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1  | INTRODUC TION

How community assembly processes are driven by environmental 
factors and geographic distance remains a critical topic in ecology 

(Cottenie, 2005; Leibold et al., 2004; Socolar et al., 2016). The emer-
gence of beta diversity concepts, representing spatiotemporal com-
munity dissimilarity from taxonomic or functional perspectives, has 
improved our understanding of biodiversity patterns (Baselga, 2012; 

 

Received: 14 April 2021  |  Revised: 30 May 2021  |  Accepted: 4 June 2021

DOI: 10.1002/ece3.7811  

O R I G I N A L  R E S E A R C H

Seasonal patterns of taxonomic and functional beta diversity in 
submerged macrophytes at a fine scale

Hao Wang1,2  |   Hui Fu3 |   Zihao Wen1,2  |   Changbo Yuan1,2 |   Xiaolin Zhang1 |   
Leyi Ni1 |   Te Cao1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Hao Wang and Hui Fu contributed equally this study. 

1State Key Laboratory of Freshwater 
Ecology and Biotechnology, Institute 
of Hydrobiology, Chinese Academy of 
Sciences, Wuhan, China
2University of Chinese Academy of Sciences, 
Beijing, China
3Ecology Department, College of Bioscience 
& Biotechnology, Hunan Provincial Key 
Laboratory of Rural Ecosystem Health in 
Dongting Lake Area, Hunan Agricultural 
University, Changsha, China

Correspondence
Xiaolin Zhang, State Key Laboratory of 
Freshwater Ecology and Biotechnology, 
Institute of Hydrobiology, Chinese Academy 
of Sciences, Wuhan 430072, China.
Email: zhangxl@ihb.ac.cn

Funding information
This work was supported by the National 
Natural Science Foundation of China 
(31930074, 32071574, 31770510), National 
Key Research and Development Program 
of China (2017YFA0605203), and State 
Key Laboratory of Freshwater Ecology and 
Biotechnology (2019FBZ01)

Abstract
Spatiotemporal variation in community composition is of considerable interest in 
ecology. However, few studies have focused on seasonal variation patterns in taxo-
nomic and functional community composition at the fine scale. As such, we con-
ducted seasonal high- density sampling of the submerged macrophyte community in 
Hongshan Bay of Erhai Lake in China and used the generalized dissimilarity model 
(GDM) to evaluate the effects of environmental factors and geographic distance on 
taxonomic and functional beta diversity as well as corresponding turnover and nest-
edness components. At the fine scale, taxonomic turnover and nestedness as well 
as functional turnover and nestedness showed comparable contributions to corre-
sponding taxonomic and functional beta diversity, with different importance across 
seasons. All taxonomic and functional dissimilarity metrics showed seasonal varia-
tion. Of note, taxonomic beta diversity was highest in summer and lowest in winter, 
while functional beta diversity showed the opposite pattern. Taxonomic and func-
tional turnover showed similar change patterns as taxonomic and functional beta 
diversity. Taxonomic nestedness was low in summer and high in winter. Functional 
nestedness was also lower in summer. These results suggest that under extreme 
environmental conditions, both turnover and nestedness can exist at the fine scale 
and seasonal community composition patterns in submerged macrophytes should be 
considered. Future investigations on community assembly mechanisms should pay 
greater attention to long- term dynamic characteristics and functional information.
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Legendre & De Caceres, 2013; Legendre et al., 2009; Podani 
et al., 2013). To identify changes in internal community composition, 
beta diversity can be divided into turnover and nestedness compo-
nents (Baselga, 2010, 2012; Villéger et al., 2013). In turnover, the loss 
of a species or trait is replaced by the gain of other species or traits, 
whereas in nestedness, species or traits that occur in one location are 
considered a subset of those from another location (Baselga, 2010; 
Villéger et al., 2013). Taxonomic and functional dissimilarity can 
characterize the different facets of community composition among 
sites. For example, communities may have higher species turnover 
but lower functional turnover as species may be replaced by those 
with similar traits (Fu, Yuan, Jeppesen, Ge, Li, et al., 2019). Changes in 
taxonomic and functional beta diversity aspects can also differ along 
environmental gradients for a particular community. For example, 
Bishop et al. (2015) found that with increasing elevational gradients, 
taxonomic community composition is driven by turnover while func-
tional community structure is controlled by both turnover and nest-
edness patterns. Therefore, species- based beta diversity alone may 
include limited information on the compositional changes among 
sites (Villeger et al., 2008, 2011). Incorporating functional traits into 
beta diversity indices could provide a more detailed understanding 
of biodiversity patterns and processes (Carvalho et al., 2020; Chun 
& Lee, 2017; Villéger et al., 2013).

However, the magnitude of beta diversity and relative importance 
of turnover and nestedness may depend on spatial scale (Declerck 
et al., 2011; Fu, Yuan, Jeppesen, Ge, Li, et al., 2019). Generally, 
both local environmental filtering and regional spatial processes 
(dispersal limitation with increasing geographic distance) are im-
portant factors of community composition changes among sites 
(Alahuhta et al., 2015; Legendre et al., 2009; Soininen et al., 2007). 
Theoretically, turnover patterns are influenced by environmental fil-
tering, competition, and historical events, whereas physical barriers 
across large geographic distances may lead to nestedness (Alahuhta 
et al., 2017; Baselga, 2010; Legendre, 2014; Melo et al., 2009). For ex-
ample, small species such as fish and zooplankton do not exhibit nest-
edness patterns at the fine scale as they can sufficiently and freely 
disperse, that is, show low dispersal limitation (Cottenie et al., 2001; 
Erős et al., 2012). In this situation, environmental heterogeneity will 
screen out species with specific adaptive capacity (He et al., 2019). 
Thus, species distribution patterns may mirror environmental gradi-
ents and turnover is prevalent (Baselga, 2012; Legendre, 2014). At 
the broad scale, species distribution patterns can include large geo-
graphic gradients (e.g., latitude, altitude) and dispersal barriers (Viana 
et al., 2015). Thus, community composition changes may originate 
from environmental filtering and dispersal limitations, with turn-
over and nestedness both important components of beta diversity 
(Declerck et al., 2011; Legendre, 2014). However, lake environments 
may change dramatically at the small scale (e.g., soil pH, total nitrogen 
(TN), and total phosphorus (TP)), thus filtering species less tolerant to 
extreme environments (e.g., water depth, water transparency), which, 
in turn, causes species nestedness among sites (Fu et al., 2020).

