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Abstract

Few studies have evaluated the relative importance of various factors in the invasion process of exotic plants in freshwater
ecosystems due to the difficulty of observing numerous factors simultaneously. In this study, to explore how various biotic and
abiotic factors determine the overall invasion extent of all exotic plants and the invasion extent of different life-form exotic plants
as well as assess their relative importance, we surveyed 236 exotic aquatic plant communities using 2267 fine quadrats in China’s
freshwater ecosystems. We found that competition from native plants was the most vital factor determining the mean biomass
of all exotic plants and biomass of submerged plant Cabomba caroliniana, while competition from co-occurring exotics was the
most important for biomass of emergent plant Alternanthera philoxeroides and free-floating plant Eichhornia crassipes. The
population biomass of different exotic species responded differently to climate change. Water eutrophication could accelerate
the invasion of exotic plants by directly favoring them and indirectly weakening the resistance of native plants. Water depth,
habitat size, herbivory, and anthropogenic disturbance had relatively weak impacts on the biomass of exotic plants. Moreover,
some factors have different modes of influence on different exotic plants. Our study suggested interspecific competition plays
a more important role in the population spread of exotic plants than climate and abiotic environment once the plants have
successfully established, implying that biodiversity conservation and vegetation restoration were the fundamental methods to
control invasion. In addition, our study highlights the importance of studying the overall invasion extent of all exotic plants
and interactions among invaders in multi-invader communities.

Title: Competitive exclusion from native plants and co-occurring exotic plants was the most
important factor influencing plant invasion in freshwater ecosystems

Abstract

Few studies have evaluated the relative importance of various factors in the invasion process of exotic plants
in freshwater ecosystems due to the difficulty of observing numerous factors simultaneously. In this study, to
explore how various biotic and abiotic factors determine the overall invasion extent of all exotic plants and
the invasion extent of different life-form exotic plants as well as assess their relative importance, we surveyed
236 exotic aquatic plant communities using 2267 fine quadrats in China’s freshwater ecosystems. We found
that competition from native plants was the most vital factor determining the mean biomass of all exotic
plants and biomass of submerged plantCabomba caroliniana , while competition from co-occurring exotics
was the most important for biomass of emergent plant Alternanthera philoxeroides and free-floating plant
Eichhornia crassipes . The population biomass of different exotic species responded differently to climate
change. Water eutrophication could accelerate the invasion of exotic plants by directly favoring them and
indirectly weakening the resistance of native plants. Water depth, habitat size, herbivory, and anthropogenic
disturbance had relatively weak impacts on the biomass of exotic plants. Moreover, some factors have
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different modes of influence on different exotic plants. Our study suggested interspecific competition plays a
more important role in the population spread of exotic plants than climate and abiotic environment once the
plants have successfully established, implying that biodiversity conservation and vegetation restoration were
the fundamental methods to control invasion. In addition, our study highlights the importance of studying
the overall invasion extent of all exotic plants and interactions among invaders in multi-invader communities.

Key words:

aquatic plants, biotic resistance, climate warming, enemy, plant invasion, relative importance, water eu-
trophication

Introduction

Freshwater ecosystems play vital roles in nutrient and water cycling, biodiversity maintenance, and providing
various ecological services to human society (Dudgeon et al. 2006, Carpenter et al. 2011, Rinke et al. 2019).
Hundreds of exotic plants have invaded freshwater ecosystems around the world over the past centuries
(Strayer 2010, Hussner 2012, Wang et al. 2016). These invaders reduce biodiversity, change community
composition, habitat, and ecosystem function, interrupt ecosystem services, and degrade human health
(Gallardo et al. 2016). Furthermore, the invasion of exotic aquatic plants is expected to become increasingly
serious due to the rise in international commerce and global change (Seebens et al. 2017). Therefore, there is
an urgent need to determine the factors that influence the invasion of exotic aquatic plants and their relative
importance since it is necessary for the management of invaders and biodiversity conservation.

