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Abstract
Little is known about the differences in patterns and drivers between species richness (SR) 
and functional diversity (FD) in aquatic plants at large scales, and the underlying assem-
bly mechanisms are not well studied. We compared SR and FD patterns of aquatic plant 
assemblages in 29 subtropical lakes, and detected the underlying assembly rules. Environ-
mental drivers of SR and FD were revealed by GLM and GAM models, and the relative 
importance of assembly rules was determined by a null model approach. SR and FD of 
aquatic plants presented different patterns and drivers in this region. SR was significantly 
correlated with geographic, hydrological and water quality variables. We found a lower 
functional richness but higher functional evenness and divergence in the highland lakes. 
There was no significant correlation between functional richness and environmental varia-
bles. Null model analyses showed that most values of standardized effect size were located 
between the confidence interval, indicating a dominance of randomness. Deterministic pro-
cesses such as limiting similarity and habitat filtering were also important in individual 
lakes. Habitat filtering plays a stronger role shaping the hydrophyte assemblages especially 
with the increase of elevation, area and AWLF (amplitude of water level fluctuation). Our 
results demonstrated that FD, in contrast to SR, were more resistant to environmental vari-
ations, and hydrology played an important role in shaping both SR and FD patterns in lake 
ecosystems. Furthermore, we revealed complex assembly rules and emphasized the impor-
tance of both stochastic and deterministic mechanisms in structuring aquatic plant assem-
blages at the regional scale.
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Introduction

Understanding patterns and drivers of biodiversity at various scales remains a fundamental 
issue in ecology and conservation practices (Hortal et al. 2015). Classical studies on biodi-
versity are largely based on species richness (SR) (i.e. taxonomic unit), treating all species 
almost equally with little consideration of phylogenetic and trait variations (Mouchet et al. 
2010). Over the last two decades, functional diversity (FD) and phylogenetic diversity (PD) 
have been combined into analyses of community assemblages, revealing a multifaceted 
nature of biodiversity (Jarzyna and Jetz 2016; Pool et al. 2014). FD is defined as “the value 
and range of the functional traits of the organisms in a given ecosystem” (Tilman 2001). 
FD is linked to ecosystem functioning and ecological interactions, since the responses of 
species to environmental gradients and their ecological functions are determined by their 
functional traits (Hooper et al. 2005; Mori 2016; Mouillot et al. 2013; Petchey et al. 2004). 
Consequently, a FD approach is increasingly incorporated into addressing a variety of eco-
logical and environmental questions, including the patterns and drivers of biodiversity, 
community assembly, diversity-ecosystem functioning relationship, ecological restoration 
and conservation, and impact of global change (e.g. Arthaud et  al. 2012; Barbet-Massin 
and Jetz 2015; Mouchet et al. 2010; Paillex et al. 2013; Santos et al. 2016; Schleuter et al. 
2012; Swenson et al. 2012).

FD can be generally decomposed into three components, i.e. functional richness, func-
tional evenness and functional divergence (Mason et al. 2005; Villéger et al. 2008). The 
three facets are complementary, and each provides independent information of the distribu-
tion of species in functional space. Although a number of indices have been developed to 
quantify each facet of functional diversity (e.g. FRic, FEve and FDiv; Villéger et al. 2008), 
functional richness is the most concerned while functional evenness and divergence are 
rarely documented (Mason et  al. 2013; Mouchet et  al. 2010; Schleuter et  al. 2010). To 
date, only a very small number of studies document a complete quantification of functional 
diversity in terms of functional richness, evenness and divergence (e.g. Ding et al. 2013, 
Karadimou et al. 2015, 2016). In addition, theoretical and empirical studies show that func-
tional richness is highly correlated with SR, while functional evenness and divergence are 
more independent (Ding et  al. 2013; Mouchet et  al. 2010; Paillex et  al. 2013; Schleuter 
et al. 2010). It indicates that FD might not always be consistent with SR in responses to 
environmental gradients. Therefore, understanding patterns and drivers of FD might pro-
vide additionally valuable insights for biodiversity conservation and ecological theory.

