity of periphyton. Our results imply that the study on the driving factors of periphyton could help to understand its community assembly mechanism and biomass and species composition of periphyton can provide some reference for trophic state of the lake.
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INTRODUCTION
Periphyton (attached on the surface of plants) is a major primary producer and an important component in clearwater and freshwater ecosystems. Periphyton is usually prevalent with the development of macrophyte and becomes a crucial factor affecting the ecological function of freshwater and biogeochemical processes (Roman and Sabater, 1999; Woodruff et al., 1999). For instance, periphyton can act as basal resources for both invertebrates and vertebrate consumers in benthic food webs (Hansson, 1992; Lamberti, 1996; Pusch et al., 1998; Muñoz et al., 2001). As the base of benthic food webs, periphyton community structure and diversity can be widely used to assess the trophic state and thus can be used to support proposed best management practices (Matlock et al., 1999; Smucker and Vis, 2009; Grimmett and Lebkuecher, 2017). Generally, the development of periphyton in shallow lakes and rivers has been attributed to the changes of physical, chemical, and biological factors, including light availability (Warren et al., 2017), water velocity (Townsend et al., 2012), nutrient concentrations (Myrstener et al., 2018), grazing by consumers (Jones and Sayer, 2003; Garcia et al., 2015), etc.
Light limitation is one of the main ecological factors influencing the development of periphyton (Vadeboncoeur et al., 2014; Warren et al., 2017). For example, more sufficient light obtained in a shallow littoral than a deeper littoral zone promoted periphyton growth and controlled the species composition and dynamics (Laura Sanchez et al., 2017; Hofmann et al., 2020). Increased current velocity limited periphyton development through shear stresses generated by high-speed flow that directly destroyed algae mat and prevented colonization, thus resulting in a large shift in periphyton biomass and communities (Saravia et al., 1998; Wilby et al., 1998; Shevchenko et al., 2019; Burrows et al., 2020; Spoljar et al., 2017). Furthermore, current velocity could increase suspended particulate transport efficiency (Jowett and Biggs, 1997; Mori et al., 2018) and consequently might result in the decrease of periphyton biomass due to abrasion (Francoeur and Biggs, 2006; Hoyle et al., 2017). Besides, nutrients are key factors for periphyton development. According to previous studies, the increase of nitrogen and phosphorus can lower the biomass of periphyton and alter its community composition (Myrstener et al., 2018; Lambrecht et al., 2019). In addition, adequate silicate in the water column contributes to the settlement of periphyton and proliferation (Admiraal et al., 1993; Nayar et al., 2005). Changes in the biomass and species composition of periphyton are regulated by biological groups, for example, invertebrates and vertebrate (Jones and Sayer, 2003; Cebrian et al., 2013). For example, benthic fish disturbance will potentially facilitate the release of nutrients from the sediment, thereby promoting periphyton growth (Meerhoff et al., 2007; Jeppesen et al., 2010), while invertebrates can remove periphyton biomass and alter community composition through direct grazing (Garcia et al., 2015; Mormul et al., 2017; Beck et al., 2019; Wolters et al., 2019).
The area around the river inlet is a hot spot zone-occurring complex environmental process. Processes occurring in the river inlet area have been poorly studied. Previous studies found that periphyton biomass, taxonomic diversity, and function are heavily dependent on hydrological regime (Biggs et al., 1999; Bondar-Kunze et al., 2015; Neverman et al., 2018). Especially, when a flooding event happens in the rainy season, the scouring effect of flooding and consequently high current velocity and suspended matter concentrations can act as a major reset mechanism to initiate new cycle metabolism and structural succession for the periphyton community and even the whole river ecosystem (Tett et al., 1978; Fisher et al., 1982; Lindström and Traaen, 1984; Reiter and Carlson, 1986; Townsend et al., 2012). Based on this, the structure of periphyton assemblages often reflects the impacts of trophic and hydrological state thus can be used to monitor water environment changes in the lake ecosystem.
