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Abstract
1. In the limited number of studies on biotic resistance in freshwater ecosystems, 

experimental studies have supported that native plants play a role in resisting 
exotic plant invasion, but field observations have often reported positive relation-
ships between exotic and native plant richness.

2. To determine the reasons for the lack of evidence supporting biotic resistance in 
field observations, we surveyed the richness, biomass and coverage of exotic and 
native aquatic plants in 2801 quadrats at 287 sites in various freshwater ecosys-
tems of China and examined the impacts of scale and environmental factors on 
the relationships between native and exotic plant richness and performance.

3. At both the site and quadrat scales, we observed a positive correlation between 
the richness of exotic and native plants. However, at the quadrat scale, high 
native plant richness was associated with a reduction in the biomass of exotic 
emergent and floating plants as well as the biomass of exotic submerged plants 
in low- nutrient water bodies. An increase in native plant performance, a met-
ric that integrates the biomass and coverage of native plants, was associated 
with a decrease in both the richness and biomass of exotic plants at both scales. 
Furthermore, with increasing native plant performance at the quadrat scale, the 
richness of exotic plants declined more strongly in low- nutrient water bodies than 
in high- nutrient water bodies, and the decline in the biomass of exotic emergent 
and floating plants was more severe in shallow water than in deep water.

4. Synthesis. Our results indicate that native plant performance is more impor-
tant than richness for resistance to invasion in freshwater ecosystems, and the 
strength of biotic resistance is related to environmental factors. This study high-
lights the importance of environmental variables and multiple native community 
features and invasibility metrics in field observational studies of invasion.

K E Y W O R D S
aquatic plants, biological invasions, biotic acceptance hypothesis, biotic resistance hypothesis, 
ecological restoration, eutrophication, exotic species, freshwater ecosystem, water depth

© 2024 The Author(s). Journal of Ecology © 2024 British Ecological Society.

www.wileyonlinelibrary.com/journal/jec
https://orcid.org/0000-0002-5930-2631
https://orcid.org/0000-0003-2613-6734
https://orcid.org/0000-0001-8555-0201
mailto:
https://orcid.org/0000-0002-3932-477X
mailto:
mailto:liuchh@163.com
mailto:lakeyd@163.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2745.14439&domain=pdf&date_stamp=2024-10-22


2  |    FAN et al.

1  |  INTRODUC TION

Freshwater ecosystems are particularly vulnerable to plant inva-
sion, and their functions are deeply transformed by invasive spe-
cies (Gallardo et al., 2016; Hussner, 2012; Strayer, 2010). Identifying 
the factors that determine the vulnerability of communities to in-
vasion is essential for predicting the spatial distribution of invasive 
species and managing biodiversity (Cassey et al., 2018). In fresh-
water ecosystems, experimental studies have provided evidence 
that the presence of native plants, as well as high native plant 
diversity and abundance, can limit the invasion of exotic plants 
(Chadwell & Engelhardt, 2008; Evangelista et al., 2017; Gerhardt & 
Collinge, 2007; Michelan et al., 2013; Petruzzella et al., 2018, 2020; 
Teixeira et al., 2017). However, field observations have reported 
a positive or neutral relationship between exotic and native plant 
species richness (Capers et al., 2007; Chen et al., 2010; Fleming 
et al., 2021; Muthukrishnan et al., 2018; Tarasi & Peet, 2017; Thomaz 
et al., 2012).

The contradictory outcomes of experimental studies and field 
observations may result from differences in the processes driving 
species richness at different spatial scales (Fridley et al., 2007; Peng 
et al., 2019). At small scales, in which the environment is relatively 
homogeneous and resources are very limited, species interactions 
play a major role in community assembly. Species- rich communities 
can occupy more space, generate more biomass and utilize more re-
sources because of complementary resource use among species and 
the increased probability of the presence of highly productive spe-
cies (Fargione & Tilman, 2005). Consequently, communities with high 
species diversity are less likely to be invaded than those with low 
diversity (biotic resistance hypothesis, Levine & D'Antonio, 1999). 
At large scales, extrinsic factors, such as spatial environmental het-
erogeneity (Davies et al., 2005), dispersal processes (Von Holle & 
Simberloff, 2005), and anthropogenic disturbances (MacDougall 
et al., 2014), overwhelm biotic interactions in shaping regional biodi-
versity, resulting in high richness of both native and exotic species at 
sites with favourable growing conditions (biotic acceptance hypoth-
esis, Stohlgren et al., 2006).