In freshwater lakes, submerged macrophytes are an important 
trophic level and play a vital role in determining ecosystem stability 

and services (Fu, Yuan, Jeppesen, Ge, Zou, et al., 2019; Fu et al., 
2015, 2018; Scheffer et al., 1993). Thus, understanding the beta 
diversity patterns, including the turnover and nestedness compo-
nents, of submerged macrophytes at different scales is essential. 
Previous studies on the spatial variation mechanisms of macro-
phyte assemblages have primarily focused on the larger scale. For 
example, Alahuhta et al. (2017) reported that turnover accounts for 
most beta diversity due to the variability in elevational range at the 
global scale. Fu, Yuan, Jeppesen, Ge, Li, et al. (2019) found that at 
the regional scale, different drivers contribute to structural (mainly 
turnover) and functional (mainly nestedness) beta diversity patterns 
in macrophyte species in Chinese lakes, and both species turnover 
and functional nestedness decrease with increasing water TP. Zhang 
et al. (2018) concluded that habitat loss and fishery intensity can 
impact the taxonomic and functional nestedness patterns of mac-
rophytes, whereas water quality is a weaker driver at the regional 
scale. Excessive attention to large- scale variation patterns of biodi-
versity will inevitably lead to a partial understanding of the gener-
ality of community organization and the drivers (e.g., water depth 
and transparency) that affect the distribution of submerged macro-
phytes on a fine scale will be ignored. Nonetheless, very few stud-
ies have examined taxonomic and functional beta diversity patterns 
in submerged macrophytes driven by environmental variables and 
geographic distance at the fine scale. In a small- scale subtropical 
reservoir, Boschilia et al. (2016) found that landscape configurations, 
local environmental conditions, and biotic interactions cause high 
beta diversity (mainly species turnover). In addition, aquatic macro-
phyte communities exhibit greater seasonal variation in community 
composition than terrestrial plants. Rooney and Kalff (2000) found 
that macrophyte colonization depth increases in the warm season, 
resulting in greater productivity and distribution of submerged mac-
rophyte communities. Therefore, integrating multiple sampling ap-
proaches will help provide a clearer understanding of the dynamic 
beta diversity patterns of submerged macrophytes.

Here, we examined seasonal patterns in submerged macrophyte 
beta diversity based on taxonomic and functional approaches at the 
fine scale (ca. 10 km2) (Hongshan Bay of Erhai Lake). We seasonally 
sampled 189 plots (200 × 200 m intervals between adjacent plots) 
evenly over the bay and measured taxonomic and functional beta 
diversities (Sørensen coefficient) and their turnover (Simpson coef-
ficient) and nestedness components. Previous studies have found 
that strong winds and waves occur on Erhai Lake for most of the 
year (Chu et al., 2014), which transport propagules and thus weaken 
the effects of spatial processes on community structure. We used 
the generalized dissimilarity model (GDM) (Ferrier et al., 2007) to 
disentangle the role of environmental and spatial (i.e., geographic 
distance) processes in determining beta diversity patterns across 
the four seasons. Firstly, we hypothesized that turnover would be 
the main component of beta diversity (both taxonomic and func-
tional), with nestedness only accounting for a small proportion. 
This is because wind and wave action in Erhai Lake may endow 
submerged macrophytes with a higher dispersal ability (i.e., low 
nestedness) (Chu et al., 2014), and thus, environmental variables 
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will more strongly impact community structure (i.e., high turnover). 
Secondly, we hypothesized that beta diversity, including the turn-
over and nestedness components, would change seasonally. For 
example, beta diversity may be low in summer and high in winter 
regardless of taxonomic or functional beta diversity. This is because 
submerged macrophytes thrive in summer and species ecological 
amplitude is broader, which may result in a more homogeneous 
community structure in the bay (i.e., low taxonomic and functional 
beta diversity). In contrast, species habitat ranges may contract in 
winter, with only a few tolerant species able to survive the extreme 
environmental conditions, thus leading to a divergent commu-
nity structure in the bay (i.e., high taxonomic and functional beta 

diversity). Thirdly, we hypothesized that environmental variables 
would be more important than geographic distance for taxonomic 
and functional beta diversity because of obvious environmental 
gradients (e.g., water depth) in the bay and weakened effects of 
geographic distance caused by strong wind and wave action in Erhai 
Lake (Wang et al., 2020).

2  | MATERIAL S AND METHODS

2.1 | Study area

The study was carried out in the northern Hongshan Bay of Erhai 
Lake (25°52′N, 100°06′E), Yunnan Province, China. Erhai Lake be-
longs to the northern subtropical climate, with a rainy season be-
tween May and October and a harsh dry period between November 
and the following April (Fu et al., 2013). Hongshan Bay is located 
at the northern end of Erhai Lake, with a maximum depth of 10 m 
and an area of 10 km2. In recent decades, there has been an in-
crease in the external nutrient input in the lake with the develop-
ment of surrounding cities. Thus, the water quality of Erhai Lake 
has changed from an oligotrophic state to a mesotrophic state (Lin 
et al., 2020), which has, in turn, lead to a change in the submerged 
macrophyte community from Potamogeton maackianus dominance 
to Ceratophyllum demersum and P. maackianus codominance (He 
et al., 2015) (Figure 1). The location of Erhai Lake and distribution of 
sampling sites are shown in Figure 2.

F I G U R E  1   Submerged macrophyte community in Hongshan 
Bay, Erhai Lake

F I G U R E  2   Location of sampling 
areas (Hongshan Bay) and distribution of 
sampling sites (grid intersections used for 
sampling)
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2.2 | Data collection

The submerged macrophyte communities were sampled season-
ally in 189 evenly sampling sites (mean intervals between adjacent 
plots of 200 × 200 m) across the bay. Sampling time occurred in 
April, July, and October 2018 and in January 2019, correspond-
ing to spring, summer, autumn, and winter, respectively. In each 
survey, GPS coordinates were recorded using a GPS map 60CSx 
receiver at each site to calculate spatial variables. The submerged 
macrophyte communities were sampled three times at each sam-
pling site with a rotatable reaping hook (area = 0.2 m2). Plants 
were washed and identified to species. In addition, TN, TP, chlo-
rophyll- a (Chl.a), water transparency (SD), and water depth (WD) 
were determined at each site as environment variables, as per 
Wang et al. (2020).

Based on our previous research, we measured 12 functional trait 
indices for the submerged macrophytes, which are widely used to 
analyze environmental adaptation (Fu et al., 2012; Fu, Zhong, Yuan, 
Ni, et al., 2014, Fu et al., 2017), including specific leaf area (SLA), rel-
ative growth rate (RGR), leaf area ratio (LAR), leaf mass ratio (LMR), 
shoot height, stem diameter, leaf dry mass content, lamina thickness, 
stem dry mass content, flowering duration, ramet size, and leaf car-
bon/nitrogen (C/N) ratio.