Recently, applying FD measures to detect assembly rules that control biodiversity pat-
terns has received a lot of attention (e.g. Karadimou et  al. 2015; Mouchet et  al. 2010; 
Mouillot et al. 2007; Santos et al. 2016). Generally, two hypotheses driven by functional 
traits are commonly discussed: limiting similarity and habitat filtering. The limiting sim-
ilarity principle (Macarthur and Levins 1967) assumes that coexisting species are func-
tionally dissimilar and complementary, while the habitat filtering principle (Zobel 1997) 
emphasizes the role of environmental condition as a filter and thus coexisting species are 
more similar to one another. Among the three FD components, functional richness is found 
to be efficient in detecting the above assembly rules (Mouchet et al. 2010). Since functional 
richness increases with SR, a null model approach that randomize the community or trait 
matrix is introduced to remove the effects of SR (e.g. Ding et al. 2013; Mason et al. 2008; 
Swenson 2014; Swenson et al. 2012). Observed FD indices are compared with expected 
values generated by the null model, where a positive departure from random expecta-
tion indicates limiting similarity and a negative departure habitat filtering (Cornwell and 
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Ackerly 2009; Mori et al. 2015). In summary, FD analysis becomes a useful tool in reveal-
ing assembly rules of biological community, establishing a linkage between community 
ecology and ecosystem functioning.

Empirical studies reveal that both deterministic and stochastic mechanisms are impor-
tant in assembling biological communities (Chase and Myers 2011; Cornwell and Ackerly 
2009; Geheber and Geheber 2016; Laliberté et al. 2014; Lasky et al. 2014). These assem-
bly rules can occur simultaneously or sequentially along environmental gradients (Helmus 
et al. 2007; Karadimou et al. 2015; Mason et al. 2007), indicating that biological communi-
ties might be controlled by multiple mechanisms. Therefore, it’s important to understand 
which mechanism is stronger under a specific condition and how their influences vary 
along environmental gradients (Mouchet et  al. 2010). Although community assembly of 
terrestrial plant is progressing rapidly within a FD framework, little is known about the rel-
ative influence of mechanisms in aquatic plants (but see, Fu et al. 2014; Ruhí et al. 2014), 
especially at large scales. A number of factors that affect distribution of aquatic plants have 
been identified, among them, hydrological variables and water quality are the most con-
cerned (Bornette and Puijalon 2011). Since these factors can also exert influences of vari-
ous degrees on functional traits (Baattrup-Pedersen et al. 2015; Fu et al. 2014), they might 
potentially drive the FD patterns and community assembly of aquatic plants.

In the present study, we described patterns and drivers of SR and FD, and detected 
underlying assembly rules of aquatic plants in subtropical lakes. Our study had three spe-
cific purposes. First, we compare biodiversity patterns of aquatic plants in two sub-regions: 
highland and lowland. Since SR declines with elevation (Rahbek 1995) and isolated habi-
tats form dispersal barriers for species (Schleuter et al. 2012), we expect a lower functional 
richness and higher functional evenness and divergence in the more isolated highland 
lakes. Second, we examine the differences between SR and FD in response to environ-
mental variables at the regional scale. On the one hand, since FD increases monotonically 
with SR (Mouchet et al. 2010; Villéger et al. 2008), their responses to environmental gra-
dients might be similar. On the other hand, FD might be more resistant to environmental 
disturbances due to functional redundancy (Carmona et al. 2016), potentially blurring the 
observed patterns. Third, we examine the relative influence of limiting similarity and habi-
tat filtering on aquatic plant community. Habitat filtering is assumed to structure communi-
ties at regional scales, while limiting similarity usually drives communities at local scales 
(Santos et al. 2016; Swenson et al. 2012). We then expect a stronger effects of habitat filter-
ing in the subtropical region.