Different native community features and invasibility metrics 
used to study the relationship between native and exotic species 
could yield different results (Delavaux et al., 2023; Guo, 2015). 
During the early stages of succession or in a disturbed environment, 
species rarely have enough time to accomplish biomass production 
and niche occupancy (Clark & Johnston, 2011; Hagan et al., 2021), 
implying that in these circumstances, high native richness does not 
necessarily guarantee high resistance against invasion. Some studies 
have shown that the performance of native plant communities, as 
reflected in biomass, cover and density of native plants, rather than 
species richness, determines the capacity of a community to resist 
exotic plant invasion (Aguiar et al., 2006; Capers et al., 2007; Hill & 
Fischer, 2014; Iannone et al., 2016). Furthermore, such biotic resis-
tance may be more effective at regulating the spread and impacts 
of invaders once they have become successfully established than at 
repelling them prior to establishment (Levine et al., 2004). Studies 

have frequently reported a negative relationship between native di-
versity and invader performance and a positive relationship between 
native diversity and invasive species richness (Jeschke et al., 2018; 
Smith & Cote, 2019). Additionally, previous studies have shown that 
environmental factors, such as productivity (Davies et al., 2007), dis-
turbance (Belote et al., 2008; Sandel & Corbin, 2010), climate (Stotz 
et al., 2016), and resource availability (Eskelinen & Harrison, 2014; 
Griffith et al., 2021; Hulvey & Teller, 2018; Maron & Marler, 2007), 
influence the relationships between native and exotic species in 
terrestrial and marine ecosystems. In freshwater ecosystems, the 
degree of eutrophication is intensifying, and the frequency and 
magnitude of water level fluctuations caused by extreme weather 
events are also increasing. These changes have the potential to alter 
the interaction between native and exotic plants (Byun et al., 2015; 
Meza- Lopez & Siemann, 2017).

Therefore, the failure to detect evidence of biotic resistance in 
field observations of freshwater ecosystems may be attributed to 
the limited focus on the richness of native and exotic plants or to the 
possibility that biotic resistance operates primarily at small scales or 
in specific environments. To verify this speculation, we surveyed the 
richness, biomass, and coverage of exotic and native aquatic plants 
in 2801 quadrats at 287 sites in various freshwater ecosystems in 
China. Some environmental factors that may be related to plant 
invasion were also investigated, including water nutrient status, 
climate, habitat, anthropogenic disturbance, and environmental het-
erogeneity. We used linear mixed- effects models to investigate the 
relationships between native and exotic plants under different en-
vironmental conditions at the site and quadrat scales. Although the 
negative correlation between exotic and native plants in field ob-
servations may arise from the competitive exclusion of native plants 
by established invaders, previous studies have confirmed the role 
of biotic resistance in shaping this correlation (Beaury et al., 2020; 
Ernst et al., 2022). We considered three hypotheses: (H1) higher na-
tive plant richness reduces the invasion of exotic plants only at small 
scales, (H2) plant biomass and coverage are more important than 
richness for resistance to invasion, and (H3) the strength of biotic 
resistance is related to the environmental factors investigated.

2  |  METHODS

2.1  |  Community surveys of aquatic plants

From 2015 to 2018, we surveyed aquatic plant communities in 
the eastern, central, southern, and southwestern regions of China 
(Figure 1), which are the main areas for exotic aquatic plants in China. 
To obtain the peak species richness and standing biomass, surveys 
were conducted from July to September in the north of the Tropic of 
Cancer (23°26′ N), while in the south of the Tropic of Cancer, surveys 
were conducted from May to November due to the longer growing 
season of plants in this region. Sites with extensive vegetation (at 
least 200 m2) that were suitable for manual sampling (water depth 
generally less than 4 m) were selected. Before conducting sampling 
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    |  3FAN et al.

at each site, we undertook a shoreline walk (maximum distance of 
3 km) for a preliminary assessment of the aquatic plant community 
structure and richness. Then, we recorded the position (latitude 
and longitude), habitat type and area (Thabitat and Ahabitat, Table S1), 
and species of plants. The origin of each species (native or exotic) 
was verified according to the Aquatic Plants of the World (Cook 
et al., 1974) and the List of Invasive Plants in China (https:// www. 
iplant. cn/ ias).

We employed a modified belt transect method to survey plant 
communities. Given the variations in habitat characteristics and 
community composition among the sampling sites, we used a non-
uniform number of transects and quadrats (1 m × 1 m), as well as 
varying sampling ranges, to accurately reflect the community struc-
ture (Dalton et al., 2015). At sites with narrow vegetation (1 m < veg-
etation width < 5 m, mostly in small rivers and canals and a few in 
lakes and large rivers), one transect was established, and six quad-
rats were sampled at 10 m intervals along the transect (Figure S1A). 
When the vegetation width exceeded 5 m, 2–5 transects (depending 

on the community size, with three transects accounting for 86% of 
the sites) were established equidistantly and perpendicular to the 
shoreline. The interval between two transects was 5, 10, 15, 20, 
30, 40, 50, 70 or 100 m according to the community size. At sites 
where aquatic plants occurred in both the marginal and central parts 
of shallow pools, rivers and canals (water depth < 4 m generally), 
transects were established to traverse these water bodies, and 3–5 
quadrats (5 ≤ water body width < 40 m, 3 quadrats; 40 ≤ water body 
width < 100 m, 4 quadrats; water body width ≥ 100 m, 5 quadrats) 
were sampled equidistantly along each transect (Figure S1B). At 
sites where aquatic plants were restricted to the margins of water 
bodies, where the water depth in the central area of water bodies 
was deep, or where the vegetation extended considerably far from 
the shoreline, transects (length: 10–350 m) were established starting 
from the shorelines and extending either to the edge of the vegeta-
tion or to the maximum depth (4 m) or the maximum distance from 
the shoreline (350 m) for manual sampling. 2–8 quadrats (depending 
on the transect length) were sampled at equidistant intervals along 