Numerous studies have examined the roles of various biotic and abiotic factors in the plant invasion process.
Some studies have found that plant communities with higher species richness and abundance exhibit greater
competitive resistance to the invasion of exotic aquatic plants (Levine et al. 2004, Capers et al. 2007,
Michelan et al.2013, Petruzzella et al. 2018, Zhang et al. 2021a). The consumptive resistance of native
generalist herbivores and introduced specialist enemies also reduces the establishment and performance
of exotic aquatic plants (Parker and Hay 2005, Coetzee et al. 2011, Ribas et al. 2017). However, climate
warming (Rahel and Olden 2008, Gillard et al. 2017), water eutrophication (Henry-Silva et al. 2008; Salgado
et al. 2019), and disturbances (Trebitz and Taylor 2007; Quinn et al. 2011) are considered to facilitate aquatic
plant invasions. Water depth is a crucial factor that determines the distribution, reproduction, and growth of
exotic aquatic plants because it is closely related to light, temperature, dissolved oxygen, nutrient availability,
and water movement (Gerhardt and Collinge 2003; Santos et al. 2011; Bornette and Puijalon 2011; Fleming
et al. 2021). Additionally, in communities with multiple invasive plants, an invader is influenced by co-
occurring invaders (Kuebbing and Nuñez 2015). The invasive plants may facilitate each other by suppressing
shared resident competitors, increasing resource availability, providing protection from herbivores, enhancing
pollinator visitation rates as magnet species, and promoting their dispersal and establishment as nurse species
(Simberloff 2006, Tecco et al., 2007, Molina-Montenegro et al. 2008, Cushman et al., 2011, Flory and Bauer,
2014), or interfere with each other by competing for resources and pollinators (Belote and Weltzin 2006,
Yang et al. 2011, Zhang et al. 2021b).

Evaluating the relative importance of various factors in contributing to exotic plant invasion is important
(Eschtruth and Battles 2009, Bansal and Sheley 2016, Szymura et al. 2018). In freshwater ecosystems, native
plant coverage has been found to account for most of the variation in exotic plant richness (Yu et al. 2018).
Whereas few studies have quantitatively assessed the relative importance of various factors influencing the
biomass of exotic aquatic plants. Different measures of exotic plants convey different information; richness
indicates the number of species that have successfully invaded, while biomass quantifies the dominance and
impact of exotic plants (Catford et al. 2012). Furthermore, because the living environment of four life-
forms of aquatic plants (emergent, submerged, floating-leaved, and free-floating) varies greatly (Gallego et
al. 2015, Hussner et al. 2021, Hu et al. 2021), the effect and relative importance of the same factors on
different life-form exotic plants may differ. Additionally, freshwater ecosystems often experienced multiple
invasions (Zhang et al. 2021b), a general understanding of the relative importance of various factors in the
invasion process necessitates taking into account the overall performance of all invasive plants, as well as the
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performance of single invaders.

In this study, we surveyed the communities invaded by exotic plants in freshwater ecosystems in China.
Various biotic and abiotic factors that may affect invasions were determined, including the richness, biomass,
and coverage of native communities, water nutrient status, climate, habitat features, herbivory level, and
anthropogenic disturbance. We used biomass to measure the overall invasion extent of all exotic plants in
communities and the invasion extent of different life-form exotic plants, and employed regression analysis,
structural equation modeling, and hierarchical partitioning to (1) examine which factors determine the
invasion of exotic plants in freshwater ecosystems and how they work; (2) quantify the relative importance
of these factors; and (3) determine the differences in the effects of the same factors on the overall invasion
extent of all exotic plants and the invasion extent of different life-form exotic plants.