Methods

Species survey

We studied aquatic plant diversity of 29 lakes in the subtropical area of China (Fig.  1). 
These lakes can be generally divided into two subsets, i.e. highland and lowland. Thirteen 
highland lakes are located in the Yunnan-Guizhou plateaus, making up about 90% of the 
total lake area in this region, while the other 16 lowland lakes were in the Yangtze River 
floodplain. The highland lakes are most tectonic and isolated, while the lowland lakes are 
fluviatile and connected or used to be connected with the Yangtze mainstem (Wang et al. 
2016; Wang and Dou 1998).
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Aquatic plants including hydrophytes (i.e. macrophytes) and hygrophytes (i.e. amphi-
phytes) (Zhang 2009) were investigated during 2007–2012. Surveys were mainly carried 
out in the lakeshore region. The upper limit of the lakeshore zone is defined as where ter-
restrial species or embankment is encountered, and the lower limit is where submerged 
hydrophytes disappear and determined by field surveys of this study and historical records. 
Therefore, the survey area is subject to change from site to site given the heterogeneity of 
lake bathymetry. Field surveys were carried out in autumns of 2007 and 2010, and summer 
of 2008 for highland lakes, with each lake being visited twice. For lowland lakes, three 
field surveys were taken for each lake in spring, summer and autumn in 2009–2012. Sam-
pling transects (each 20 m width) perpendicular to the shoreline were set in lakeshore zone 
avoiding sites with obvious human activities. Three to nine transects were set for plateau 
lakes, and one to seven for floodplain lakes given the size of lake area and habitat hetero-
geneity. From the upper limit to the water edge of each transect, all species encountered 
(mainly hygrophytes and emergent hydrophytes) were identified and recorded. From the 
water edge to the lower limit, hydrophytes were sampled by scythes or grabs, and any spe-
cies encountered were recorded. All lakeshore plants were identified to species level when 
possible according to Flora of China (www.eflor​as.org) (Flora of China Editorial Commit-
tee 1988–2013) and other taxonomic monographs (Institute of Botany 1994; Zhang 2009; 
Zhao and Liu 2009). Eight species including one woody species (Triadica sebifera), one 
charophyte (Chara sp.) and six fern species were excluded from analysis although they 
occurred in the sampling transects. The presence/absence data of 215 species, including 42 
hydrophytes and 173 hygrophytes, were used to describe plant assemblages of the 29 lakes. 
Hygrophytes dominated in most lakes, accounting for 66.4% of the total in average.

China 

0 100 200 km

The Yangtze River

The Pearl River

Fig. 1   Sampling lakes for aquatic plants in the present study

http://www.efloras.org
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Environmental data

We considered 15 environmental variables representing the geographic, hydrological, 
lake morphological and water quality condition of the lakes (Online Resource 1). All 
the variables are regarded as important to various degrees in shaping aquatic plant com-
munities (Bornette and Puijalon 2011; Heino and Toivonen 2008). Geographic varia-
bles included longitude, latitude, elevation and area. Regarding hydrological characters, 
water-level fluctuation (WLF) is regarded as the chief hydrological variable structuring 
biological communities in lakes and wetlands (Cott et al. 2008; Wantzen et al. 2008). In 
this study, amplitude of WLF (AWLF) was considered and defined as the within-year 
variation in water level, i.e. the maximum minus the minimum. Precipitation had great 
impacts on water level, and was also treated as a hydrological variable in this study. In 
terms of lake morphology, the mean and maximum water depth together with the shore-
line development index (SDI) were included. SDI is calculated as SDI = L∕(2

√

�A) , 
where L is shoreline length and A is lake area (Aronow 1982). For water quality, six 
indices were included as Secchi depth (SD), pH, conductivity, and concentrations of 
total nitrogen (TN), total phosphorus (TP), and chlorophyll a (Chla). All environmen-
tal data were derived from literature, publications or government datasets. Geographic, 
hydrological and morphological data were mainly from Records of Chinese Lakes 
(Wang and Dou 1998). AWLF values of some lakes were calculated from daily water-
level records of local gauge stations of the survey years. Water quality data of the field 
survey periods were derived from literature (Liu et  al. 2011; Yu et  al. 2010; Zhang 
2013), and unpublished monitoring data of local governments and scientific institutes.