2.3 | Data analysis

We used three complementary steps to investigate seasonal pat-
terns in taxonomic and functional beta diversity of the submerged 
macrophytes. Firstly, taxonomic beta diversity (TBD) of submersed 
macrophytes was calculated using pairwise- site Sørensen coeffi-
cients (βsor) based on presence– absence species data (Baselga, 2010; 
Baselga & Orme, 2012). Given that species turnover (βsim) and nest-
edness (βsne) combine to equal beta diversity (dissimilarity) and simi-
larity equals 1 − dissimilarity, we used a triangular graph to describe 
the distribution of turnover and nestedness, that is, similarity = (1 
− beta diversity), according to Legendre (2014). Each side of the tri-
angle represents one of the three components. For functional beta 
diversity (FBD), we used the Sørensen coefficient, as suggested by 
Villéger et al. (2013): 1) We calculated the functional distance ma-
trix among species with original trait data using Gower's distance 
(Gower, 1971); 2) principal coordinate analysis (PCoA) was used to 
create replaceable functional axes from the functional distance ma-
trix, and we selected the first two axes as synthetic functional traits 
of submerged macrophytes because of long computation times; 3) 
finally, we used the “functional.beta.pair” function from the R pack-
age betapart (Villéger et al., 2013) to calculate the three functional 
dissimilarity indices: that is, beta diversity, turnover, and nestedness 
by combining species data and synthetic functional traits. We also 
used the triangular diagram mentioned above to represent functional 
beta diversity as well as its turnover and nestedness components. 
The relative importance of turnover and nestedness components 
for taxonomic and functional beta diversity was examined in each 

season using Wilcoxon signed- ranks tests. The differences in beta 
diversity, turnover, and nestedness for taxonomic and functional 
facets across seasons were compared by Kruskal– Wallis post hoc 
comparisons.

Secondly, we also explored the effects of environmental factors 
and geographic distance on taxonomic and functional species as-
semblages. We used environmental factors, geographic distance, or 
both as the explanatory variables and beta diversity, turnover, and 
nestedness as the response variables to construct the GDM. As a 
nonlinear statistical approach, the GDM can explain spatial variation 
in community composition better than linear methods (Fitzpatrick 
et al., 2013; Glassman et al., 2017). The percentages of pure environ-
mental and geographic distance contributing to the total explained 
deviance were calculated as the “pure” effect of environment and 
geographic distance for beta diversity, turnover, and nestedness 
(Fitzpatrick et al., 2013; Fu et al., 2020).

Thirdly, we used the GDM, which applies maximum- likelihood 
estimation and flexible I- splines, to evaluate the effects of specific 
variables (e.g., TN, TP). The maximum height of each I- spline rep-
resented the importance of a specific variable on beta diversity, 
turnover, and nestedness, while holding all other variables constant 
(Ferrier et al., 2007). The GDM was constructed using the “gdm” 
function in R with the “gdm” package (Fitzpatrick et al., 2020). All 
statistical tests were performed in R v3.60 (R Core Team, 2019).

3  | RESULTS

3.1 | Relative importance of turnover and 
nestedness in taxonomic and functional beta diversity

Both taxonomic turnover and nestedness and functional turnover 
and nestedness showed comparable contributions to variations in 
taxonomic and functional beta diversity across the four seasons. 
For taxonomic beta diversity (TBD), significant differences in taxo-
nomic turnover and nestedness components were found in summer 
(p < .05) and in winter (p < .05), that is, in summer, on average, 58% 
of species were replaced between pairs of sites and 42% were lost/
gained, while in winter, on average, 43% of species were replaced 
and 57% were lost/gained (Figure 3). In spring and autumn, taxo-
nomic turnover and nestedness showed similar contributions (49% 
and 51%) to taxonomic beta diversity (p > .05). For functional beta 
diversity (FBD), only winter functional turnover (61%) was signifi-
cantly higher than functional nestedness (39%), while functional 
nestedness had a higher or almost equal contribution relative to 
functional turnover in the other three seasons.

3.2 | Seasonal variation in taxonomic and 
functional diversity

In Hongshan Bay, there were obvious seasonal patterns in taxonomic 
and functional beta diversity as well as corresponding turnover and 
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nestedness patterns (Figure 4). In general, the functional dissimilarity 
index (beta diversity, turnover, and nestedness) was higher than the 
taxonomic dissimilarity index in Hongshan Bay in all seasons. This in-
dicated more divergence in functional community composition than 
taxonomic composition in the bay. Moreover, taxonomic and func-
tional beta diversity exhibited opposite patterns of seasonal change, 
with taxonomic beta diversity being highest in summer and lowest in 
winter, and functional beta diversity being highest in winter and low-
est in summer. Taxonomic and functional turnover among pair sites 
presented similar patterns as taxonomic and functional beta diver-
sity (Figure 4) (i.e., taxonomic turnover was highest in summer and 
lowest in winter, and functional turnover was highest in winter and 
lowest in the other three seasons). For the nestedness components, 

taxonomic nestedness was lowest in summer and highest in winter, 
while functional nestedness exhibited a lower state in summer.

3.3 | Role of environmental factors and geographic 
distance in taxonomic and functional diversity

Predominantly, across seasons, environmental factors were the 
main drivers of beta diversity, turnover, and nestedness, regard-
less of the taxonomic or functional diversity index (Table 1). Only in 
spring, pure spatial drivers had a similar impact as pure environmen-
tal drivers on functional beta diversity and nestedness components 
(Table 1). Environmental factors better predicted the functional 

F I G U R E  3   Triangular plots of relationships between beta diversity and two components for pairs of sites in Hongshan Bay considering 
taxonomic beta diversity (TBD) and functional beta diversity (FBD). Position of each black circle is determined by values of similarity = (1 –  
beta diversity), turnover (βsim), and nestedness (βsne) matrices. Large solid points in each graph are centroids (black circles), and smaller solid 
points represent mean values of similarity, turnover (βsim), and nestedness (βsne) components. P- values represent significance of Wilcoxon 
signed- rank tests between turnover and nestedness in each season for TBD and FBD, respectively

F I G U R E  4   Seasonal changes in 
submerged macrophyte beta diversity 
(β_sor), turnover (β_sim), and nestedness 
(β_sne) across four seasons for taxonomic 
and functional dissimilarity. Different 
letters indicate significance of differences 
in turnover, nestedness, and beta diversity 
among four seasons determined by 
Kruskal– Wallis post hoc comparisons at 
0.05 significance level
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diversity index (i.e., beta diversity, turnover, and nestedness) than 
the taxonomic diversity index (Figure 5).