Methods

Community surveys of aquatic plants

The field surveys were conducted in eastern, central, southern, and southwestern China. 236 sites where
exotic aquatic plants had invaded were sampled from 2015 to 2018 (Fig. 1). To obtain peak species richness
and standing biomass, surveys in the northern and southern areas of the Tropic of Cancer were conducted
from July to September and from May to November, respectively. At each site, we first recorded the position
(latitude and longitude), habitat type (lake, river, rapid, canal, wetland, pool, and reservoir), habitat size
(Ahabitat , the continuous water area supporting the community), and species of plants. The origin of each
species (native or exotic) was verified according to the Aquatic Plant of the World (Cook et al., 1974) and the
List of Invasive Plants in China (http://www.iplant.cn/ias/protlist). Then, we used a systematic sampling
technique to survey plant communities. Transects were laid out in species-rich and dense vegetation. The
selection of the number of transects and quadrats, as well as the surveyed area, was based on the principle
of sampling to accurately reflect the community structure. At sites with narrow vegetation (1 m < width
< 5 m, mostly in small rivers and canals, a few in lakes and large rivers), one transect was placed, and 6
quadrats (1 m ×1 m, Fang et al. 2009) were sampled at 10 m intervals along the transect (Appendix S1:
Fig. S1A). When the width of vegetation was more than 5 m, 2~4 transects (depending on the size of the
community) were placed equidistantly perpendicular to the bank. These transects started from the banks
and traversed the shallow rivers and pools (generally water depth < 4 m) if vegetation covered the whole
habitat (Appendix S1: Fig. S1B); otherwise, they ended at the edge of vegetation or the limit water depth
and distance (generally < 500 m) of manual sampling (Appendix S1: Fig. S1C). The interval between two
transects was chosen at 5 m, 10 m, 15 m, 20 m, 30 m, 40 m, 50 m, 70 m, or 100 m according to the size of the
community. 2~8 quadrats (1 m ×1 m, depending on the size of the community) were sampled equidistantly
along each transect, and the interval between two quadrats was chosen at 5 m, 10 m, 15 m, 20 m, 30 m, or
50 m according to the size, species richness and structure of community (Appendix S1: Table. S1).
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Fig. 1 Geographical locations of the sampling sites. The color of the circle indicates the dominant species
of exotic plants

We sampled a total of 2267 quadrats in the 236 sites. For each quadrat, first, plant species were recorded.
Then, the coverage of each species (C ) was determined by visual estimation on 22-degree scales: 0.5%, 1%,
5%, 10%, 15%, 20% . . . 100%. Next, all plant materials, including shoots, leaves, and roots, in the quadrat
were collected by careful manual digging. Finally, all plants were classified, washed, and dried at 70 °C for
more than 48 h to determine the biomass of each species (B ). The total biomass of native/exotic plants
in each quadrat (TBQN /TBQE ) = [?]B n, total coverage of native/exotic plants in each quadrat (TCQ
N/TCQ E) = [?]C n, n was the species number of natives or exotics in a quadrat. The mean biomass of
native/exotic plants at each site (MBSNMBSE )

∑
TBQi

i , the mean overage of native/exotic plants at each
site (MCSN /MCSE ) =

∑
TCQi

i , and i is the number of quadrats at a site. When the abundance of exotic
plants in a site was too low to appear in any quadrat, we determined the values ofMBSE and MCSE of the
site were zeros. In addition, the defoliation (Dleaf , % of leaf area removed) of exotic plants by herbivores
was assessed. 10~20 fresh shoots (all shoots when the total shoots < 10) of each exotic plant were randomly
selected for defoliation assessments in each quadrat, andDleaf was measured using our previously described
method (Fan et al. 2016).

Environmental variables

At each site, the annual mean temperature (T ) was used to characterize the climate, and the dataset
(unit: 0.1 degC, year: 2015, resolution: 1 km) was obtained from the Resource and Environment Science
and Data Center (http://www.resdc.cn/). A water sample was collected, and the total nitrogen (TN ),
total phosphorus (TP ), and chemical oxygen demand (COD ) were determined using a Palintest 7500
Photometer (Palintest, UK). Trophic state indices were calculated by the following equations: TLI(TP )
= 10(9.436+1.624 lnTP ), TLI(TN ) = 10(5.453+1.694 lnTN ), TLI(COD ) = 10(0.109+2.661 lnCOD ).
Water nutrient status (Nwater ) was the mean value of TLI(TP ), TLI(TN ), and TLI(COD ) (Cao et al.
2021). The water depth (Hquadrat ) in each quadrat was measured by a pole and ruler, average water depth
at each site (Hsite ) was the mean value ofHquadrat s of all quadrats. In addition, the linear distance between
the site location and the nearest town (Lsite-town ) was determined to measure the anthropogenic disturbance
level (Gosper et al. 2015).

