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Biological invasion is a serious threat to biodiversity and ecosystem function in nature
reserves. However, the knowledge of the spatial patterns and underlying mechanisms
of plant invasions in nature reserves is still limited. Based on a recent dataset on
both invasive and native plants in 67 nature reserves of China, we used correlation,
regression, and variation partitioning methods to statistically assess the relative
roles of the “human activity,” “biotic acceptance,” and “environmental heterogeneity”
hypotheses in explaining the geographic pattern of plant invasion. A total of 235 invasive
plant species were compiled from 67 nature reserves. The high explanatory power
of the human activity variables supported the human activity hypothesis. The biotic
acceptance hypothesis was weakly supported since no significant correlations between
climatic variables and invasion levels were found when the effects of the other factors
were controlled. The environmental heterogeneity hypothesis was partially supported,
since the number of native plants, representing environmental heterogeneity at fine-
scale explained remarkable proportion of spatial variance of invasive plants but not that
of the proportion of invasive plants. We predict that nature reserves with high plant
diversity affected by rapid economic development and increasing temperature will face
a serious threat of exotic plant invasion. In conclusion, our results provide crucial clues
for understanding geographic variance of plant invasion in China’s nature reserves and
spatial risk assessment.

Keywords: alien species, protected areas, human activity, biotic acceptance, habitat heterogeneity, climate
change

INTRODUCTION

As an important component of global change, plant invasion has intensified with the rapid
development of globalization (Roura-Pascual et al., 2021). Plant invasion can severely affect not
only the fate of individual species and community structures (Pyšek et al., 2012; Foxcroft et al.,
2017), but also some critical ecosystem functions (Parker et al., 1999; Pyšek et al., 2012), and finally
lead to economic losses (Vilà et al., 2010; Pyšek et al., 2020). Understanding the mechanisms of
plant invasion is crucial to prevent its negative ecological and economic losses.

Previous studies have reported that invasion level (the number or proportion of invasive
species) is highly correlated with social-economic conditions, environmental variables, and native
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species diversity at regional scales (Lonsdale, 1999; Taylor and
Irwin, 2004; Allen et al., 2009; Pyšek et al., 2010). Therefore,
there are correspondingly three main hypotheses proposed to
explain the geographical pattern of invasion: “human activity”
(Taylor and Irwin, 2004; Blanchet et al., 2009; Catford et al., 2009,
2011), “biotic acceptance” (Fridley et al., 2007; Blanchet et al.,
2009), and “environmental heterogeneity” (Melbourne et al.,
2007; Enders et al., 2020). They, respectively, highlight the roles
of anthropogenic pressure, environmental constraints, and local
habitat heterogeneity. According to the recent consensus network
on 39 common hypotheses in invasion biology, five main clusters
(propagule, Darwin, resource availability, biotic interaction, and
trait) were revealed by a link-clustering algorithm (Enders et al.,
2020). These three hypotheses, human activity, biotic acceptance,
and environmental heterogeneity, belong to the clusters of
propagule, Darwin, and resource availability, respectively. This
indicates the weak similarity and overlap among them (Enders
et al., 2020; Pyšek et al., 2020). We don’t consider the
biotic resistance hypothesis because it generally works at
local/community scales and has been frequently rejected at
regional scales (Lonsdale, 1999; Beaury et al., 2020).