Of all predictors, Chl.a and SD were the most important envi-
ronmental drivers for both taxonomic beta diversity and functional 
beta diversity across seasons (Figure 5, Figures S1 and S2). TP had an 
important influence on functional beta diversity and its turnover in 
autumn and winter. Importantly, the rate and magnitude of species 
and functional turnover or nestedness also changed along environ-
mental gradients (Figures S1 and S2). For example, with increasing 
Chl.a concentration differences among sites in spring, taxonomic 
nestedness (βsne) gradually increased. However, taxonomic beta 

diversity and turnover increased sharply when the changes in Chl.a 
concentration were small. When the Chl.a concentration changed 
over a certain value, the increase in taxonomic beta diversity and 
turnover slowed (Figure S1).

4  | DISCUSSION

We explored seasonal variation in taxonomic and functional beta 
diversity of submerged macrophytes at a fine scale, as well as the 
underlying mechanisms responding to environmental factors and 

F I G U R E  5   Relative importance of 
specific predictors for beta diversity, 
turnover, and nestedness in four seasons 
determined by summing coefficients of 
I- splines from generalized dissimilarity 
model. TP: total phosphorus; TN: 
total nitrogen; Chl- a: phytoplankton 
chlorophyll- a; SD: water transparency; 
WD: water depth; total: sum of 
importance of all environmental predictor 
variables

TA B L E  1   Relative importance of environmental factors and geographic distance in taxonomic (TBD) and functional beta diversity (FBD) 
and corresponding turnover and nestedness components in four seasons. pE: proportion of total variation purely explained by space; pS: 
proportion of total variation purely explained by environment; shared: proportion of total variation jointly explained by environment and 
space

Spring Summer Autumn Winter

pE pS Shared pE pS Shared pE pS Shared pE pS Shared

TBD βsim 1 0.96 0.01 0.03 1 0.95

βsne 0.86 0.16 0.99 0.01 1 1

βsor 0.99 0.01 1 1 1

FBD βsim 0.96 0.07 1 0.84 0.14 0.03 1

βsne 0.43 0.50 0.07 0.97 0.03 1 0.82 0.18

βsor 0.62 0.47 1 0.94 0.03 0.03 1
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geographic distances. Firstly, our results indicated that both nest-
edness and turnover processes were important drivers of taxo-
nomic and functional dissimilarity among submerged macrophyte 
communities in Hongshan Bay. Secondly, taxonomic and functional 
beta diversity and the related turnover and nestedness components 
showed significant seasonal patterns. Notably, taxonomic and func-
tional beta diversity showed the opposite patterns of change (i.e., 
taxonomic beta diversity was highest in summer and lowest in winter, 
while functional beta diversity was lowest in summer and highest in 
winter). Thirdly, in Hongshan Bay (fine scale), environmental filtering 
of species and traits was the main process driving spatial variation in 
submerged macrophytes, rather than dispersal limitations.

Both taxonomic turnover and nestedness as well as functional 
turnover and nestedness showed comparable contributions to taxo-
nomic and functional beta diversity variations. This does not accord 
with our first assumption that turnover would be the main compo-
nent of both taxonomic beta diversity and functional beta diversity. 
Regarding aquatic plants at the fine scale, this is the first study to 
observe that turnover and nestedness patterns had equally im-
portant effects on beta diversity. Compared to previous research, 
Boschilia et al. (2016) only observed the prevalence of taxonomic 
turnover in macrophyte beta diversity at the small scale (five arms 
of Itaipu Reservoir) due to distinct environmental factors. This may 
be because there was a wide magnitude of environmental gradi-
ents in Hongshan Bay; that id, environmental factors (Chl.a and SD) 
may have had a strong effect on nontolerant species, resulting in a 
decrease in the number of species from one site to another, thus 
leading to community dissimilarity nestedness in Hongshan Bay (as 
seen in Figure 5, Figures S1,S2). Similarly, da Silva et al. (2018) found 
that higher elevation sites experience more extreme seasonal and 
daily temperature variations, which may cause nestedness- related 
temporal dissimilarity patterns. He et al. (2019) also reported that 
Vallisneria natans is dominantly colonized in sites with high basin 
slope and moderate– high water depth, indicating that commu-
nity structure is simpler under extreme environmental conditions 
(i.e., community assemblages become nested under extreme envi-
ronments). In the current study, however, we did not consider the 

impact of species competition and other environmental factors (e.g., 
sediment nutrition, lake bottom topography) on nestedness pat-
terns. For example, interspecies competition in natural communities 
can eliminate less competitive species, thereby shaping community 
structure. Fu, Zhong, Yuan, Xie, et al. (2014) reported that niche 
differentiation plays a structuring role in macrophyte community 
assembly.

Our results add novel insights emphasizing the temporal vari-
ability of taxonomic and functional beta diversity patterns as well 
as corresponding turnover and nestedness patterns. We found that 
taxonomic beta diversity was highest in summer and lowest in win-
ter, while functional beta diversity was highest in winter and lowest 
in summer. This did not accord with our second hypothesis that both 
taxonomic beta diversity and functional beta diversity would be low 
in summer and high in winter. Our results suggested that taxonomic 
differentiation in community composition was greater in summer 
than functional differentiation but exhibited the opposite pattern in 
winter. This may be because submerged macrophytes prospered in 
summer (e.g., increasing ecological range, wider distribution) but de-
clined in winter (e.g., shrinking spatial distribution), leading to spatial 
dissimilarity patterns in species and traits among the four seasons. 
Our results also demonstrated that species identity alone does not 
provide reliable information about biodiversity patterns (Carvalho 
et al., 2020), which is important for the protection and management 
of biodiversity. Thus, the taxonomic and functional characteristics of 
community organization patterns should be considered comprehen-
sively (Hill et al., 2019; Socolar et al., 2016).

The submerged macrophyte community in Hongshan Bay has 
maintained a stable climax community dominated by Potamogeton 
maackianus (>70%) from at least 2011 to 2018 (He et al., 2015; 
Wang et al., 2020). We found that taxonomic beta diversity grad-
ually increased from spring to summer and decreased from summer 
to autumn and winter (Figure 4), whereas functional beta diversity 
demonstrated the opposite change (Figure 4). Thus, the submerged 
macrophyte beta diversity patterns in Hongshan Bay may show 
seasonally cyclic changes based on life history to ensure the long- 
term stability of the community structure, as shown in Figure 6. 