Water flow also carries nutrients, which makes it difficult to establish a simple and causal relationship between characteristics of periphyton community and nutrients or water velocity in lakes. Therefore, this study aimed to determine how water velocity and nutrients might affect periphyton growth during the rainy season. Our study areas around the river inlet could be simplified as three types: estuary zone (E zone) in Miju River and Lake Erhai junction, estuary–lake mixing zone (E–L zone) from the river inlet to the range under the strong influence of the inlet, and lake littoral zone (L zone) that is the nearby littoral zone without the strong influence of the estuary inlet. We hypothesized that due to the inflow of rivers with the advent of the rainy season, the E zone and the E–L zone near the estuary of Erhai Lake may have increased the water velocity and a large amount of suspended matter compared with the L zone, both of which will be detrimental to the growth of periphyton. In addition, silicate from inflow of river may be expected to promote the growth of diatoms and change the community structure of the periphyton.
MATERIALS AND METHODS
Study Area
Field investigations were carried out at the area around the river inlet area in Erhai Lake, China (25°55′N,100°78′E), and the area could be simplified as three types: estuary zone (E zone) in Miju River and Lake Erhai junction, estuary–lake mixing zone (E–L zone), and lake littoral zone (L zone) (Figure 1). Erhai Lake is the second largest freshwater lake in Yunnan Province. The Miju River with a length of 71.1 km and a basin area of 1310.8 km2 accounts for 54% of the total basin area of Erhai Lake (Yu et al., 2011). In addition, it is the largest water supply source to the Erhai Lake, accounting for more than 50% of the total inflow water (Liu et al., 2019).
[image: Figure 1]FIGURE 1 | Sampling sites in Lake Erhai. E, estuary zone; E–L, estuary–lake mixing zone; L, lake littoral zone.
Field Samplings
In order to survey the impact of rainstorm scouring on periphyton biomass, and community structure in E zone, E–L zone, and L zone, three sampling sites at the E zone, seven sampling sites at the E–L zone and five sampling sites in the L zone were chosen, along a transection from the lakeshore to the pelagic zone, as shown in Figure 1. The mean of all samples at one sampling site was calculated.
The field investigation was performed from April to August 2019 (rainy season) with monthly sampling of periphyton (on the surface of plant leaves) and the water of trace elements (e.g., Fe, Mn, B, and SiO3), total nitrogen (TN) and total phosphorus (TP), suspended matter, and water velocity. Water depth (WD) at each site, representing the water depth of collecting macrophyte (P. wrightii), was measured at the same time.
Measurement of Water Samples
Water samples were collected with the Patalas Schindler sampler from the surface (0.5 m below the water surface), middle (middle of the water depth in that site),and the bottom (0.5 m above the sediment surface) mixed to obtain representative and comprehensive water samples at the 15 sampling sites and then sent to the laboratory immediately for measurement of total nitrogen (TN) (mg L−1), total phosphorus (TP) (mg L−1), iron (Fe) (mg L−1), manganese (Mn) (mg L−1), silicate (SiO3) (mg L−1), and boron (B) (mg L−1) following standard methods (APHA, 1999). In the meantime, water velocity at the 15 sampling sites was measured with Stalker II SVR and recorded with the unit of centimeters per second (cm s-1). The concentration of suspended matter was measured according to standard methods (GB T11901 1989) and calculated as mg L−1.
The Measurement of Periphyton Samples
A rotatable reaping hook covering a bottom area of 0.2 m2 was used to collect Potamogeton wrightii, and the collected macrophytes were carefully harvested. A macrophyte (P. wrightii) was randomly selected and placed into a sealed plastic bag with tap water, and then periphyton attached on the leaves of P. wrightii was removed by shaking the plant thoroughly. The obtained solution of periphyton was preserved with Lugol’s solution and concentrated to a final volume of 40 ml after sedimentation for 48 h. All taxa of algal abundances were counted with a counting chamber (0.1 ml) at 400 times magnification, and then calculated the mass of periphyton. The leaf area of P. wrightii was measured by a leaf area scanner (CI-202, CID Company, United States). The biomass of periphyton was calculated by the mass of periphyton attached on the leaf divided by the leaf area and expressed as μg cm−2.
The collection of attached matter (excluding algae but including bacteria, cell exudates, detritus, and all other organic matter residing) and determination of the leaf area was the same as that of periphyton. Furthermore, the determination of the quality of attachment matter was the same as the suspended matter. The biomass of attached matter was determined as quality per unit area of the leaf (μg cm−2).