The human activity hypothesis predicts that human activities
can augment the establishment possibility of non-native species
by disturbing the local habitat and increasing propagule
pressure (quantity, quality, composition, and supply rate of
alien species) (Taylor and Irwin, 2004; Catford et al., 2009).
Positive relationships can be expected between invasion level
and the anthropogenic surrogates of propagule pressure and
habitat disturbance (Taylor and Irwin, 2004). The biotic
acceptance hypothesis focuses on environmental conditions
and states that, at large spatial scales, the abiotic conditions
that promote high native species diversity also support diverse
alien species (Davies et al., 2005; Fridley et al., 2007).
Everything else being equal, there should be a positive
relationship between the number of native and invasive
species because they co-vary with the same environmental
variables (Davies et al., 2005; Stohlgren et al., 2006). The
environmental heterogeneity hypothesis predicts that regions
with higher heterogeneity in the local environment would
harbor higher invasive levels because heterogeneous habitat
provides more opportunities for the establishment of invasive
species (Melbourne et al., 2007). Accordingly, there should
be positive relationships between invasion level and various
quantifications of environmental heterogeneity (Melbourne
et al., 2007; Stein et al., 2014). These hypotheses are not
necessarily mutually exclusive, and their relative roles may
vary during the successive stages of biological invasion
(initial dispersal, establishment, and spread) (Catford et al.,
2009), across biogeographic realms (Blanchet et al., 2009;
Catford et al., 2009), and among different invading taxa
(Stohlgren et al., 2006; Pyšek et al., 2010; Spear et al.,
2013). According to the consensus network on invasion
hypotheses (Enders et al., 2018, 2020), human activity in this
study mostly represents colonization pressure and propagule
pressure other than local disturbance, since nature reserves
are strictly managed to have a hard boundary from invasion
(Foxcroft et al., 2017).

When testing these hypotheses, it’s important to use different
indices of invasion level, while paying attention to the
interactions among different hypotheses. The invasion level
is regarded as the extent or severity of observed biological
invasion in an ecosystem (Chytrı et al., 2008). At geographic
scales, absolute invasive/alien species richness (number of
invasive/alien species) has been frequently used to quantify
invasion levels. However, its ability to reflect the impacts of
invasion depends on the recipient ecosystem (Catford et al.,
2012). Relative invasive/alien species richness, the proportion of
all invasive/alien species, accounts for variation in native richness.
Relative richness is better than absolute richness for comparing
invasion levels among regions, in terms of ecological impact,
scale dependence, and data availability (Catford et al., 2012; Bai
et al., 2013). However, most previous tests were based on absolute
richness, especially at regional scales. In addition, variables
representing different hypotheses may interact with each other.
For example, human activities are affected by environmental
variables (Luck, 2007). Therefore, specific predictions should
be formulated regarding absolute or relative richness, and the
strength and magnitude of each hypothesis should be statistically
explicitly evaluated.

Plant invasions have been observed in protected areas
located in different ecoregions (e.g., Foxcroft et al., 2017).
The mechanisms leading to spatial variation of invasion
levels among protected areas are mostly attributed to human
disturbance, regional climate, and native biota. Some studies
found anthropogenic variables were significant predictors of
invasive species richness in nature reserves, climactic variables
were usually not (e.g., Spear et al., 2013), while others reported
contrasting results (e.g., Gantchoff et al., 2018). This implies
the necessity of research in ecoregions with different climate
conditions, social-economic situations, and native biota.

In this study, the data on native and invasive plants from 67
nature reserves in China were compiled and used, focusing on
the relative importance of human activity, biotic acceptance, and
environmental heterogeneity hypotheses. The selected nature
reserves cover a wide latitude from 18.6 to 51.4◦ N, and a wide
longitude from 83.0 to 128.9◦E. The dominant ecosystem in
these nature reserves is forest ranging from tropical to temperate
climates. The wide geographic coverage of the data makes it
valuable for understanding geographic pattern of plant invasion
in nature reserves and effective management.

MATERIALS AND METHODS

Data Sources
We compiled species lists of all seed plants (hereafter referred to
plants) from the inventory reports of 67 nature reserves in China
(Supplementary Material). The species names were standardized
by The Plant List.1 Data on the area, coordinates (latitude
and longitude), and topography (minimum and maximum
elevation) of each nature reserve were also obtained from
original publications. The status of each plant species was then

1http://www.theplantlist.org
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determined according to the most recent compilation of invasive
plants in China (Bai et al., 2013). The numbers of native plants
(NNP) and invasive plants (NIP) were counted according to
the species list for each nature reserve. The relative invasive
plant richness (RPR) in each nature reserve was calculated by
dividing the number of invasive plants by the number of all plants
(Catford et al., 2012).