Trait data

We selected 13 functional traits representing vegetative, regenerative and ecological 
characteristics of aquatic plants (Table 1). These traits are generally used in functional 
diversity analysis and they represent different functional strategies of plants under cer-
tain environmental conditions (Adler et al. 2014; Karadimou et al. 2015; Weiher et al. 
1999). The other traits such as hydraulic and foliar traits (SLA, N% and P%) were of 
interest (Adler et al. 2014; Wright et al. 2004), but they were not included in this study 
due to lack of data. Among the selected traits, seven are continuous variables and the 
remains are either categorical or binary. Functional trait values were collected mainly 
from the monograph Flora of China (www.eflor​as.org) (Flora of China Editorial Com-
mittee 1988–2013) and other literature (Institute of Botany 1994; Zhang 2009; Zhang 
2013; Zhao and Liu 2009). Leaf width/length ratio was calculated based on the col-
lected data.

Functional diversity

We used three independent indices, i.e. FRic, FEve and FDiv, developed by Villéger 
et  al. (2008) to quantify FD of each assemblage. FRic quantifies the volume of func-
tional space filled by the community, and FEve and FDiv measure evenness and diver-
gence of species distribution in this volume, respectively (Mason et al. 2005; Villéger 
et  al. 2008). To calculate the three indices, we followed methods provided by Swen-
son (2014). First, we calculated the functional distance for each pair of species using 

http://www.efloras.org
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Gower’s distance which allows mixing quantitative and qualitative variables while giv-
ing them equal weight (Podani and Schmera 2006). Secondly, we performed a Principal 
Coordinate Analysis (PCoA) on this functional distance matrix (Villéger et  al. 2008). 
The first five axes of the PCoA, accounting for 77.8% of total variation, were selected 
and treated as the new “traits” for computation. Finally, functional indices for each plant 
assemblage were calculated using the new “traits” and species presence/absence data.

Null model

We used a null model approach to detect the assembly rules that structure the plant assem-
blages in the studied lakes (Gotelli and Colwell 2001; Mouchet et  al. 2010). According 
to Swenson (2014), we created 999 random assemblages by randomizing the trait data 
while maintaining the community. Randomization were carried out for highland and low-
land lakes separately, considering that they might have different species pools due to geo-
graphic isolation. FRic values of generated assemblages were calculated and compared 
with observed values using two-tailed Wilcoxon Signed-Ranks Tests (Hollander and Wolfe 
1999). We measured the standardized effect size (SES) for each assemblage according to 
Gotelli and Rohde (2002). The SES is calculated as SES = (Obs − Exp)/SDExp, where Obs 
corresponds to indices for the observed assemblage, Exp is the mean of index values for 
randomization and SDExp is the standard deviation of randomization. A significant dif-
ference at P < 0.05 is considered where the SES value falls outside the range − 1.96 to 
1.96, assuming a normal distribution of deviations (Gotelli and Rohde 2002; Wittman et al. 
2010). A greater SES value than 1.96 indicates limiting similarity, and a value lower than 
− 1.96 indicates habitat filtering (Ding et al. 2013; Mouchet et al. 2010). In addition, gen-
eral linear models were used to test the differences between observed and expected FRic 
values across lakes, with SR as a covariate.