F I G U R E  6   Schematic of variation 
patterns in taxonomic and functional beta 
diversity of submerged macrophytes with 
season in a stable climax community
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Taxonomic beta diversity decreased from summer to winter and in-
creased from winter to summer, whereas functional beta diversity 
showed the opposite patterns. Similar seasonal patterns (or seasonal 
cyclical changes) may occur in other stable biological communities, 
but this requires further research. Thus, for slow population dy-
namics (e.g., terrestrial forest and grassland communities), single 
snapshot studies may be suitable to quantify the role of community 
assemblage drivers at large spatial scales. In contrast, organisms in 
freshwater ecosystems experience considerable seasonal changes 
and are more easily affected by water environmental factors. As 
such, the temporal patterns of spatial variation should be considered 
over time (Erős et al., 2012).

Beta diversity will produce varied patterns under the different 
contributions of environmental and geographic distance across var-
ious spatial scales (Declerck et al., 2011; Fu, Yuan, Jeppesen, Ge, 
Li, et al., 2019; Mykrä et al., 2007). At the fine scale, species with 
different traits can disperse to suitable environments, thus increas-
ing species replacement via species sorting (Gianuca et al., 2017). 
Compared to geographic distance, environmental factors played 
a key role in all dissimilarity metrics (taxonomic and functional 
facets), lending further support to our third hypothesis that envi-
ronmental filtering more greatly contributes to species and trait 
turnover. Boschilia et al. (2016) found that high beta diversity (due 
to spatial turnover) in aquatic macrophyte assemblages is correlated 
with local- scale environmental factors. Fu, Yuan, Jeppesen, Ge, Li, 
et al. (2019) also found that local and regional drivers (e.g., altitude, 
TN concentration, TP concentration) contribute to structuring spe-
cies and functional beta diversity patterns (mainly due to species 
turnover and functional nestedness). However, when environmen-
tal factors change dramatically from suitable to extreme conditions, 
some tolerant species will be screened out to form nested commu-
nities (Bevilacqua & Terlizzi, 2020; da Silva et al., 2018). This pro-
cess (turnover and nestedness driven by environmental factors) is in 
line with the catastrophic regime shifts that occur in shallow lakes, 
that is, when the water environment conditions change drastically, 
the structure, function, and stability of freshwater ecosystems also 
change (Scheffer & Carpenter, 2003; Scheffer et al., 2001).

5  | CONCLUSION

In conclusion, we studied seasonal taxonomic and functional beta di-
versity patterns in submerged macrophyte communities and found 
that both taxonomic turnover and nestedness as well as functional 
turnover and nestedness were important drivers of seasonal varia-
tions in taxonomic and functional beta diversity. Environmental vari-
ables rather than geographic distance dominated spatial variations 
in species and trait composition of submerged macrophytes across 
seasons at the fine scale. Using the trait- based approach to study the 
variation mechanisms underlying the community structure of sub-
merged macrophytes, we confirmed the importance of niche- based 
processes in community assemblage at a fine scale. Moreover, pat-
terns of taxonomic and functional community structure varied across 

seasons, indicating the importance of considering functional traits 
over time to study community structure variation. These results pro-
vide a reference for future studies on aquatic plant communities, es-
pecially in the management and restoration of local habitats.

ACKNOWLEDG MENTS
We thank Zhonghai Zhang for field assistance and Qingchuan Chou 
for help in laboratory work.

CONFLIC T OF INTERE S T
None declared.

AUTHOR CONTRIBUTION
Hao Wang: Data curation (equal); Investigation (equal); Methodology 
(equal); Writing- original draft (equal); Writing- review & edit-
ing (equal). Hui Fu: Funding acquisition (equal); Resources (equal); 
Software (equal); Validation (equal); Visualization (equal); Writing- 
original draft (equal); Writing- review & editing (equal). Zihao Wen: 
Investigation (equal); Writing- review & editing (equal). Changbo 
Yuan: Investigation (equal); Writing- review & editing (equal). Xiaolin 
Zhang: Funding acquisition (equal); Project administration (equal); 
Supervision (equal); Writing- review & editing (equal). Leyi Ni: Project 
administration (equal); Resources (equal); Supervision (equal); 
Writing- review & editing (equal). Te Cao: Conceptualization (equal); 
Funding acquisition (equal); Project administration (equal); Writing- 
review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
Data used in this manuscript were submitted to Dryad and are pre-
liminarily available at https://doi.org/10.5061/dryad.kwh70 rz3c.

ORCID
Hao Wang  https://orcid.org/0000-0002-9142-2027 
Zihao Wen  https://orcid.org/0000-0003-3885-5568 

R E FE R E N C E S
Alahuhta, J., Kosten, S., Akasaka, M., Auderset, D., Azzella, M. M., 

Bolpagni, R., Bove, C. P., Chambers, P. A., Chappuis, E., Clayton, J., 
de Winton, M., Ecke, F., Gacia, E., Gecheva, G., Grillas, P., Hauxwell, 
J., Hellsten, S., Hjort, J., Hoyer, M. V., … Heino, J. (2017). Global vari-
ation in the beta diversity of lake macrophytes is driven by environ-
mental heterogeneity rather than latitude. Journal of Biogeography, 
44, 1758– 1769. https://doi.org/10.1111/jbi.12978

Alahuhta, J., Raapysjarvi, J., Hellsten, S., Kuoppala, M., & Aroviita, J. 
(2015). Species sorting drives variation of boreal lake and river mac-
rophyte communities. Community Ecology, 16, 76– 85. https://doi.
org/10.1556/168.2015.16.1.9

Baselga, A. (2010). Partitioning the turnover and nestedness compo-
nents of beta diversity. Global Ecology and Biogeography, 19, 134– 143. 
https://doi.org/10.1111/j.1466- 8238.2009.00490.x

Baselga, A. (2012). The relationship between species replace-
ment, dissimilarity derived from nestedness, and nestedness. 
Global Ecology and Biogeography, 21, 1223– 1232. https://doi.
org/10.1111/j.1466- 8238.2011.00756.x

Baselga, A., & Orme, C. D. L. (2012). betapart: An R package for the 
study of beta diversity. Methods in Ecology and Evolution, 3, 808– 812. 
https://doi.org/10.1111/j.2041- 210X.2012.00224.x

https://doi.org/10.5061/dryad.kwh70rz3c
https://orcid.org/0000-0002-9142-2027
https://orcid.org/0000-0002-9142-2027
https://orcid.org/0000-0003-3885-5568
https://orcid.org/0000-0003-3885-5568
https://doi.org/10.1111/jbi.12978
https://doi.org/10.1556/168.2015.16.1.9
https://doi.org/10.1556/168.2015.16.1.9
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1111/j.2041-210X.2012.00224.x


     |  9835WANG et Al.