Putative Predictors
We selected 11 variables to test our three hypotheses. For the
human activity hypothesis, we used human population density
(HPD), gross domestic product (GDP), GDP per unit area
(GUA), and GDP per capita (GPC) in the counties/districts
where the nature reserves were located (data in the year 2010
obtained from the yearbook of each county/district). For the
biotic acceptance hypothesis, we emphasized climatic conditions
and used mean annual temperature (TEM), mean annual
precipitation (PRE), mean temperature of the coldest quarter
(TCQ), and mean precipitation of the driest quarter (PDQ). For
the environmental heterogeneity hypothesis, we used altitudinal
range (ALR, maximum elevation – minimum elevation), area
(ARE), and the numbers of native plants (NNP).

HPD, GDP, GUA, and GPC have been frequently considered
as surrogates of anthropogenic pressure for plant invasions at
regional scales (e.g., Liu et al., 2005; Allen et al., 2009; Pyšek
et al., 2010; Wu et al., 2010). The climatic variables represent
the factors controlling the physiological processes limiting the
spatial distribution of invasive plants (Liu et al., 2005; Allen
et al., 2009; Pyšek et al., 2010; Wu et al., 2010). ALR and
ARE represent habitat heterogeneity at the local scale, which
is frequently used in macroecological studies (e.g., Chen et al.,
2011). NNP well represents heterogeneity at the fine-scale, since
it’s highly correlated with vegetation structure (Stein et al.,
2014). Data for TEM, PRE, TCQ, and PDQ were obtained from
WorldClim (Hijmans et al., 2005) according to the coordinates of
the midpoint of each nature reserve.

Data Analysis
NNP, NIP, and all the environmental and human variables
(except TEM, PRE, TCQ, and PDQ) were ln-transformed
to compensate for their highly skewed distributions. RPR
was arcsine transformed as arcsin

√
x, which is suggested

as an appropriate method to transform proportion data
(Sokal and Rohlf, 1995).

We analyzed the form and the significance of the relationships
between each variable related to one hypothesis and NIP or RPR,
after controlling for the effect of the confounding variables. We
did so because the putative predictors were highly correlated
(the absolute value of Pearson’s correlation coefficient ranging
from 0.10 to 0.89). When testing the human activity hypothesis,
we related HPD, GDP, GUA, and GPC with the residual of the
models of NIP or RPR against TEM, PRE, TCQ, PDQ, NNP,
ALR, and ARE. This allowed us to control for the effects of
environmental variables, which are related to biotic acceptance
and environmental heterogeneity hypotheses. When testing the
biotic acceptance hypothesis, we analyzed the form and the
significance of the relationship between TEM, PRE, TCQ, PDQ

and the residuals from a model explaining NIP or RPR by
HPD, GDP, GUA, GPC, NNP, ALR, and ARE. The effects of
human activities and regional climate could be controlled in
this way. Finally, when testing the environmental heterogeneity
hypothesis, we analyzed the form and the significance of the
relationships between the NNP, ALR, ARE and the residuals
from a model explaining the NIP or RPR by HPD, GDP,
GUA, GPC, TEM, PRE, TCQ, and PDQ. We used Spearman
rank correlation to assess the relationships between independent
variables and model residuals because the model residuals were
not normally distributed.

We used hierarchical partitioning to assess the joint and
independent effects of each variable on NIP and RPR.
Hierarchical partitioning is an exploratory regression technique
in which all possible linear models are jointly considered to
identify the most likely explanatory factors while minimizing the
influence of collinearity. This method allows the identification of
the independent contribution of each variable and separates it
from the joint contribution due to correlation among variables
(Quinn and Keough, 2002). The package hier.part was used
for hierarchical partitioning and associated randomization tests
of significance.

Since there was significant spatial autocorrelation in the
residuals of the OLS models, we used Dutilleul’s modified t-test to
determine the significance of the correlations based on corrected
degrees of freedom (Rangel et al., 2010). Statistical analyses were
mainly carried out using “Spatial Analysis in Macroecology”
(Rangel et al., 2010).