Dominance Index and Simpson’s Diversity Index of Periphyton
Dominance index (Y = Ni/N × fi, where Y represents the dominance index, Ni represents the abundance of species i, N represents the total abundance, and fi represents the frequency of species i occurring at sampling sites) of dominant species in each river is listed in Table 1.
TABLE 1 | Number of genus, algae cell density, and dominance index of dominant genus of periphyton of the three sampling zones.
[image: Table 1]Simpson’s diversity index is represented by the following formula:
[image: image]
where D represents the diversity index, s represents the numbers of total species, and [image: image] represents the proportion of species i abundance to the total abundance.
Statistical Analysis
Canonical analysis of principal coordinates (CAP) was used to test difference in community structure and environmental conditions among months and sampling location (Anderson and Willis, 2003). CAP is a variant of principal coordinate analysis (PCoA), aiming to find axis through a cloud of multivariate points that are best at discriminating among a priori defined groups (Clarke and Warwick, 2001). In this study, we used Bray–Curtis coefficients for periphyton biomass data and Euclidean distances for standardized environmental data of sampling location. The significant dissimilarities of communities and environmental conditions among months and sampling location were tested by applying one-way analysis of similarity (ANOSIM) (Clarke, 1993) based on permutation procedures with 999 runs. CAP and ANOSIM were carried out with the software Primer 6.0.
Redundancy analysis (RDA) was used to select the significant driving factors of the environmental variables related to periphyton biomass, abundance, and diversity index. The variables of multicollinearity were evaluated by variance inflation factors (VIF, excluded variables with VIF > 5). Then, significant driving factors were selected by the forward selection with Monte Carlo permutations for further analysis. All biological abundance data and environmental data were log(x + 1) transformed to satisfy normality. RDA was run using the “vegan” package in the R environment (R version 3.6.2). The contributions of the explanatory variables were parted using the function “varpart” in the R package “vegan”.
Periphyton data obtained after initiation of the experiment at three sampling locations were analyzed by RM-ANOVA (shown in Table 2), and multiple means comparisons were performed by Student–Newman–Keuls (SNK). RM-ANOVA analyses were conducted with IBM SPSS Statistics 22.
TABLE 2 | Statistical results of the RM-ANOVA analysis about the water velocity, suspended matter, SiO3, periphyton biomass, and abundance, diversity index.
[image: Table 2]The linear regression was conducted with the Pearson correlation analysis to assess the relationship among water velocity, suspended matter, and periphyton biomass, and the relationship between silicate and the periphyton biomass of non-diatom and the periphyton biomass ratio of diatoms to non-diatoms.
RESULTS
The Variation of Periphyton Community and Environmental Indicators
A total of 41 taxa were identified for periphyton during the studied period. Bacillariophyceae (18) was the dominant class, followed by Chlorophyceae (12), and other classes including Cyanophyceae, Dinophyceae, Euglenophyceae, and Cryptophyceae. The numbers of genus, cell density, and dominant species in each sampling zone are listed in Table 1.
According to CAP and ANOSIM, both of periphyton community structure and environmental indicators differed significantly among three sampling zones (R = 0.219, p = 0.001, Figure 2A; R = 0.513, p = 0.001, Figure 2C) and among months (R = 0.345, p = 0.001, Figure 2B; R = 0.237, p = 0.001, Figure 2D).
[image: Figure 2]FIGURE 2 | Canonical analysis of principal coordinate ordination plot (CAP) for periphyton biomass data in sampling location (A) and month (B) using the Bray-Curtis coefficient and environmental data in sampling location (C) and month (D) using standardized Euclidean distance. CCR represents the correct classification rate. E, estuary zone; E–L, estuary–lake mixing zone; L, lake littoral zone.
The Significant Driving Factors Selected by Redundancy Analysis
All variables can explain 50.2% of the variation in the periphyton community, and the concentration of suspended matters and silicate can significantly explain 37.5% of the variation in the periphyton community (Figure 3). The suspended matter was the most important variable with an explanatory power of 31.2%, followed by silicate with an explanation of 8.8%. The suspended matter interacts weakly with silicate, explaining the 2.4% periphyton variance (Figure 3B).