F I G U R E  1  Geographical locations of the sampling sites. Field surveys were conducted in the southwestern, central, southern and eastern 
regions of China, which are the main areas with exotic aquatic plants in the country. A total of 235 sites with exotic plants and 52 sites 
without exotic plants were sampled in various freshwater ecosystems, including lakes, rivers, canals, wetlands, pools and reservoirs. A belt 
transect method with a nonuniform number of transects and quadrats as well as varying sampling ranges was employed to survey the plant 
communities at each site.
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4  |    FAN et al.

each transect (Figure S1C). The interval between two quadrats on 
each transect was 5, 10, 15, 20, 30 or 50 m, depending on the length 
of the transect and species richness. A shorter interval was chosen 
when the transects were short and species richness was high, while 
a longer interval was chosen when the transects were long and spe-
cies richness was low. Furthermore, quadrat placement was not de-
liberately avoided in bare areas.

For each quadrat, first, the species and life form (submerged, 
floating- leaved, free- floating and emergent) of the plants were re-
corded. Then, the coverage of each species (C) was determined via 
visual estimation at 22- degree scales: 0.5%, 1%, 5%, 10%, 15%, 20%, 
… 100%. Next, all the plant materials (above- and below- ground) in 
the quadrat were collected. The below- ground parts of emergent 
plants were harvested by excavating the soil with a shovel to a 
depth of approximately 30 cm, whereas the below- ground parts of 
submerged and floating- leaved plants were harvested by hand to 
a depth of approximately 10 cm (Figure S2). Finally, all plants were 
identified, washed and dried at 70°C for more than 48 h to deter-
mine the biomass of each species (B). We calculated the total cov-
erage of native plants (Cnative_quadrat), total biomass of native plants 
(Bnative_quadrat) and total biomass of exotic plants (Bexotic_quadrat) in 
each quadrat by summing the coverage or biomass of all native 
and exotic species. The mean coverage of native plants (Cnative_site), 
mean biomass of native plants (Bnative_site) and mean biomass of ex-
otic plants (Bexotic_site) at each site were the sums of all Cnative_quadrat, 
Bnative_quadrat and Bexotic_quadrat at the site divided by the number of 
quadrats, respectively. At sites where exotic species were present 
but their abundance was too low to appear in a quadrat, the val-
ues of Bexotic_site were zeros. The native plant communities in the 
quadrats were classified into five types (Tcommunity: none, submerged, 
floating- leaved, free- floating and emergent communities) based on 
the life form of the aquatic plants with the largest total coverage and 
total biomass. When exotic plants were present in a site or quadrat, 
we determined the dominant exotic species based on their coverage 
and biomass.

2.2  |  Environmental variables

At each site, the annual mean temperature (T) was used to char-
acterize the climate, and the temperature dataset (unit:°C; year: 
2015; resolution: 1 km) was obtained from the Resource and 
Environment Science and Data Center (http:// www. resdc. cn/  ). We 
used the trophic level index method to evaluate the water nutri-
ent status. A water sample was collected from each site, and total 
nitrogen (TN, mg/L), total phosphorus (TP, mg/L) and chemical 
oxygen demand (COD, mg/L) were determined using a Palintest 
7500 Photometer (Palintest, UK). The trophic level index (TLI) was 
calculated by the following equation (Cao et al., 2021): TLI = 1/3
(TLI(TP) + TLI(TN) + TLI(COD)), TLI(TP) = 10(9.436 + 1.624 lnTP), 
TLI(TN) = 10(5.453 + 1.694 lnTN), and TLI(COD) = 10(0.109 + 2.661 
lnCOD). The water depth (Dquadrat, cm) in each quadrat was 
measured via a pole and ruler. Considering that environmental 

heterogeneity is important for biological invasions (Melbourne 
et al., 2007), we used the degree of variation in water depth among 
quadrats (the standard deviation of all Dquadrat) to measure the het-
erogeneity of water depth (Dheter) at each site. Additionally, the 
linear distance between the site location and the nearest town 
(Lsite- town, km) was determined to characterize the level of potential 
anthropogenic disturbance (Gosper et al., 2015).