Bevilacqua, S., & Terlizzi, A. (2020). Nestedness and turnover unveil in-
verse spatial patterns of compositional and functional beta- diversity 
at varying depth in marine benthos. Diversity and Distributions, 26, 
743– 757. https://doi.org/10.1111/ddi.13025

Bishop, T. R., Robertson, M. P., van Rensburg, B. J., & Parr, C. L. (2015). 
Contrasting species and functional beta diversity in montane ant 
assemblages. Journal of Biogeography, 42, 1776– 1786. https://doi.
org/10.1111/jbi.12537

Boschilia, S. M., de Oliveira, E. F., & Schwarzbold, A. (2016). Partitioning 
beta diversity of aquatic macrophyte assemblages in a large sub-
tropical reservoir: Prevalence of turnover or nestedness? Aquatic 
Sciences, 78, 615– 625. https://doi.org/10.1007/s0002 7- 015- 0450- 3

Carvalho, J. C., Malumbres- Olarte, J., Arnedo, M. A., Crespo, L. C., 
Domenech, M., & Cardoso, P. (2020). Taxonomic divergence and 
functional convergence in Iberian spider forest communities: 
Insights from beta diversity partitioning. Journal of Biogeography, 47, 
288– 300. https://doi.org/10.1111/jbi.13722

Chu, Z., Chen, S., Wang, C., Ye, B., & Pang, Y. (2014). Temporal- spatial 
distribution of submerged macrophyte residues transported by wind 
wave in Lake Erhai. Research of Environmental Sciences, 27, 6– 11.

Chun, J. H., & Lee, C. B. (2017). Disentangling the local- scale drivers of 
taxonomic, phylogenetic and functional diversity in woody plant as-
semblages along elevational gradients in South Korea. PLoS One, 12, 
18. https://doi.org/10.1371/journ al.pone.0185763

Cottenie, K. (2005). Integrating environmental and spatial processes 
in ecological community dynamics. Ecology Letters, 8, 1175– 1182. 
https://doi.org/10.1111/j.1461- 0248.2005.00820.x

Cottenie, K., Nuytten, N., Michels, E., & De Meester, L. (2001). 
Zooplankton community structure and environmental conditions in 
a set of interconnected ponds. Hydrobiologia, 442, 339– 350. https://
doi.org/10.1023/a:10175 05619088

da Silva, P. G., Lobo, J. M., Hensen, M. C., Vaz- de- Mello, F. Z., & 
Hernandez, M. I. M. (2018). Turnover and nestedness in subtropical 
dung beetle assemblages along an elevational gradient. Diversity and 
Distributions, 24, 1277– 1290. https://doi.org/10.1111/ddi.12763

Declerck, S. A. J., Coronel, J. S., Legendre, P., & Brendonck, L. (2011). 
Scale dependency of processes structuring metacommunities of cla-
docerans in temporary pools of High- Andes wetlands. Ecography, 34, 
296– 305. https://doi.org/10.1111/j.1600- 0587.2010.06462.x

Erős, T., Sály, P., Takács, P., Specziár, A., & Bíró, P. (2012). Temporal 
variability in the spatial and environmental determinants of func-
tional metacommunity organization –  Stream fish in a human- 
modified landscape. Freshwater Biology, 57, 1914– 1928. https://doi.
org/10.1111/j.1365- 2427.2012.02842.x

Ferrier, S., Manion, G., Elith, J., & Richardson, K. (2007). Using generalized 
dissimilarity modelling to analyse and predict patterns of beta diver-
sity in regional biodiversity assessment. Diversity and Distributions, 
13, 252– 264. https://doi.org/10.1111/j.1472- 4642.2007.00341.x

Fitzpatrick, M. C., Mokany, K., Manion, G., Lisk, M., Ferrier, S., & Nieto- 
Lugilde, D. (2020). gdm: Generalized Dissimilarity Modeling. R 
Package Version 1.4.2. https://CRAN.R- proje ct.org/packa ge=gdm

Fitzpatrick, M. C., Sanders, N. J., Normand, S., Svenning, J.- C., Ferrier, 
S., Gove, A. D., & Dunn, R. R. (2013). Environmental and histori-
cal imprints on beta diversity: Insights from variation in rates of 
species turnover along gradients. Proceedings of the Royal Society 
B: Biological Sciences, 280, 20131201. https://doi.org/10.1098/
rspb.2013.1201

Fu, H., Yuan, G. X., Cao, T., Ni, L. Y., Li, W., & Zhu, G. R. (2012). 
Relationships between relative growth rate and its components 
across 11 submersed macrophytes. Journal of Freshwater Ecology, 27, 
471– 480. https://doi.org/10.1080/02705 060.2012.684102

Fu, H., Yuan, G., Cao, T., Zhong, J., Zhang, X., Guo, L., Zhang, M., Ni, L., & 
Wang, S. (2013). Succession of submerged macrophyte communities 
in relation to environmental change in Lake Erhai over the past 50 
years. Journal of Lake Sciences, 25, 854– 861.

Fu, H., Yuan, G., Jeppesen, E., Ge, D., Li, W., Zou, D., Huang, Z., 
Wu, A., & Liu, Q. (2019). Local and regional drivers of turnover 
and nestedness components of species and functional beta di-
versity in lake macrophyte communities in China. Science of the 
Total Environment, 687, 206– 217. https://doi.org/10.1016/j.scito 
tenv.2019.06.092

Fu, H., Yuan, G. X., Jeppesen, E., Ge, D. B., Zou, D. S., Lou, Q., Dai, T. T., Li, 
W., Zhong, J. Y., Huang, Z. R., Liu, Q. L., & Wu, A. P. (2019). Multiple 
stabilizing pathways in wetland plant communities subjected to an 
elevation gradient. Ecological Indicators, 104, 704– 710. https://doi.
org/10.1016/j.ecoli nd.2019.05.049

Fu, H., Yuan, G. X., Lou, Q., Dai, T. T., Xu, J., Cao, T., Ni, L. Y., Zhong, 
J. Y., & Fang, S. W. (2018). Functional traits mediated cascading ef-
fects of water depth and light availability on temporal stability of a 
macrophyte species. Ecological Indicators, 89, 168– 174. https://doi.
org/10.1016/j.ecoli nd.2018.02.010