RESULTS

A total of 235 invasive plant species were recorded in the 67
nature reserves. The number of invasive plants (NIP) in the 67
nature reserves varied from 1 to 129, with a mean value of 30. The
proportion of invasive plants (RPR) varied from 0.4 to 6.8%, with
a mean of 2.4%. Nature reserves in South and Southeast China
were higher in NIP than those in the other regions, while RPR
shows a less pronounced spatial pattern although nature reserves
in Southeast China generally have higher RPR (Figure 1).

After controlling for the effect of environmental conditions,
the variables to test the human activity hypothesis were found to
be positively related to NIP (gross domestic product, GDP) and
RPR (GDP and GDP per capita, GPC). After controlling for the
effects of human activity and environmental heterogeneity, no
positive correlations between NIP or RPR and biotic acceptance
variables were found. After the effects of climatic conditions and
human activity were controlled, the only significant correlation
was found between NIP and the number of native plant species
(NNP) (Table 1).

Hierarchical partitioning revealed significant independent
effects of HPD, GUA, TEM, PRE, and NNP for NIP, with NNP
having the strongest independent effect. While RPR, GUA, ARE,
and TEM had significant independent effects (Figure 2). The
environmental factors (TEM, PRE) and NNP had the greatest
independent effect on NIP (83.8%), while for RPR, the total
independent effects of human activity variables (32.3%) and
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FIGURE 1 | Spatial distribution of the number (color) and proportion (size) of invasive plants in 67 nature reserves.

biotic reacceptance variables (37.7%) were comparable. GUA and
TEM had significant independent explanatory power for both
NIP and RPR (Figure 2).

DISCUSSION

By correlation, regression, and variation partitioning analyses, we
determined the relative roles of human activity, biotic acceptance,
and environmental heterogeneity hypotheses in explaining
geographic patterns of plant invasion levels in 67 China’s nature
reserves. The results showed that plant invasion level, represented
by either the number or the proportion of invasive plant
species, was positively related to human activity indicators. They
accounted for a significant part of the geographic variation
of invasion level, supporting the human activity hypothesis.
The biotic acceptance hypothesis was weekly supported because
climatic variables explained little of the variation of invasion
level when the other effects were controlled. The evidence of
the environmental heterogeneity hypothesis was ambiguous since
the analytical results based on the number or the proportion of
invasive plants were not identical.

The economic aspect of human activities can be well reflected
by gross domestic product (GDP), GDP per unit area (GUA,

and per capita GDP (GPC). All three factors had significantly
positive effects on plant invasion levels in the nature reserves.
This agrees with the results of recent analyses which highlight the
potential of socioeconomic developments in shaping biological
invasion (e.g., Pyšek et al., 2010; Dawson et al., 2017; Roura-
Pascual et al., 2021). Pyšek et al. (2010) found national wealth and
human population density were statistically significant predictors
for biological invasions across Europe. This was reinforced by
similar results from a global analysis, which concluded that
regions with higher GPC harbor more alien species (Dawson
et al., 2017). Furthermore, Essl et al. (2011) proposed that the
effect of current socioeconomic activity on biological invasion
will emerge in the future. This means that socioeconomic legacy
yields an invasion debt. Recognizing the rapid socioeconomic
development in China, our finding highlights the high risk of
plant invasion in nature reserves.

When using the proportion of invasive plants as the indicator
of invasion level in nature reserves, the importance of human
activity was more pronounced than taking the number of
invasive plants as invasion level. Because previous studies showed
that relative invasive richness is more reasonable than absolute
invasive richness (Bai et al., 2013), the studies based on absolute
richness might underestimate the role of human activity in
explaining spatial invasion patterns at regional scales. The
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TABLE 1 | Spearman rank correlation (rs) between the number and proportion of
invasive plants and each predictive variable related to the human activity, biotic
acceptance, and biotic resistance hypotheses (n = 67).