[image: Figure 3]FIGURE 3 | Ordination biplot of the redundancy analysis (RDA) for dominant periphyton biomass, abundance, diversity index and environmental variables (A); variance partitioning of periphyton community structure explained by suspended matter and silicate (B). In a: Monte Carlo permutation tests identified that suspended matter (p = 0.002) and silicate (p = 0.012) explained significant proportions. Blue vectors: periphyton biomass, abundance, and Simpson’s diversity index. Red vectors, environmental variables; Att, attached matter; Sus, suspended matter; Velocity, water velocity; WD, water depth; SiO3, silicate; TN, total nitrogen; TP, total phosphorus; Fe, iron; Mn, manganese; B, boron.
The Concentration Variation of Total Nitrogen and Total Phosphorus
The concentration of TN and TP were the highest in the E zone, followed by the E-L zone, and the lowest in L zone from June to August 2019 (rainy season). Meanwhile, the change trend of TN and TP was similar in the three sampling zones during the experiment (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Variation of total nitrogen (TN) and total phosphorus (TP) in different sampling zones from April to August. E, estuary zone; E–L, estuary–lake mixing zone; L, lake littoral zone.
Water Velocity, Suspended Particulate, and Silicate
Water velocity, the concentration of suspended matter, and silicate were the highest in E zone, which was significantly higher than that in E–L and L zones, and the lowest in L zone. The above three indicators fluctuated over time in the three sampling zones (Table 2; Figures 5A,C,E), but the silicate concentration had been increasing in E zone from April to August 2019 (Figure 5E).
[image: Figure 5]FIGURE 5 | Variation of water velocity, suspended matter, silicate, periphyton biomass, abundance and diversity index in different sampling zones from April to August. E, estuary zone; E–L, estuary–lake mixing zone; L, lake littoral zone.
Periphyton Biomass, Abundance, and Simpson’s Diversity Index
In the three sampling zones, there were significant differences in periphyton biomass, abundance, and diversity index, which had changed with time (Table 2). During the experiments, periphyton biomass and abundance were the highest in L zone and the lowest in E zone (Figures 5B,D). As for the diversity index, that in the L zone is the highest, followed by that in the E–L zone from May to July, and a continuously decreasing trend from May to August was observed in E zone (Figure 5F).
The Correlation Among Water Velocity, Suspended Matter, and Periphyton Biomass
Our results also showed that suspended matter concentration was positively correlated with flow velocity (p < 0.001) (Figure 6A), while negatively correlated with the biomass of periphyton (p < 0.001) (Figure 6C). In addition, water flow velocity had a significantly negative correlation with the biomass of periphyton (p < 0.05) (Figure 6B).
[image: Figure 6]FIGURE 6 | Relationships between the suspended particulate concentration, water velocity, and periphyton biomass. The data were ln(X + 1)-transformed. The line indicates linear regression for all the data, and its correlation coefficients and significance level were labeled. Gray shade are 95% point-wise confidence bands.
The Correlation Between Silicate and Periphyton
We also found that silicate concentration was strongly negatively correlated with Simpson’s diversity index of periphyton and was negatively related with non-diatoms biomass (p < 0.001 for both) (Figures 7A,B). Meanwhile, the concentration of silicate has a significant positive correlation with the periphyton biomass ratio of diatoms to non-diatoms (p < 0.001) (Figure 7C).
[image: Figure 7]FIGURE 7 | Relationships between the silicate concentration and diversity index of periphyton, and the silicate concentration and non-diatoms biomass, and the silicate concentration and the biomass ratio of diatoms and non-diatoms. The data were log-transformed. The line indicates linear regression for all the data, and its correlation coefficients and significance level were labeled. Gray shade are 95% point-wise confidence bands.
DISCUSSION
This study revealed a significant temporal and spatial difference of periphyton community structure and environmental indicators in Erhai Lake. E zone boasted the highest water velocity, suspended matters, and silicate concentration, significantly higher than that in E–L and L zones, while has the lowest biomass, abundance, and diversity of periphyton during the rainy season. Moreover, there was indeed a significant positive correlation between water velocity and suspended matter, and both of them have an adverse effect on the periphyton. Meanwhile, silicate generated a particularly strong negative influence on non-diatoms and diversity of periphyton, but it has a significantly positive relationship with the ratio of diatoms to non-diatoms. Consequently, altering periphyton community and biomass were ultimately regulated by water velocity, suspended matters, and silicates during the rainy season.