Data analyses

4
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To study which factors affected the overall invasion extent of exotic aquatic plants in the sites, we used
regression analysis to examine the relationships between the site-level mean biomass of exotic aquatic plants
(MBSE ) and the site-level richness of native plants (Rnative_site ), site-level performance of native plants
[Pnative_site , a metric integrating MBSN andMCSN by principal component analysis (PCA), data values
were scores of PC1 (proportion variances = 0.86)], T ,Nwater , Hsite ,Lsite-town , and Ahabitat . For each
regression analysis, we trialed linear regression and nonlinear regression (quadratic and cubic) models and
selected the best-fitting models with the highest fitting coefficient (R2 ) and a significant P-value (P<0.05).

To study the differences in the effects of the same factors on different life-form exotic plants, we selected three
exotic plants belonging to different life-forms with the highest frequency in our field surveys: emergent plant
Alternanthera philoxeroides (in 483 quadrats and145 sites), free-floating plant Eichhornia crassipes (in 515
quadrats and 87 sites), submerged plant Cabomba caroliniana (in 170 quadrats and 25 sites). We used linear
regression analysis to examine the relationships between the quadrat-level population biomass of the three
exotic plants and the quadrat-level richness of native plants (Rnative_quadrat ), quadrat-level performance
of native plants (Pnative_quadrat , a metric integrating TBQN andTCQ N by PCA, data values were scores
of PC1 and proportion variances ranged from 0.74~0.87), quadrat-level performance of co-occurring exotic
plants (Pexotic_quadrat , a metric integratingTBQE and TCQ E of all exotic plants except the target exotic
plant by PCA, data values were scores of PC1 and proportion variances ranged from 0.82~0.98), T , Nwater
,Hquadrat , and Dleaf .

To investigate how native plants, water nutrient status, climate, habitat features, herbivory level, and an-
thropogenic disturbance influence the overall invasion extent of exotic aquatic plants and the invasion extent
of different life-form plants, we employed structural equation modeling (SEM) to explore the relationships
between the factors and MBSE and quadrat-level population biomass ofA. philoxeroides , E. crassipes , and
C. carolinianaindividually. For MBSE , we constructed a priori models and hypothesized that (1) all abiotic
factors (T ,Nwater , Hsite ,Lsite-town , Ahabitat ) would influence the MBSE ,Rnative_site , andPnative_site ,
(2)Rnative_site andPnative_site would further influence theMBSE , and Rnative_sitewould predict Pnative_site ,
(3)Nwater would be predicted byAhabitat , Hsite , andLsite-town (Appendix S1: Fig. S2A). For biomass of A.
philoxeroides , E. crassipes , and C. caroliniana , we constructed a priori models and hypothesized that (1)
T , Nwater ,Hquadrat ,Rnative_quadrat ,Pnative_quadrat , andPexotic_quadrat would influence biomass of the three
exotics, (2) T , Nwater ,Hquadrat ,Rnative_quadrat , andPnative_quadrat also would influencePexotic_quadrat , (3)
bothRnative_quadrat , andPnative_quadrat would be predicted by T ,Nwater , and Hquadrat , andRnative_quadrat
would predict thePnative_ quadrat(Appendix S1: Fig. S2B). TheDleafwas not included in the models because
it neither reduced the biomass of exotic plants nor affected other factors.

The SEM models were fitted by the PiecewiseSEM R-package (Lefcheck 2016). Before modeling of the
data, we inspected the data for outliers and multi-collinearity. To facilitate interpretation and ensure model
convergence, we standardized all variables (except the richness of native plants) to have a mean of zero
and a standard deviation. In the sub-models of Pnative_site andMBSE , we included the random effect of
the sampling area to control the effect of the sampling area on the biomass of exotic and native plants.
In all sub-models of quadrat-level response variables, we included random effects of the site to account for
the non-independence of quadrats within the same site. Both site-level and quadrat-level richness of native
plants were modeled with generalized linear models (GLMs) or generalized mixed-effects models (GLMMs)
using a Poisson distribution and log-link function. The other response variables were modeled using linear
models (LMs) or linear mixed-effects models (LMEs). All LMs, LMEs, GLMs, and GLMMs were performed
by the “lme4” package (Bates et al. 2014). To obtain the best model, we removed the nonsignificant paths
with the highest p-value in a stepwise manner. We added any link that was initially ignored when the
D-separation test revealed significant missing relationships between variables, and including the significant
missing path would improve the model fit. We assessed the goodness-of-fit of the model (Fisher’s C statistic)
using Shipley’s test of directional separation. Models with an adequate fit (p > 0.05) were considered as
candidate models, and their AICs were computed and compared. The model with the lowest AIC value
was considered as the best-fit model. Standardized coefficients for the GLM and GLMM components of the
piecewise SEM (not provided by PiecewiseSEM) were calculated by the latent theoretic approach (Lefcheck
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2019).