2.3  |  Data analyses

A total of 287 sites and 2801 quadrats were surveyed in various 
freshwater ecosystems. Among these, 235 sites and 1215 quadrats 
had at least one exotic species. Among the 1215 quadrats, most of the 
exotic plant biomass in 964 quadrats was contributed by emergent 
and floating species, whereas in the remaining 251 quadrats, most 
of the exotic plant biomass was contributed by submerged species.

We employed a linear mixed- effects modelling framework to ad-
dress our questions. To test the hypotheses that higher native plant 
richness reduces the invasion of exotic plants only at a small scale 
(H1) and that plant biomass and coverage are more important than 
richness for resistance to invasion (H2), we separately fitted linear 
models for the site- level richness of exotic plants (M1), site- level bio-
mass of exotic plants (M2), quadrat- level richness of exotic plants 
(M3), quadrat- level biomass of exotic submerged plants (M4) and 
quadrat- level biomass of exotic emergent and free- floating plants 
(M5) (Table S2). In each model, both native plant richness and native 
plant performance were set as predictors. Native plant performance 
(Pnative) is a metric that integrates the biomass and coverage of na-
tive plants in each quadrat or site to simplify the models and make 
the results of the models easier to interpret. It was calculated via 
the following equation: Pnative = (ZBnative + ZCnative)/2, where ZBnative 
and ZCnative are the standardized values of biomass and coverage 
of native plants, respectively, using the zero- mean normalization 
method. To account for unequal environmental factors that may 
impact exotic plant invasion, the environmental factors Thabitat (lake 
and reservoir, river and canal, pool and wetland, rapid), Ahabitat, TLI, 
Dheter, T and Lsite- town were set as covariates in M1 and M2, whereas 
Thabitat, TLI, Dquadrat, T, Tcommunity and Lsite- town were set as covariates in 
M3, M4, and M5. Furthermore, to explore which environmental fac-
tors are related to the strength of biotic resistance to invasion (H3), 
interactions between these factors and both native plant richness 
and native plant performance were included in each initial model 
(Table S2). The sampling area and dominant exotic species were set 
as random effects in M2, whereas the dominant exotic species was 
set as a random effect in M4 and M5, to control their effects on the 
biomass of exotic plants. To further reduce the impact of sampling 
area variability on the biomass and richness of exotic plants, we se-
lected 276 sites (230 sites with exotic plants) with a sampling area of 
100–3000 m2 to run M1 and M2.

The exotic plant biomass at both the site scale and the quadrat 
scale was modelled via fitting linear mixed- effects (LME) models. 
After trying Gaussian, Poisson, negative binomial and zero- inflated 
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    |  5FAN et al.

Poisson error structures, we fitted a generalized linear mixed- 
effects model (GLMM) with Poisson error structure for the response 
variable site- level exotic plant richness and a GLMM with zero- 
inflated Poisson error structure for the response variable quadrat- 
level exotic plant richness, based on the assumption of homogeneity 
and the lowest AIC (Akaike information criterion) value. In LME and 
GLMM with Poisson error structure, we created a spatial matrix 
from the coordinates of the site or quadrat following an established 
approach (Kubelka et al., 2018) and incorporated it into each model 
to control for spatial autocorrelation after Moran's I test (p ≤ 0.05). 
In zero- inflated GLMM, we set the sampling site as a random effect 
and included the longitude and latitude of the sites as covariates to 
reflect the spatial structure of the dataset (Sirami et al., 2019).

The LME and GLMM with Poisson error structure were im-
plemented using the ‘lme4qtl’ package (Ziyatdinov et al., 2018), 
and zero- inflated models were implemented using the ‘glmmTMB’ 
package (Brooks et al., 2017). All the predictors were centred in the 
models to have a mean of zero and were scaled by their standard 
deviations to help with model convergence. To improve the normal-
ity of residuals, the site- level biomass of exotic plants, quadrat- level 
biomass of exotic submerged plants, and quadrat- level biomass of 
exotic emergent and free- floating plants were transformed using 
the log(x + 1) function. Before modelling the data, we inspected the 
data for outliers and multicollinearity (the variable with the highest 

variance inflation factor (VIF) was removed sequentially until all re-
maining VIFs were <5). The homogeneity of variances, normality of 
residuals, collinearity and overdispersion were tested via the ‘check_
model’ and ‘check_overdispersion’ functions in the ‘performance’ 
package (Lüdecke et al., 2021). We employed a multimodel infer-
ence procedure to perform model selection by the ‘MuMIn’ package 
(Barton, 2009). This method creates a set of models with all possible 
combinations of the initial variables and ranks them based on the 
AICc fitted with maximum likelihood.

3  |  RESULTS

Fifteen exotic aquatic plants were recorded in our field surveys. 
Among them, the emergent plant Alternanthera philoxeroides, free- 
floating plants Eichhornia crassipes and Pistia stratiotes, and sub-
merged plant Cabomba caroliniana are invasive species that have 
reproduced and spread widely in China. The other plants are non-
invasive species that have established localized reproducing popula-
tions (Table S3).