Statistical analyses

Patterns of SR and FD between the highland and lowland lakes were compared using 
Wilcoxon Rank Sum Tests (Hollander and Wolfe 1999). To determine environmental 
responses of SR and FD, generalized linear models (GLMs) and generalized additive mod-
els (GAMs) were constructed for each biodiversity index (Hastie and Tibshirani 1990). 
To avoid multicollinearity, bivariate correlations between environmental variables were 
detected using Spearman rank–order correlation analysis. Variables that highly correlated 
at P < 0.05 or with the coefficient |r| > 0.70, were removed and only one was kept consider-
ing their biological meanings (Alahuhta et al. 2011). Among the 15 variables, eight were 
selected to represent geographic, hydrological, morphological and water quality character-
istics of studied lakes (Table 2). To determine which variables were statistical significant, 
we first constructed a global GLM model including all selected variables for each SR and 
FD index. Next, we used a full stepwise selection procedure by removing variables one by 
one from the global model to detect whether the model changed significantly using a Chi 
square test at P < 0.05. The variables that significantly correlated with a biodiversity index 
were used to construct the GAMs. A Poisson distribution was assumed and a logarithmic 
link function was used in the GAMs of SR, and a normal distribution with an identity link 
function was applied for FD models. A stepwise selection procedure was also applied to 
the GAMs, and the candidate models were compared using the Akaike information crite-
rion (AIC) (Akaike 1974). Models with the lowest AIC values were selected as the best 
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models (Burnham and Anderson 2002). If small difference (0–2) between two AIC values 
occurred, we choose the model with less variables to avoid overfitting or the model with 
higher explanatory power. Spatial autocorrelation was checked for residuals of each final 
model based on Moran I correlograms (Bivand et al. 2013), and none to very low spatial 
autocorrelation was detected. Similar procedure was applied to determine the responses of 
SES to environmental factors. All calculations and analyses were performed in R 3.3.2 (R 
Core Team 2017).

Results

Patterns and drivers of SR and FD

SR of aquatic plants was significantly different between the highland and lowland lakes. 
The total species and hygrophytes were more abundant in the lowland, while SR of hydro-
phyte was higher in the highland. Regarding FD, FRic was significant lower and FEve and 
FDiv were higher in the highland (Fig. 2).

The environmental analyses using GAMs showed that the deviances explained 
were > 56%, indicating that the models were well fitted with the data (Table 2). Aquatic 

Table 2   Results of statistical analyses by generalized additive models (GAMs) for species richness (SR) 
and functional diversity (FD) of aquatic plants in the subtropical lakes

Elev elevation (m), WDmean mean water depth (m), SDI shoreline development index, AWLF amplitude of 
water level fluctuation (m), Cond conductivity (μs/s), TN total nitrogen content (μg/L), TP total phosphorus 
content (μg/L), ns non-significant

Environmental 
variable

SR (P value) FD (P value)

Total Hydrophyte Hygrophyte FRic FEve FDiv FRichydrophyte FRichygrophyte

Geography
 log10Elev ns < 0.001 0.001 ns < 0.001 < 0.001 ns < 0.001
 log10Area 0.001 0.046 0.034 ns ns ns 0.027 ns

Morphology
 log10WDmean ns ns ns ns ns ns 0.030 ns
 SDI ns ns ns ns ns ns ns ns
 Hydrology
 AWLF < 0.001 ns < 0.001 ns 0.001 ns ns ns

Water quality
 log10Cond < 0.001 ns 0.001 ns ns ns ns ns
 log10TN ns ns ns ns ns ns ns ns

log10TP < 0.001 ns < 0.001 ns ns ns ns 0.015
Adjusted R2 0.77 0.47 0.76 – 0.71 0.57 0.27 0.53
Deviance 

explained 
(%)