To determine the relative importance of various factors that influence the overall invasion extent of exotic
aquatic plants and the invasion extent of different life-form plants, we employed hierarchical partition-
ing (hier.part R package, Walsh and MacNally 2015) to analyze the independent explanatory power (I)
ofRnative_site ,Pnative_site , T ,Nwater , Hsite ,Lsite-town , and Ahabitatfor the MBSE , and the independent
explanatory power (I) of T , Nwater ,Hquadrat ,Rnative_quadrat ,Pnative_quadrat , andPexotic_quadrat for the
biomass ofA. philoxeroides , E. crassipes , and C. caroliniana . The statistical significance of each I was
determined by randomizing the data matrix 200 times to produce the distribution of I values, with observed
I value that exceeded the 95th percentile considered significant. The results of the significance tests were
expressed as Z-scores. All analyses were conducted by R v4.2.0 (R Development Team 2022). The biomass
of A. philoxeroides , E. crassipes , and C. caroliniana was transformed using Ln (x) function.

Results

Effects of the biotic and abiotic factors on the overall invasion extent of exotic aquatic plants

Regression models showed that the site-level mean biomass of exotic plants (MBSE ) decreased with increased
native plant richness (Rnative_site , P < 0.001), native plant performance (Pnative_site , P < 0.001), and
habitat size (Ahabitat , P < 0.05), but increased as water nutrient status (Nwater , P < 0.001) and mean
water depth (Hsite , P < 0.05) increased (Fig. 2A-E). The best-fit SEM showed that Pnative_site had a
direct effect on MBSE , butHsite and Ahabitat had indirect effects by influencing Rnative_site positively or
negatively; Rnative_site andNwater not only had direct effects onMBSE , but also had indirect effects by
positively influencing the Pnative_site or negatively influencing the Rnative_site andPnative_site (Fig. 4A). In
addition, although there were no significant relationships between theMBSE and annual mean temperature
(T , P > 0.05) and distance to town (Lsite-town , P > 0.05), T andLsite-town could affectMBSE by negatively
influencing theRnative_site and Nwater (Fig. 2F and G, Fig. 4A). Hierarchical partitioning results indicated
that Pnative_site was the most important determinant factor for MBSE (independent effect = 54.55%),
followed by Rnative_site ,Nwater , Hsite , T ,Ahabitat , and Lsite-town(independent effects were 25.84%, 13.47%,
3.67%, 1.26%, 1.09%, and 0.12%) (Fig. 5A).

Fig. 2 Relationships of site-level mean biomass of exotic plants and site-level richness (A) and performance
(B) of native plants, habitat size (C), water nutrient status (D), mean water depth (E), annual mean
temperature (F), and distance between site to the nearest town (G).

Effects of the biotic and abiotic factors on invasions of different plants

The biomass of A. philoxeroides and E. crassipes decreased as the performance of co-occurring exotic plants
(Pexotic_quadrat ) increased, but the biomass ofC. caroliniana was not affected byPexotic_quadrat (Fig. 3A).
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As the richness (Rnative_quadrat ) and performance (Pnative_quadrat ) of native plants increased, the biomass
of A. philoxeroides , E. crassipes , andC. caroliniana all increased (Fig. 3B, C). The best-fit SEMs re-
vealed that the Rnative_quadrat andPnative_quadrat affected the biomass of three plants in different ways.
Pnative_quadrataffected the biomass of A. philoxeroides and E. crassipesdirectly and indirectly by nega-
tively influencing thePexotic_quadrat , whereas, it only had a direct effect on the biomass of C. caroliniana
;Rnative_quadrat had direct and indirect effects on the biomass of A. philoxeroides and E. crassipes , but only
an indirect effect on the biomass of C. caroliniana . (Fig. 4B-D). None of the three plants showed a decrease
in biomass as defoliation increased (Fig. 3D), which suggests that herbivory does not control the invasion
of aquatic plants.