The best- fitting models (Table S4; Tables 1 and 2) revealed that 
both the site- level and quadrat- level richness of exotic plants in-
creased with increasing native plant richness (Figure 2a, Z = 4.77, 
p < 0.001; Figure 3a, Z = 5.04, p < 0.001). As the native plant richness 

TA B L E  1  Results from the best- fitting GLMM and LME models examining the factors that affect the richness and biomass of exotic 
aquatic plants at the site scale.

Parameter

Richness of exotic plants Biomass of exotic plants

Estimate ± SE Z- value p- value Estimate ± SE Z- value p- value

Intercept 0.36 ± 0.96 0.37 0.71 1.46 ± 0.20 7.27 <0.001

Rnative_site 0.27 ± 0.06 4.77 <0.001 −0.01 ± 0.03 0.29 0.77

Pnative_site −0.39 ± 0.07 5.54 <0.001 −0.71 ± 0.06 11.06 <0.001

TLI 0.07 ± 0.06 1.20 0.23 0.12 ± 0.05 2.39 0.02

Dheter 0.11 ± 0.06 1.84 0.06 0.03 ± 0.04 0.58 0.56

Lsite- town −0.002 ± 0.01 0.13 0.55 0.003 ± 0.02 0.18 0.86

Ahabitat −0.002 ± 0.02 0.10 0.92 −0.01 ± 0.03 0.35 0.73

T 0.13 ± 0.10 1.31 0.19 −0.20 ± 0.06 3.31 <0.001

Thabitat_lake and reservoir — — — 0.23 ± 0.18 1.30 0.20

Thabitat_pool and wetland — — — 0.53 ± 0.17 3.04 0.002

Thabitat_river and canal — — — 0.27 ± 0.14 1.97 0.05

Rnative_site:Nwater −0.004 ± 0.02 0.21 0.83 — — —

Pnative_site:Nwater — — — 0.03 ± 0.05 0.67 0.50

Rnative_sitet:Dheter 0.003 ± 0.02 0.20 0.83 — — —

Pnative_site:Dheter 0.06 ± 0.07 0.85 0.40 — — —

Pnative_site:T 0.001 ± 0.01 0.09 0.93 — — —

Note: Each predictor was standardized. Parameters and associated p values were estimated from the top models (ΔAICc < 2, Table S4) predicting 
richness and biomass of exotic aquatic plants via the model averaging approach. Model parameter significance is denoted in boldface. Empty cells (—) 
denote the predictors were removed from the initial models to simplify models.
Abbreviations: Ahabitat, habitat area; Dheter, heterogeneity of water depth at each site; GLMM, generalized linear mixed- effects model; LME, linear 
mixed- effects; Lsite- town, linear distance between the site location and the nearest town; Pnative_site, native plant performance at each site; Rnative_site, 
native plant richness at each site; T, annual mean temperature; Thabitat, Habitat type; TLI, trophic level index.
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6  |    FAN et al.

increased, the quadrat- level biomass of exotic emergent and floating 
plants decreased (Figure 3b, Z = 6.27, p < 0.001). However, no signif-
icant correlations were detected between the site- level biomass of 
exotic plants and native plant richness (Figure 2b, Z = 0.29, p > 0.05) 
or between the quadrat- level biomass of exotic submerged plants 
and native plant richness (Figure 3c, Z = 1.89, p > 0.05). In addition, 
as native plant performance increased, the richness and biomass of 
exotic plants decreased at both the site scale and the quadrat scale 
(Figures 2c,d and 3d–f).

Our models revealed that the relationships between exotic and 
native plants were related to environmental factors (Table 2). First, 
the quadrat- level richness of exotic plants decreased with increasing 
native plant performance more severely in low- nutrient water bod-
ies than in high- nutrient water bodies (Figure 4a, Z = 4.58, p < 0.001). 
Second, the negative relationship between the biomass of sub-
merged exotic plants and native plant richness shifted to a positive 
relationship as the trophic level index increased (Figure 4b, Z = 4.37, 
p < 0.001). Third, the biomass of exotic emergent and floating plants 
decreased with increasing native plant performance more severely 

in shallow water than in deep water (Figure 4c, Z = 2.44, p = 0.01). In 
addition, the trophic level index, annual mean temperature, linear 
distance between the site location and the nearest town, habitat 
type and native community type were directly associated with ex-
otic plant invasions (Tables 1 and 2).