87.2 56.9 85.4 – 77.6 62.6 37.5 56.0

Degrees of 
freedom

16.6 4.8 11.9 – 8.1 5.6 5.8 4.0

AIC 209.6 153.8 203.5 – − 113.6 − 123.0 146.5 257.9
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plant diversity was closely correlated with geographic, hydrological and water quality 
variables, while lake morphological characters were less important (Table 2). The total 
SR was significantly correlated with area, AWLF, conductivity and TP (P < 0.01). It 
decreased with AWLF and conductivity, and increased with TP, while the species-area 
relationship was not monotonic (Fig. 3). Differences were also found between hydro-
phytes and hygrophytes. Hydrophytes only presented significant relationships with 
elevation and area, while hygrophytes showed patterns quite similar to the total SR. 
In contrast, FD seemed to be more resistant to environmental variables. No significant 
relationship was detected between the total FRic and environmental variables. FRic of 
hydrophytes varied with area and mean water depth, while that of hygrophytes with 
elevation and TP (Table 2). FEve had positive relationships with elevation and AWLF, 
and FDiv increased with elevation.

Observed versus expected FRic

All observed values of total FRic were significantly different from the means of 
expected (P < 0.05). SES values were either positive or negative and most were 
located between the confidence intervals, and only in five lakes they showed signifi-
cant departure from randomization (Fig.  4). The observed and expected values of 
FRic were strongly correlated with SR across lakes (P < 0.05). General linear model 
analyses showed that the slope of observed FRic was significantly shallower (F = 37.7, 
P < 0.001) than that of expected in hydrophytes, but no significant difference in slopes 
was found in the total as well as hygrophyte assemblages. SES values of hydrophytes 
were negatively related with elevation, area and AWLF (Online Resource 2).

Fig. 2   Species richness and functional diversity of aquatic plants in the subtropical lakes
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Discussion

Patterns and drivers in SR versus FD

The present study revealed that lake area, AWLF, conductivity and TP were important in 
determining species diversity of aquatic plants in subtropical lakes at the regional scale. 
Although we found SR of aquatic plants was significantly correlated with lake area, the 
species-area curve was non-monotonic, and quite different from the classical power or 
exponential function (Lomolino 2000; Tjørve 2003; Williams et al. 2009). Previous studies 
have also failed to detect any significant relationship between aquatic plant species with 
lake area (e.g. Heegaard 2004; Hinden et al. 2005; Vestergaard and Sand-Jensen 2000). It 
seems that lake area per se can hardly explain species diversity pattern of aquatic plants. 
Both AWLF and conductivity had negative relationships with SR. Such results were dif-
ferent from previous studies in temperate lakes where SR peaked at the middle AWLF (ca. 
1–2 m) (e.g. Geest et al. 2005; Hill et al. 1998; Riis and Hawes 2002). The difference might 
be attributed to the scale of AWLF involved, where AWLF was greater in the subtropi-
cal lakes (maximum 11.9 m) than temperate ones. Moreover, such a large AWLF might 
exert strong detrimental effects on both hygrophytes and hydrophytes, since it is usually 

Fig. 3   Responses of the total species richness to major environmental variables. The curved lines are 
splines fitted by the generalized additive model (Table 2), and the shaded areas indicate the ranges of 95% 
confidence intervals
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associated with a deeper submergence and a quick decrease in water transparency in this 
region (Zhang 2013). Conductivity can be regarded as a measure of salinity, and the latter 
is proved to have strong detrimental effects on aquatic plants (Nielsen et al. 2003). There 
was a positive relationship between SR and TP, indicating that a certain level of nutrient 
increase might promote plant diversity especially hygrophytes in lakeshore. Regarding sub-
merged macrophytes, however, overloading of TP can prohibit their development by reduc-
ing water transparency (Hough et  al. 1989; Jin et  al. 2005). In the present study, hydro-
phytes showed patterns and drivers quite different from those of hygrophytes. Although 
they were significantly correlated with elevation, their responses were in reverse ways 
(Fig. 2, Table 2), potentially blurring the relationship between elevation and total SR.