As T increased, the biomass of A. philoxeroides increased, but the biomass of E. crassipes decreased (Fig.
3E). T not only had a direct positive effect on the biomass of A. philoxeroides , but also had indirect effects
on the latter by negatively influencing the Rnative_quadrat and positively influencing the Pexotic_quadrat (Fig.
4B). Whereas, high T increased the biomass of E. crassipesonly by indirectly reducing the Rnative_quadratand
Pexotic_quadrat (Fig. 4C). The biomass ofA. philoxeroides and C. caroliniana increased with the increased
Nwater (Fig. 3F). HighNwater could directly increase the biomass ofC. caroliniana and indirectly by re-
ducing theRnative_quadrat , while it only increased the biomass of A. philoxeroides indirectly by reducing
theRnative_quadrat (Fig. 4B, D).Nwater also affected the biomass of E. crassipes by negatively influencing
theRnative_quadrat (Fig. 4C), even though regression analysis showed no significant correlation betweenNwater
and the biomass of E. crassipes (P > 0.05). Similarly, although the relationships between theHquadrat and
the biomass of E. crassipes ,A. philoxeroides and C. caroliniana were not significant (Fig. 3G), SEMs showed
that Hquadrat could affect the biomass of A. philoxeroides and C. caroliniana by influencing the Pexotic_quadrat
andRnative_quadrat positively or negatively (Fig. 4B, D).

Fig. 3 Relationships of quadrat-level biomass of E. crassipes ,A. philoxeroides , and C. caroliniana and
quadrat-level performance of co-occurring exotic plants (A), quadrat-level richness (B) and performance (C)
of native plants, defoliation (C), annual mean temperature (E), water nutrient status (F), and water depth
(G).

Hierarchical partitioning results indicated thatPexotic_quadrat was the most important determinant factor for
biomass of A. philoxeroides (independent effect = 68.11%), followed by T ,Rnative_quadrat ,Pnative_quadrat
, Nwater , and Hquadrat (independent effects were 17.08%, 8.31%, 4.91%, 1.09%, and 0.50%);Pexotic_quadrat
was the most important determinant factor for biomass of E. crassipes (independent effect = 54.55%) too,
followed byRnative_quadrat ,Pnative_quadrat , T ,Hquadrat , and Nwater(independent effects were 32.37%, 8.91%,
2.96%, 0.93%, and 0.28%);Pnative_quadrat was the most important determinant factor for biomass of C. car-
oliniana (independent effect = 45.19%), followed by Nwater ,Rnative_quadrat ,Hquadrat , T , andPexotic_quadrat
(independent effects were 38.44%, 11.72%, 2.68%, 1.50%, and 0.47%)(Fig. 5B).
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Fig. 4 The best-fit SEMs showing the influences of site-level native plant performance (Pnative_site ), site-
level native plant richness (Rnative_site ), annual mean temperature (T ), water nutrient status (Nwater
), average water depth (Hsite ), habitat size (Ahabitat ) and distance to the nearest town (Lsite-town ) on
site-level mean biomass of exotic plants (A), and the influences of quadrat-level native plant performance
(Pnative_quadrat ), quadrat-level native plant richness (Rnative_quadrat ), quadrat-level co-occurring exotic
plant performance (Pexotic_quadrat ), T ,Nwater , and water depth (Hquadrat ) on quadrat-level population
biomass ofA. philoxeroides (B), E. crassipes (C), and C. caroliniana (D). Arrow widths are proportional to
standardized path coefficients (values are also given, *P < 0.05, **P < 0.01, *** P < 0.001), and R2values
are given for each endogenous variable.
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Fig. 5 Percent independent explanatory power of each factor of the site-level mean biomass of exotic plants
(A) and the quadrat-level biomass of A. philoxeroides , E. crassipes , and C. caroliniana (B).