4  |  DISCUSSION

After taking into account various environmental variables, we 
found that the native- exotic richness relationship was positive 
at both the large (100–3000 m2) and small (1 m2) scales. In fresh-
water ecosystems, some favourable habitats, such as nonshaded, 
shallow, calm and low- current areas in lakes and rivers, and highly 
heterogeneous habitats, are prone to colonization by both native 
and exotic plants (Bornette & Puijalon, 2011; Fridley et al., 2007; 
Stohlgren et al., 2006). In addition, communities with high species 
richness have a high probability of containing species that facili-
tate the establishment of new immigrants by offering anchorage 

TA B L E  2  Results from the best- fitting GLMM and LME models examining the factors that affect the richness and biomass of exotic 
aquatic plants at the quadrat scale.

Parameter

Richness of exotic plants
Biomass of exotic emergent and 
floating plants Biomass of exotic submerged plants

Estimate ± SE Z- value p- value Estimate ± SE Z- value p- value Estimate ± SE Z- value p- value

Intercept −1.05 ± 0.17 6.12 <0.001 2.06 ± 6.29 0.33 0.74 1.90 ± 1.11 1.70 0.09

Rnative_quadrat 0.24 ± 0.05 5.04 <0.001 −0.15 ± 0.02 6.27 <0.001 −0.09 ± 0.05 1.89 0.06

Pnative_quadrat −0.58 ± 0.06 9.63 <0.001 −0.20 ± 0.02 9.33 <0.001 −0.31 ± 0.05 5.96 <0.001

TLI 0.29 ± 0.06 5.07 <0.001 0.001 ± 0.008 0.05 0.96 0.10 ± 0.05 1.83 0.07

Dquadrat 0.02 ± 0.04 0.44 0.66 −0.02 ± 0.02 1.17 0.24 0.004 ± 0.02 0.20 0.84

Lsite- town −0.002 ± 0.01 0.10 0.92 — — — 0.19 ± 0.05 3.92 <0.001

T 0.11 ± 0.05 2.03 0.04 −0.005 ± 0.05 0.10 0.92 — — —

Tcommunity_emergent 0.12 ± 0.10 1.28 0.20 0.19 ± 0.05 4.08 <0.001 −0.34 ± 0.59 0.57 0.57

Tcommunity_free- floating 0.05 ± 0.10 0.50 0.62 0.07 ± 0.05 1.49 0.14 0.08 ± 0.17 0.46 0.65

Tcommunity_floating- leaved −0.82 ± 0.22 3.73 <0.001 −0.59 ± 0.12 5.03 <0.001 −0.33 ± 0.32 1.01 0.31

Tcommunity_submerged −0.92 ± 0.12 7.87 <0.001 −0.38 ± 0.07 5.41 <0.001 −0.31 ± 0.15 2.06 0.04

Thabitat_lake and reservoir 0.30 ± 0.19 1.58 0.11 0.09 ± 0.12 0.75 0.46 — — —

Thabitat_pool and wetland 0.70 ± 0.19 3.75 <0.001 0.16 ± 0.16 0.99 0.32 — — —

Thabitat_river and canal 0.62 ± 0.16 3.92 <0.001 0.13 ± 0.14 0.98 0.33 — — —

Rnative_quadrat:Nwater — — — −0.003 ± 0.01 0.25 0.80 0.20 ± 0.05 4.37 <0.001

Pnative_quadrat:Nwater 0.25 ± 0.05 4.58 <0.001 — — — 0.01 ± 0.03 0.32 0.75

Rnative_quadrat:Dquadrat 0.03 ± 0.04 0.62 0.54 −0.02 ± 0.03 0.87 0.38 — — —

Pnative_quadrat:Dquadrat 0.09 ± 0.06 1.45 0.15 0.07 ± 0.03 2.44 0.01 — — —

Rnative_quadrat:T 0.001 ± 0.01 0.10 0.92 — — — — — —

Pnative_quadrat:T −0.003 ± 0.02 0.12 0.90 — — — — — —

Note: Each predictor was standardized. Parameters and associated p- values were estimated from the top models (ΔAICc < 2, Table S4) predicting 
richness and biomass of exotic aquatic plants via the model averaging approach. Model parameter significance is denoted in boldface. Empty cells (—) 
denote the predictors were removed from the initial models to simplify models.
Abbreviations: Dquadrat, water depth in each quadrat; GLMM, generalized linear mixed- effects model; LME, linear mixed- effects; Lsite- town, linear 
distance between the site location and the nearest town; Pnative_quadrat, native plant performance in each quadrat; Rnative_quadrat, native plant richness in 
each quadrat; T, annual mean temperature; Tcommunity, native plant community type; Thabitat, habitat type; TLI, trophic level index.
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(Santos et al., 2011; Thiébaut & Martinez, 2015). In contrast, the 
biomass of exotic emergent and floating plants, as well as the bio-
mass of exotic submerged plants in low- nutrient water bodies, was 
lower in quadrats with high native plant richness. The different in-
vasibility metrics convey different types of information; richness 
of exotic plants indicates the number of species that have success-
fully invaded, while biomass of exotic plants quantifies the domi-
nance and impact of exotic plants (Carniatto et al., 2013; Jeschke 
et al., 2018). This finding suggests that native plant richness does 
not play a role in preventing the successful establishment of exotic 
aquatic plants. However, high native plant richness may mitigate 
the subsequent severity of plant invasions at small scales, and this 
buffering effect is environment- dependent (Delavaux et al., 2023; 
Jeschke et al., 2018).