In contrast to SR, FD of aquatic plants presented different patterns and drivers. As we 
expected, FD was more resistant to environmental variables than SR, indicating that loss of 
species might not result in loss of FD due to functional redundancy (Carmona et al. 2016; 
Pool et al. 2014). No significant relationship was detected between FRic of the total and 
environmental variables, mainly due to the reason that hydrophyte FRic and hygrophyte 
FRic responded to different variables (Table  2). Both FEve and FDiv were significantly 
correlated elevation, and they were higher in highland lakes than in lowland lakes as we 
expected. Such results were consistent with the isolation hypothesis, which predicted a 
higher functional evenness and divergence but lower functional richness in isolated habi-
tats (Field et al. 2009; Schleuter et al. 2012). In this study, the highland lakes are more iso-
lated than the lowland floodplain lakes (Wang et al. 2016). Our results showed that AWLF 
was positively related with FEve of aquatic plants, suggesting that a certain level of hydro-
logical disturbance can promote functional evenness. Such result was in agreement with 
studies on birds and terrestrial plants (e.g. Cardinale et al. 2000; Ding et al. 2013; Pakeman 
2011). In lakes with a large AWLF, aquatic plant assemblages are usually dominated by a 
small number of species such as Carex and Phragmites australis (Wang et al. 2016). It’s 

Fig. 4   Standard effect size (SES) of functional richness (FRic) of aquatic plant assemblages in subtropical 
lakes
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probably that community in highly disturbed environments would be highly uneven due to 
dominance of a few species.

Underlying assembly rules

Our results showed that most SES values of total assemblages fell between the confidence 
intervals, indicating that stochastic processes might dominate in aquatic plants. This might 
partly explain why FRic was not related to any environmental variables (Table 2). Stochas-
tic processes were also found to control macroinvertebrate assemblages in lakes (Heino 
and Tolonen 2017). It seemed that randomness could be common in aquatic assemblages. 
However, the dominance of randomness might be overestimated in the present study since 
randomness can also result from combined effects of deterministic processes such as limit-
ing similarity and habitat filtering (Chesson 2000; Heino and Tolonen 2017; Tilman 2004).

Hydrophyte and hygrophyte assemblages seemed to be controlled by different mecha-
nisms. Although only one significant departure was detected in hydrophytes, the observed 
values increased at a much lower pace with SR than expected, suggesting a stronger role 
of habitat filtering across lakes. By contrast, hygrophyte assemblages seemed to be con-
trolled mainly by stochastic processes such as stochasticity and drift (Kraft and Ackerly 
2014; Tilman 2004). The difference in assembly mechanisms might be related to their dif-
ferent life history strategies, where hygrophytes are more opportunistic with shorter life 
span (usually 3–5 months) than hydrophytes (Zhang 2009). As environmental gradients or 
disturbance intensity increase, biological communities are assumed to be driven by habitat 
filtering (Santos et al. 2016). SES values of hydrophytes showed significantly negative cor-
relations with elevation, area and AWLF, indicating that habitat filtering would become 
stronger along these environmental gradients. Such results supported the hypothesis that 
habitat filtering would drive community at the regional scale (Laliberté et al. 2014; Santos 
et al. 2016).

Conclusions and implications

The present study revealed FD patterns and assembly rules of aquatic plants at a regional 
scale. SR of aquatic plants showed strong correlations with environmental variables, while 
FD was more resistant. Our analyses revealed complex assembly rules in structuring 
aquatic plants assemblages in this region. Aquatic plant assemblages seemed to be con-
trolled mainly by stochastic processes. In individual lakes, deterministic mechanisms such 
as limiting similarity and habitat filtering were also important. Globally, freshwaters are 
seriously threatened and vulnerable to anthropogenic activities (Strayer and Dudgeon 2010; 
Vörösmarty et al. 2010). Our study provides important implications considering conserva-
tion and rehabilitation of aquatic plants. Since AWLF is important in determining both SR 
and FD of aquatic plants in lakes, conservation and rehabilitation should therefore take into 
consideration of water level management which is poorly implemented in the study region 
(Liu et al. 2017). As FD is related to ecosystem functioning (Mori 2016), water level man-
agement might also be a useful tool to promote the whole ecosystem health.
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