Hypothesis Variable NIP RPR

rs p rs p

Human activity hypothesis HPD 0.145 0.184 0.147 0.280

GDP 0.317 0.045 0.293 0.035

GUA 0.295 0.058 0.317 0.060

GPC 0.293 0.051 0.345 0.018

Biotic acceptance
hypothesis

TEM 0.073 0.801 0.224 0.153

PRE 0.029 0.833 0.202 0.184

TCQ 0.034 0.915 0.193 0.158

PDQ 0.036 0.657 0.194 0.212

Environmental
heterogeneity hypothesis

NNP 0.376 <0.001 −0.031 0.981

ALR 0.233 0.207 0.036 0.986

ARE −0.097 0.478 −0.180 0.267

For each hypothesis, the relationship between the number and proportion of
invasive plants and predictive variables considered was quantified by controlling for
the effects of the predictive variables relevant to the other hypotheses (see section
“Materials and Methods” for more details).
The p-values were calculated after accounting for spatial autocorrelation using
Dutilleul’s method. NIP, number of invasive plants; RPR, relative invasive plant
richness; HPD, human population density; GDP, gross domestic product; GUA,
GDP per unit area; GPC, Per capita GDP; NNP, number of native plants; ALR,
altitudinal range; TEM, mean annual temperature; PRE, annual precipitation; ARE,
area of nature reserve. Bold values are significant according to the p-values < 0.05.

possibility and magnitude of changes in economic activities and
human population are likely to be higher than climate change in
the future. Therefore, much attention should be paid to human
activity around protected areas to control plant invasion.

Our results explicitly show that the climatic factors in nature
reserves are the main drivers of spatial variation in the number
of invasive plants, supporting the biotic acceptance hypothesis
(Stohlgren et al., 2006). However, when taking the proportion
of invasive plants as an invasion level indicator, the ability
of biotic acceptance hypothesis decreased remarkably. After
the effects of human activity and environmental heterogeneity
were controlled, no climatic variables were found to be
significantly correlated with either the number or the proportion
of invasive plant species. Therefore, the promotion effect of
future global warming will be pronounced for the number
of invasive plant species, and weak for the proportion of
invasive plant species.

Other than large-scale climatic variables, native plants richness
represents habitat heterogeneity at the fine-scale (which cannot
be described by climatic variables). Variation partitioning analysis
showed that native plant richness alone had a significant effect on
the number of invasive plant species, but not for the proportion of
invasive plant species. Therefore, the support for environmental
heterogeneity hypothesis was not consistent.

Plant invasion has been recognized as a potential threat to
the conservation of biodiversity in protected areas worldwide
(Lonsdale, 1999; Spear et al., 2013; Foxcroft et al., 2017). It
may erode the conservation capacity of nature reserves due
to its detrimental effects on the native species and ecosystem
processes (Vilà et al., 2010; Pyšek et al., 2012; Foxcroft et al.,

HPD GDP GUA GPC ARE ALR TEM PRE NNP
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FIGURE 2 | Results from hierarchical partitioning analysis illustrating the
independent and joint effects of the predictive variables in explaining the
variation in the numbers of native plants (NIP; A) and the proportion of invasive
plants (RPR; B) (n = 67). The predictive variables with significant independent
effects were marked with stars.

2017; Beaury et al., 2020). Our analyses provide useful clues about
the efficient management of plant invasions in China’s nature
reserves. First, nature reserves in regions with rapid economic
development and population increase should adopt robust and
cost-efficient methods to prevent the introduction of invasive
plant species. In recent decades, the human population and GPC
in Eastern China have increased more rapidly than in the other
regions (Zhang and Gao, 2019). Economic development may
be associated with increased transportation between regions and
enhanced disturbance of the local flora, which in turn translates
to an increased number of propagules of invasive plants and a
higher chance of establishment of invasive plant species (e.g.,
Guo et al., 2021). Second, nature reserves in regions characterized
by a rapid temperature increase should be carefully evaluated
and monitored as warming are critical for the establishment
of invasive plants (Dawson et al., 2017; Roura-Pascual et al.,
2021). A case study on subtropical nature reserves indicated
that climate change mitigation and adaptation from policy and
technology should be strengthened (Feng et al., 2020). Third,
nature reserves with higher plant diversity should be paid more
attention, since these localities may provide significantly high
habitat heterogeneity, and provide more chance for invasive
plants to colonize.
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