Current velocity and suspended matters might play an important role in regulating periphyton biomass, including shear stress generated by high-speed flow (Horner and Welch, 1981; Lindström and Traaen, 1984; Biggs, 1996; Shevchenko et al., 2019), and light attenuation and abrasion effect due to mobilized suspended matter by enhanced current velocity (Francoeur and Biggs, 2006; Mori et al., 2018; Izagirre et al., 2009), which are not conducive to the growth and proliferation of periphyton. In the present study, water velocity (> 20 cm s−1) and suspended matters concentrations (> 18 mg L−1) significantly reduced periphyton biomass. The same period of flood season and the rainy season, the precipitation accounts for 84.9–93.2% of annual precipitation from May to October in the Erhai Lake basin (Li et al., 2017) and water velocity, nutrient, and suspended matter load increase during the flood season (Yang et al., 2017). Generally, flow velocity varied from 2 to 70 cm s−1 in the freshwater ecosystem (Rusanov and Khromov, 2016), and velocity can reach 90 cm s−1 during flood period (Jowett and Biggs, 1997). A decrease in periphyton biomass with increasing current velocity was observed by Ryder et al. (2006) and periphyton biomass depended inversely on current velocity within the range from 2 to 60 cm s−1 (Rusanov and Khromov, 2016). In addition, current velocity can positively facilitate the transport efficiency of suspended particulates (Jowett and Biggs, 1997; Mori et al., 2018), and thereby is detrimental to the accumulation of periphyton biomass by abrasion and shading effect (Daviescolley et al., 1992; Parkhill and Gulliver, 2002; Izagirre et al., 2009; Hoyle et al., 2017). In the present study, suspended matters were enhanced by 69% in E zone compared with that in L zone, and periphyton biomass reduced by 297%. Izagirre et al. (2009) reported that suspended matter loads (> 6 g L−1) initially reduced algal growth and algal photosynthetic efficiency showed a quick decrease, thus leading to the loss of periphyton biomass.
Silicon (Si) is an essential element of diatoms, and it plays a key role in forming valves and completing cell cycle (Koester et al., 2016). Diatoms account for the majority of periphyton; therefore, silicate may play an important role in the development and community structure of periphyton (Lee et al., 2019). In this study, there was indeed a significant negative correlation between silicate concentrations (1.2–9.7 mg L−1) and Simpson’s diversity index of periphyton, and a positive correlation between silicate and the ratio of diatoms and non-diatoms, altering the periphyton community. Hillebrand and Sommer (2000) reported that enhanced Si supply decreased periphyton diversity. Besides, Hafner et al. (2018) observed that changes in silicate concentration affected periphyton community structure due to exploitation and competition among taxa. In addition, silicate concentrations and ratio of diatoms to non-diatoms were higher in E zone than in L and E-L zones, which may be attributed to the expansion and reproduction of diatoms through the absorption and utilization of silicate, and to the competition advantage of diatoms to non-diatoms. Therefore, taking these reasons into account could offer an explanation for the varied periphyton community.
Furthermore, biological factors in lakes also play an important role in regulating the development of periphyton communities through bottom-up and top-down effects, and this may partly explain the change of its community (Garcia et al., 2015; Mormul et al., 2017; Beck et al., 2019). However, with the lack of snail and fish data in our study, it was not possible to evaluate their impacts on the periphyton, which may help to explain why all the measured environment indicators did not have a higher explanation (only 50.2%) for the changes in the community structure of periphyton.
CONCLUSION
In conclusion, we found that current velocities and suspended matters had an impact on the development of periphyton biomass. Both of them are not conducive to the development of periphyton through shear stresses generated by high-speed flow that directly destroys algae mat and mobilization of the suspended particulates to prevent colonization. In addition, altering periphyton community was regulated primarily by silicate. The increase in silicate concentration significantly reduced Simpson’s diversity index of periphyton and enhanced the ratio of diatoms to non-diatoms, due to exploitation and competition among taxa.
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