Pnative_site = site-level native plant performance; Rnative_site= site-level native plant richness;Pnative_-
quadrat = quadrat-level native plant performance;Rnative_quadrat = quadrat-level native plant richness;
Pexotic_quadrat = quadrat-level co-occurring exotic plant performance;Nwater = water nutrient status; T =
annual mean temperature; Hsite = average water depth in sites; Hquadrat = water depth in quadrats;Ahabitat
= habitat size;Lsite-town = distance to the nearest town. * denotes significance (p<0.05).

Discussion

In our study, competitive exclusion was the most important factor affecting plant invasion in freshwater
ecosystems. Previous studies considered climate and habitat-related factors were the most important factors
driving plant invasion at broad scales, the biotic interactions became more important at fine scales (Pearson
and Dawson 2003, Milbau et al. 2009, Hortal et al. 2010, Bellard et al. 2016, Catford et al. 2017). How-
ever, our study showed that habitat characteristics, such as water depth, habitat size, and anthropogenic
disturbance, had relatively weak impacts on the biomass of exotic aquatic plants, and just affected the
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latter indirectly by influencing native plants. Our surveys covered a vast geographical area and targeted
communities that had been invaded by exotic species, which suggested that even at a large scale, once the
exotic plants adapt to the local climate and environment and successfully establish their population, inter-
specific competition plays a more important role in their population expansion than climate and physical
environment. The competition came from both native plants and co-occurring exotic plants. In fact, A.
philoxeroides andE. crassipes experienced stronger competitive exclusion from co-occurring exotic plants
than from native plants. Invasive plants are characterized by fast growth and strong competitiveness, there-
fore, the competition among invasive plants, especially plants with the same niche, is more intense (Van
Kleunen et al. 2010, Zhang and van Kleunen 2019). The submerged plant C. caroliniana was not affected
by the co-occurring exotic plants, because there is only one exotic submerged plant, Elodea nuttallii , in its
distribution area, and their growth periods are different: E. nuttallii in winter and early spring, while C.
caroliniana in summer and autumn (Yu 2017).

Unlike interspecific competition, we found that natural enemies did not inhibit the population expansion
of exotic aquatic plants in the field. This may be because native generalist herbivores can only effectively
control invasive plants when plant density is below some threshold, but they can’t bring sufficient herbivore
pressure to limit exotic plants after plant density crosses the threshold (Maron and Vila 2001). Although
some specialist herbivores are introduced as biological control agents for invasive aquatic plants (such as
Neochetina eichhorniae and Agasicles hygrophila ) and reach a high population density (Jayanth 1988, Julien
et al.1995), these specialist herbivores only establish populations and persist in sites where the abundance
of the host plant is enormous. And they do not reduce plant performance once the plant develops a large
population (Yu and Fan 2018). In addition, invasive aquatic plants often have strong compensatory abilities
(Soti and Volin 2010, Lu and Ding 2012). Therefore, specialist herbivores may lower the population expansion
speed of invaders but cannot eliminate or reduce the developed population. What’s more, in multi-invader
communities, it is rare that specialist herbivores of each invasive plant appear and all plants are effectively
controlled (Zhang et al. 2021b). Even if enemies can successfully control one invasive plant, the co-occurring
invasive plants can still dominate the communities (Center et al. 2005, Hill et al. 2020). Taken together,
top-down controls are not the primary drivers affecting the population dynamics of invasive plants in the
field natural community (Davis 2009, Bohl Stricker and Stiling 2014, Silveira et al. 2018). Conversely,
fragmentation by herbivory can facilitate the spread of some aquatic exotic plants (Ribas et al. 2017).