Our study indicated that strong native plant performance is 
associated with a reduction in population growth and the im-
pact of exotic aquatic plants at both the large and small scales. 
Furthermore, it is related to a community's ability to repel some 
exotic plants before they become established. Native plants with 
high density, biomass and coverage can reduce the successful es-
tablishment of exotic plants by occupying available niche space 
and nutrients (Chadwell & Engelhardt, 2008), enhancing shading 
(Evangelista et al., 2017) and preventing fragments of exotic plants 
from rooting into sediment (Thiébaut & Martinez, 2015). With suf-
ficient density, native plants can also act as a barrier to prevent 
exotic plants from migrating into the community from neighbour-
ing areas. These findings indicate that the invasion resistance in 
freshwater ecosystems is more closely related to the native plant 

F I G U R E  2  Relationships between the richness of exotic plants and native plant richness (a), the biomass of exotic plants and native plant 
richness (b), the richness of exotic plants and native plant performance (c), and the biomass of exotic plants and native plant performance (d) 
at the site scale. The native plant richness was standardized, and native plant performance was the average of the standardized values of the 
biomass and coverage of native plants. The plots are constructed under the condition that the other predictors are the intercept values, the 
parameter estimates are listed in Table 1.
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8  |    FAN et al.

F I G U R E  3  Relationships between the richness of exotic plants and native plant richness (a), the biomass of exotic emergent and floating 
plants and native plant richness (b), the biomass of exotic submerged plants and native plant richness (c), the richness of exotic plants and 
native plant performance (d), the biomass of exotic emergent and floating plants and native plant performance (e), and the biomass of exotic 
submerged plants and native plant performance (f) at the quadrat scale. The native plant richness was standardized, and the native plant 
performance was the average of the standardized values of the biomass and coverage of native plants. The plots are constructed under the 
condition that the other predictors are the intercept values, the parameter estimates are listed in Table 2.

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14439 by N

anjing Institution O
f G

eo, W
iley O

nline L
ibrary on [18/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  9FAN et al.

performance (in terms of biomass and coverage) than to native 
plant richness. The efficacy of biotic resistance to aggressive in-
vasive species was considered to be lower than to exotic nonin-
vasive species (Bufford et al., 2016; Nunez- Mir et al., 2017). In 
our study, although only four plants were identified as aggressive 
invasive species, they were the dominant exotic species in 86% of 
the exotic emergent and floating plant communities and in 65% 
of the exotic submerged plant communities. This implies that in 
freshwater ecosystems, native plants could mitigate the impact of 
exotic plants regardless of the characteristics and life forms of the 
exotic plants.

The observed negative relationships between native and 
exotic plants may be caused by the effects of biotic resistance 
and/or the impact of exotic plants on native communities. Our 
models included many environmental factors, which are often 
strongly correlated with the abundance of exotic plants. For ex-
ample, high nitrogen and phosphorus contents in water increase 
the abundance and competitiveness of almost all exotic emergent 
and floating plants and enhance the harmful impacts of these ex-
otic plants (Henry- Silva et al., 2008; Hussner et al., 2009; Wilson 
et al., 2005; Zhang et al., 2017). If biotic resistance was not in ef-
fect, exotic emergent and floating plants would be expected to 
dominate all eutrophic water bodies regardless of the richness 
and performance of the native plants. Rather, the biomass of ex-
otic emergent and floating plants decreased with increasing na-
tive plant richness and native plant performance in high- nutrient 
water bodies, as it did in low- nutrient water bodies (there were 
nonsignificant interactions between native plant richness/perfor-
mance and the trophic level index in the model for the biomass 
of exotic emergent and floating plants, as shown in Table 2). An 
experimental study also shown that biotic resistance effectively 
suppressed the growth of the emergent invasive plant Urochloa 
arrecta under both nutrient- enriched and non- enriched conditions 
(Teixeira et al., 2017). This suggests that biotic resistance contrib-
utes to the observed negative relationships between native and 
exotic plants, which is similar to the findings of a previous report 
(Beaury et al., 2020). Another factor that should not be overlooked 
is that exotic plants competitively exclude native species, leading 
to the negative relationships. While exotic plants have a negligi-
ble effect on native communities during their early establishment 
phase in a new ecosystem (Sapsford et al., 2020), they inevitably 
have adverse effects on native plants once they have developed 
considerable populations. Our field survey did not completely 
clarify the causal relationship between native plants and exotic 
plant invasion. It is necessary to continue exploring resistance of 
aquatic plant communities to exotic plant invasions under various 
environmental conditions and at different phases of invasive plant 
establishment through controlled and in situ experiments.