Fu, H., Zhong, J. Y., Fang, S. W., Hu, J. M., Guo, C. J., Lou, Q., Yuan, G. X., 
Dai, T. T., Li, Z. Q., Zhang, M., Li, W., Xu, J., & Cao, T. (2017). Scale- 
dependent changes in the functional diversity of macrophytes in 
subtropical freshwater lakes in south China. Scientific Reports, 7, 12. 
https://doi.org/10.1038/s4159 8- 017- 08844 - 8

Fu, H., Zhong, J. Y., Yuan, G. X., Guo, C. J., Ding, H. J., Feng, Q., & Fu, Q. 
(2015). A functional- trait approach reveals community diversity and 
assembly processes responses to flood disturbance in a subtropical 
wetland. Ecological Research, 30, 57– 66. https://doi.org/10.1007/
s1128 4- 014- 1207- 5

Fu, H., Zhong, J. Y., Yuan, G. X., Ni, L. Y., Xie, P., & Cao, T. (2014). Functional 
traits composition predict macrophytes community productivity along 
a water depth gradient in a freshwater lake. Ecology and Evolution, 4, 
1516– 1523. https://doi.org/10.1002/ece3.1022

Fu, H., Zhong, J., Yuan, G., Xie, P., Guo, L., Zhang, X., Xu, J., Li, Z., Li, W., 
Zhang, M., Cao, T. E., & Ni, L. (2014). Trait- based community assembly 
of aquatic macrophytes along a water depth gradient in a freshwa-
ter lake. Freshwater Biology, 59, 2462– 2471. https://doi.org/10.1111/
fwb.12443

Fu, H., Zhou, Y., Yuan, G., Peng, H., Wu, A., Li, W., & Jeppesen, E. (2020). 
Environmental and spatial drivers for wetland plant communities in 
a freshwater lake: Reduced coupling of species and functional turn-
over. Ecological Engineering, 159, 106092.

Gianuca, A. T., Declerck, S. A. J., Lemmens, P., & De Meester, L. (2017). 
Effects of dispersal and environmental heterogeneity on the replace-
ment and nestedness components of beta- diversity. Ecology, 98, 
525– 533. https://doi.org/10.1002/ecy.1666

Glassman, S. I., Wang, I. J., & Bruns, T. D. (2017). Environmental filter-
ing by pH and soil nutrients drives community assembly in fungi at 
fine spatial scales. Molecular Ecology, 26, 6960– 6973. https://doi.
org/10.1111/mec.14414

Gower, J. C. (1971). A general coefficient of similarity and some of 
its properties. Biometrics, 27, 857– 871. https://doi.org/10.2307/ 
2528823

He, L., Zhu, T. S., Cao, T., Li, W., Zhang, M., Zhang, X. L., Ni, L. Y., & Xie, 
P. (2015). Characteristics of early eutrophication encoded in sub-
merged vegetation beyond water quality: A case study in Lake Erhai, 
China. Environmental Earth Sciences, 74, 3701– 3708. https://doi.
org/10.1007/s1266 5- 015- 4202- 4

He, L., Zhu, T. S., Wu, Y., Li, W., Zhang, H., Zhang, X. L., Cao, T., Ni, L. Y., 
& Hilt, S. (2019). Littoral slope, water depth and alternative response 
strategies to light attenuation shape the distribution of submerged 
macrophytes in a mesotrophic lake. Frontiers in Plant Science, 10, 169– 
169. https://doi.org/10.3389/fpls.2019.00169

Hill, M. J., Heino, J., White, J. C., Ryves, D. B., & Wood, P. J. (2019). 
Environmental factors are primary determinants of different facets 
of pond macroinvertebrate alpha and beta diversity in a human- 
modified landscape. Biological Conservation, 237, 348– 357. https://
doi.org/10.1016/j.biocon.2019.07.015

https://doi.org/10.1111/ddi.13025
https://doi.org/10.1111/jbi.12537
https://doi.org/10.1111/jbi.12537
https://doi.org/10.1007/s00027-015-0450-3
https://doi.org/10.1111/jbi.13722
https://doi.org/10.1371/journal.pone.0185763
https://doi.org/10.1111/j.1461-0248.2005.00820.x
https://doi.org/10.1023/a:1017505619088
https://doi.org/10.1023/a:1017505619088
https://doi.org/10.1111/ddi.12763
https://doi.org/10.1111/j.1600-0587.2010.06462.x
https://doi.org/10.1111/j.1365-2427.2012.02842.x
https://doi.org/10.1111/j.1365-2427.2012.02842.x
https://doi.org/10.1111/j.1472-4642.2007.00341.x
https://CRAN.R-project.org/package=gdm
https://doi.org/10.1098/rspb.2013.1201
https://doi.org/10.1098/rspb.2013.1201
https://doi.org/10.1080/02705060.2012.684102
https://doi.org/10.1016/j.scitotenv.2019.06.092
https://doi.org/10.1016/j.scitotenv.2019.06.092
https://doi.org/10.1016/j.ecolind.2019.05.049
https://doi.org/10.1016/j.ecolind.2019.05.049
https://doi.org/10.1016/j.ecolind.2018.02.010
https://doi.org/10.1016/j.ecolind.2018.02.010
https://doi.org/10.1038/s41598-017-08844-8
https://doi.org/10.1007/s11284-014-1207-5
https://doi.org/10.1007/s11284-014-1207-5
https://doi.org/10.1002/ece3.1022
https://doi.org/10.1111/fwb.12443
https://doi.org/10.1111/fwb.12443
https://doi.org/10.1002/ecy.1666
https://doi.org/10.1111/mec.14414
https://doi.org/10.1111/mec.14414
https://doi.org/10.2307/2528823
https://doi.org/10.2307/2528823
https://doi.org/10.1007/s12665-015-4202-4
https://doi.org/10.1007/s12665-015-4202-4
https://doi.org/10.3389/fpls.2019.00169
https://doi.org/10.1016/j.biocon.2019.07.015
https://doi.org/10.1016/j.biocon.2019.07.015


9836  |     WANG et Al.