Our results showed that water eutrophication accelerated the invasion of exotic aquatic plants by directly
favoring them and indirectly weakening the resistance of native plants. The growth and reproduction of
exotic aquatic plants are enhanced in high nutrient availability environments (Hussner et al. 2009, Henry-
Silva et al. 2008, Xie et al. 2010, Wersal and Madsen 2011). Excessive nutrients in water are harmful
to submerged plants because a high density of periphyton and phytoplankton and low light availability
caused by eutrophication can inhibit the growth of submerged plants, subsequently reducing the biodiversity,
coverage area, and biomass of aquatic plants (Hautier et al. 2009, Arthaud et al.2017, O’Hare et al. 2018).
However, when compared to the site-level mean biomass of exotic plants and the quadrat-level biomass of
C. caroliniana , the relative effects of water nutrient status on the quadrat-level biomass of E. crassipes and
A. philoxeroideswere weak. This may be due to these two plants’ inherent high growth rate, which enables
them to colonize a large area and reach peak biomass at a fine scale in a short time, regardless of the nutrient
concentrations (Edwards and Musil 1975, Pan et al. 2007). In addition, our results showed that the effect of
water nutrient status on invasion was lower than that of community properties. Previous research has also
found that the characteristics of the resident plant community are more critical than resource fluctuations
in determining the invasion of exotic plants, which may be because the biotic resistance of native plants
buffers the effects of nutrient enrichment on invasions (Walker et al. 2005, Teixeira et al. 2017). This finding
indicates that as long as resident plants occupy enough space and resources, they can prevent plant invasions
even when resources are in excess in the community.

We found that climate had completely different impacts on the overall performance of all exotic plants and
the population performance of individual species. The optimal climates for various species are different,
as a result, different exotic plants respond differently to climate change (Hoveka et al. 2016, Merow et al.
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2017). In multi-invader communities, there must be one or some invaders that perform best under a given
climate, and maximize the ecosystem’s productivity, so the overall performance of invaders does not vary in
different climate regions. Whereas climate warming can facilitate the establishment and dispersal of exotic
aquatic plants by altering streamflow and thermal regimes, reducing ice cover in waterbodies, and increasing
water development activities (Rahel and Olden 2008). In addition, climate change has the potential to
influence plant invasions by influencing native communities and co-occurring exotic plants (Li et al. 2017,
Zhang et al. 2021b). Given the complexity of the effects of climate change on biological invasion, the study
on predicting biological invasion under climate change should involve numerous invasive species, multiple
measures of invaders, and the interactions between native and invasive plants, as well as among invaders.

Conclusion

Our study demonstrated that the resistance from both native plants and co-occurring exotic plants was
the most important factor determining plant invasion in freshwater ecosystems. It implied that biodiversity
conservation and native vegetation restoration are essential to control plant invasion. If no native vegetation
fills the blank niches left by the removal of invasive plants through enemies or mechanical control, invasive
plants will return or be replaced by other invasive plants. And it also suggested that managing and modeling
the invasive species must take into account the interactions between invaders which have always been ignored
(Kuebbing et al. 2013). In addition, we found that the effects of some factors on different exotic aquatic
plants were varied as well as the relative importance and modes of their effects, more studies involving
multiple approaches and multiple invasive species are required to address the invasion patterns in freshwater
ecosystems (Thomaz et al. 2015).
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Catford, J. A., Vesk, P. A., Richardson, D. M., & Pyšek, P. (2012). Quantifying levels of biological invasion:
towards the objective classification of invaded and invasible ecosystems. Global Change Biology, 18(1), 44-62.

Center, T. D., Van, T. K., Dray Jr, F. A., Franks, S. J., Rebelo, M. T., Pratt, P. D., & Rayamajhi, M. B.
(2005). Herbivory alters competitive interactions between two invasive aquatic plants. Biological Control,
33(2), 173-185.

Coetzee, J. A., Hill, M. P., Byrne, M. J., & Bownes, A. (2011). A review of the biological control programmes
on Eichhornia crassipes (C. mart.) solms (Pontederiaceae), Salvinia molesta DS Mitch. (Salviniaceae),
Pistia stratiotes L.(Araceae),Myriophyllum aquaticum (vell.) verdc.(Haloragaceae) andAzolla filiculoides
Lam.(Azollaceae) in South Africa. African Entomology, 19(1), 451-468.

Cook, C. D. K., G. J. Gut, E. M. Rix, J. Schneller, and M. Seitz. (1974) Water Plants of the World. Bulletin
of the Torrey botanical club 102:282.

Cushman, J. H., Lortie, C. J., & Christian, C. E. (2011). Native herbivores and plant facilitation mediate
the performance and distribution of an invasive exotic grass. Journal of Ecology, 99(2), 524–531.

Davis, M. A. (2009). Invasion biology. Oxford University Press on Demand.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z. I., Knowler, D. J., Lévêque, C., . . . &
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