In our study, water eutrophication was associated with a de-
crease in the biotic resistance of native plant performance to the 

F I G U R E  4  Effects of the interaction between native plant 
performance and the trophic level index on the richness of exotic 
plants (a), the interaction between native plant richness and the 
trophic level index on the biomass of exotic submerged plants (b), 
and the interaction between native plant performance and water 
depth on the biomass of exotic emergent and floating plants (c) at 
the quadrat scale. The native plant richness was standardized, and 
the native plant performance was the average of the standardized 
values of the biomass and coverage of native plants. The trophic 
level index was calculated based on the concentrations of total 
nitrogen (mg/L), total phosphorus (mg/L), and chemical oxygen 
demand (mg/L) in the water. The interactions shown represent the 
given predicted value of the richness or biomass of exotic aquatic 
plants under each group mean- centred biotic and environmental 
factors.
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richness of exotic plants. High nutrient availability can improve the 
growth, size, reproduction capacity, overwinter rates, and compet-
itiveness of exotic aquatic plants (Xie et al., 2010; Yu et al., 2019), 
thus promoting the successful establishment of exotic plants that 
are in competition with native plants. An increase in water nutri-
ents even turned the negative relationship between the biomass 
of exotic submerged plants and native plant richness into a positive 
relationship (Figure 4b). This finding was consistent with the stress- 
gradient hypothesis: net competitive effects are intense in relatively 
benign, low- stress environments, whereas facilitative effects are 
common under high abiotic stress conditions (Maestre et al., 2009). 
Eutrophication, which leads to high phytoplankton concentration 
and low light availability in water bodies, creates a harsh, high- stress 
environment for both exotic and native submerged plants (Phillips 
et al., 2016; Wersal & Madsen, 2011). Under eutrophic conditions, a 
high abundance of exotic submerged plants improves the biodiver-
sity of native submerged plants by reducing phytoplankton popula-
tions, suspended solids concentrations and light attenuation (Rybicki 
& Landwehr, 2007; Scheffer & Carpenter, 2003). Similarly, a high di-
versity of native submerged plants increases the likelihood of the 
presence of shade- tolerant species, which can increase the growth 
and biomass of exotic submerged plants by buffering the effects of 
eutrophication (Le Bagousse- Pinguet et al., 2012).

In addition, the biotic resistance strength of the native community 
to exotic emergent and floating plants was related to water depth. 
Water depth is a crucial factor determining the distribution, repro-
duction, and growth of aquatic plants (Bornette & Puijalon, 2011). 
In shallow water, diverse native plant communities with complex 
community structures can compete with exotic emergent and float-
ing plants for most of the resources required for the growth of the 
exotic plants. However, in deep water, the dominant native species 
are usually submerged plants (Fu et al., 2014; Ma et al., 2021), and 
they can only compete with exotic floating plants for the nutrients 
in water but not for space or light. Therefore, the biotic resistance 
strength of native plant performance to exotic emergent and float-
ing plants is lower in deep waters than in shallow waters.

In conclusion, we conducted an extensive, multiscale field survey 
and studied the impacts of environmental factors on the relationship 
between native and exotic plants. The results show that the native 
plant performance is more important than richness for resistance 
to invasion in freshwater ecosystems. Furthermore, the strength of 
biotic resistance is influenced by environmental factors. These find-
ings reveal why biotic resistance in freshwater ecosystems was not 
detected in previous field observations. In addition, our study sug-
gests that, rather than focusing on biodiversity conservation alone, 
we should incorporate additional strategies such as enhancing the 
coverage and productivity of native vegetation as well as improv-
ing habitat conditions by reducing nutrient levels in water bodies to 
more effectively control aquatic invasive plants.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1: Habitat types in the field surveys.
Table S2: The initial GLMM and LME models for richness and 
biomass of exotic plants at the site and quadrat scales.
Table S3: List of surveyed exotic aquatic plants.
Table S4: The top models (ΔAICc < 2) for predicting richness and 
biomass of exotic plants at the site and quadrat scales.
Figure S1: Diagrammatic investigation methods of the plant 
communities in small rivers and canals (1m <width < 5m) or 
waterbodies with narrow vegetation (A), in shallow pools, rivers, 
and canals where aquatic plants occurred in both the marginal and 
central parts (B), in waterbodies where aquatic plants were restricted 
to the margins of waterbodies, the water depth in the central area of 
waterbodies was deep, or the vegetation extended considerably far 
from the shoreline (C).
Figure S2: Photos of field works. (A) community survey in lake, (B) 
community survey in wetland, (C) community survey in river, (D) 
community survey in reservoir, (E) community survey in pond, (F) 
counting plants in shallow water, (G) artificial collection of plants in 
deep water, (H) artificial collection of plants by boat in deep water, 
(I) Diving to collect plants in deep water, (J) Collecting aquatic plants 
in rapids.
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