Legendre, P. (2014). Interpreting the replacement and richness differ-
ence components of beta diversity. Global Ecology and Biogeography, 
23, 1324– 1334. https://doi.org/10.1111/geb.12207

Legendre, P., & De Caceres, M. (2013). Beta diversity as the variance of 
community data: Dissimilarity coefficients and partitioning. Ecology 
Letters, 16, 951– 963. https://doi.org/10.1111/ele.12141

Legendre, P., Mi, X. C., Ren, H. B., Ma, K. P., Yu, M. J., Sun, I. F., & He, F. 
L. (2009). Partitioning beta diversity in a subtropical broad- leaved 
forest of China. Ecology, 90, 663– 674. https://doi.org/10.1890/ 
07- 1880.1

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J. M., 
Hoopes, M. F., Holt, R. D., Shurin, J. B., Law, R., Tilman, D., Loreau, 
M., & Gonzalez, A. (2004). The metacommunity concept: A frame-
work for multi- scale community ecology. Ecology Letters, 7, 601– 613. 
https://doi.org/10.1111/j.1461- 0248.2004.00608.x

Lin, S. S., Shen, S. L., Zhou, A. N., & Lyu, H. M. (2020). Sustainable development 
and environmental restoration in Lake Erhai, China. Journal of Cleaner 
Production, 258, 13. https://doi.org/10.1016/j.jclep ro.2020.120758

Melo, A. S., Rangel, T., & Diniz, J. A. F. (2009). Environmental drivers of 
beta- diversity patterns in New- World birds and mammals. Ecography, 
32, 226– 236. https://doi.org/10.1111/j.1600- 0587.2008.05502.x

Mykrä, H., Heino, J., & Muotka, T. (2007). Scale- related patterns in the 
spatial and environmental components of stream macroinvertebrate 
assemblage variation. Global Ecology and Biogeography, 16, 149– 159. 
https://doi.org/10.1111/j.1466- 8238.2006.00272.x

Podani, J., Ricotta, C., & Schmera, D. (2013). A general framework for 
analyzing beta diversity, nestedness and related community- level 
phenomena based on abundance data. Ecological Complexity, 15, 52– 
61. https://doi.org/10.1016/j.ecocom.2013.03.002

R Core Team (2019). R: A language and environment for statistical computing. 
R Foundation for Statistical Computing. https://www.R- proje ct.org/

Rooney, N., & Kalff, J. (2000). Inter- annual variation in submerged 
macrophyte community biomass and distribution: The influence of 
temperature and lake morphometry. Aquatic Botany, 68, 321– 335. 
https://doi.org/10.1016/s0304 - 3770(00)00126 - 1

Scheffer, M., & Carpenter, S. R. (2003). Catastrophic regime shifts in eco-
systems: Linking theory to observation. Trends in Ecology & Evolution, 
18, 648– 656. https://doi.org/10.1016/j.tree.2003.09.002

Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., & Walker, B. (2001). 
Catastrophic shifts in ecosystems. Nature, 413, 591– 596. https://doi.
org/10.1038/35098000

Scheffer, M., Hosper, S. H., Meijer, M. L., Moss, B., & Jeppesen, E. (1993). 
Alternative equilibria in shallow lakes. Trends in Ecology & Evolution, 8, 
275– 279. https://doi.org/10.1016/0169- 5347(93)90254 - m

Socolar, J. B., Gilroy, J. J., Kunin, W. E., & Edwards, D. P. (2016). How Should 
Beta- Diversity Inform Biodiversity Conservation? Trends in Ecology & 
Evolution, 31, 67– 80. https://doi.org/10.1016/j.tree.2015.11.005

Soininen, J., Kokocinski, M., Estlander, S., Kotanen, J., & Heino, J. (2007). 
Neutrality, niches, and determinants of plankton metacommunity 
structure across boreal wetland ponds. Ecoscience, 14, 146– 154.

Viana, D. S., Figuerola, J., Schwenk, K., Manca, M., Hobaek, A., 
Mjelde, M., Preston, C. D., Gornall, R. J., Croft, J. M., King, R. A., 
Green, A. J., & Santamaria, L. (2015). Assembly mechanisms de-
termining high species turnover in aquatic communities over re-
gional and continental scales. Ecography, 39, 281– 288. https://doi.
org/10.1111/ecog.01231

Villéger, S., Grenouillet, G., & Brosse, S. (2013). Decomposing functional 
β- diversity reveals that low functional β- diversity is driven by low 
functional turnover in European fish assemblages. Global Ecology and 
Biogeography, 22, 671– 681. https://doi.org/10.1111/geb.12021

Villeger, S., Mason, N. W. H., & Mouillot, D. (2008). New multidi-
mensional functional diversity indices for a multifaceted frame-
work in functional ecology. Ecology, 89, 2290– 2301. https://doi.
org/10.1890/07- 1206.1

Villeger, S., Novack- Gottshall, P. M., & Mouillot, D. (2011). The multidi-
mensionality of the niche reveals functional diversity changes in ben-
thic marine biotas across geological time. Ecology Letters, 14, 561– 
568. https://doi.org/10.1111/j.1461- 0248.2011.01618.x

Wang, H., Wen, Z. H., Zhang, Z. H., Zhang, X. L., Fu, H., Cao, Y., Ni, 
L. Y., Cao, T., & Li, K. Y. (2020). Environmental vs. spatial driv-
ers of submerged macrophyte community assembly in different 
seasons and water depths in a mesotrophic bay of Erhai Lake, 
China. Ecological Indicators, 117, 8. https://doi.org/10.1016/j.ecoli 
nd.2020.106696

Zhang, M., Molinos, J. G., Zhang, X. L., & Xu, J. (2018). Functional and tax-
onomic differentiation of macrophyte assemblages across the yang-
tze river floodplain under human impacts. Frontiers in Plant Science, 9, 
15. https://doi.org/10.3389/fpls.2018.00387

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Wang, H., Fu, H., Wen, Z., Yuan, C., 
Zhang, X., Ni, L., & Cao, T. (2021). Seasonal patterns of 
taxonomic and functional beta diversity in submerged 
macrophytes at a fine scale. Ecology and Evolution, 11, 
9827– 9836. https://doi.org/10.1002/ece3.7811

https://doi.org/10.1111/geb.12207
https://doi.org/10.1111/ele.12141
https://doi.org/10.1890/07-1880.1
https://doi.org/10.1890/07-1880.1
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1016/j.jclepro.2020.120758
https://doi.org/10.1111/j.1600-0587.2008.05502.x
https://doi.org/10.1111/j.1466-8238.2006.00272.x
https://doi.org/10.1016/j.ecocom.2013.03.002
https://www.R-project.org/
https://doi.org/10.1016/s0304-3770(00)00126-1
https://doi.org/10.1016/j.tree.2003.09.002
https://doi.org/10.1038/35098000
https://doi.org/10.1038/35098000
https://doi.org/10.1016/0169-5347(93)90254-m
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1111/ecog.01231
https://doi.org/10.1111/ecog.01231
https://doi.org/10.1111/geb.12021
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1111/j.1461-0248.2011.01618.x
https://doi.org/10.1016/j.ecolind.2020.106696
https://doi.org/10.1016/j.ecolind.2020.106696
https://doi.org/10.3389/fpls.2018.00387
https://doi.org/10.1002/ece3.7811

