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Abstract. The diversity of a native community is not the sole driving factor determining the success of
an invader; abiotic factors can also play a role, making it important to understand their contributions in
modifying the expected outcome of biotic and abiotic resistance to invasion. In order to test the contribu-
tions of native diversity, relatedness between native and alien plants, and abiotic factors in resisting alien
invasion, we used a trait–environment data set of 33 alien- and 130 native plants in 166 invaded plots, cov-
ering a gradient of soil resources in Saint-Katherine-Protectorate, an arid-protected area in Egypt. We mea-
sured the native diversity components as predictors of native biotic resistance. We quantified the success of
alien plants based on their abundance and their performance traits. Additionally, we calculated the mean
functional and phylogenetic distance between aliens and natives in each plot. We tested all plausible influ-
ences of native diversity components, relatedness, and soil resources on alien abundance and performance
first using mixed-effects models and second with a structural equation model (SEM). Mixed-effect models
revealed that, in the resource-rich environments, alien abundance increased even though native plants
were more productive, but alien performance decreased. SEM direct pathways revealed that native com-
munities with high functional dispersion and richness and high mean-weighted performance traits
repelled alien plants by lowering their success. Simultaneously, in line with mixed-effect models results,
the effect of soil resources on alien success was found to be indirect, being mediated by the mean functional
and phylogenetic distance between aliens and natives: The success of alien plants increased in resource-
rich environments when they were dissimilar to the natives, while it decreased for aliens similar to natives
in resource-limited environments. Our findings provide new insights on native community resistance to
invasion, with resistance being higher in resource-limited environments and when aliens are functionally
and phylogenetically similar to resident natives.
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INTRODUCTION

Ecological resistance to invasion concerns the
abiotic conditions and the biotic components of a
resident native community that allows it to deter
non-native species from invading. Dozens of
hypotheses have been put forth to explain what
factors enable a native community to be ecologi-
cally resistant to invasive species, with each
being supported within certain circumstances
(Catford et al. 2009, Conti et al. 2018). The main
focus of these hypotheses has been on biotic
resistance, which involves the diversity of the
native community or the competitive ability of
native species (Elton 1958, Davis et al. 2000,
Fargione et al. 2003), as well as the biotic related-
ness (i.e., functional and phylogenetic distances
between the invader and native species) (Bennett
2019). The hypothesis of biotic resistance, in par-
ticular, predicts that the success of alien plants,
in terms of probability of establishment and
abundance, is lower in high diverse native com-
munities (Elton 1958, Levine et al. 2004). This
hypothesis has been extensively studied (e.g.,
Gerhardt and Collinge 2007, Saccone et al. 2013,
Conti et al. 2018, Sheppard and Schurr 2019)
and, most of the plant invasion studies that have
investigate it, have found that successful inva-
sions are generally correlated with declines in
the biotic resistance of the recipient native assem-
blages (Levine et al. 2004, Fargione and Tilman
2005, Hooper and Dukes 2010, Vilà et al. 2011,
Oakley and Knox 2013).

Although biotic resistance has received much
attention in the literature as an essential compo-
nent of alien species establishment success
(El-Barougy et al. 2020), it is not the only compo-
nent of ecological resistance. Ecological resis-
tance to invasion also includes environmental
(abiotic) resistance (Von Holle et al. 2003), which
encompasses the disturbance regimes and abiotic
conditions of the invaded habitat, for example,
resource availability and climate conditions
(Levine et al. 2004). Environmental resistance
hypotheses propose that alien species are unsuc-
cessful at invasion if they are unable to tolerate
the abiotic conditions that encompass the resi-
dent native communities (Fox and Fox 1986,
Rejmánek 1989). Only alien species with appro-
priate morphological and physiological traits
will be able to invade a particular habitat. This

hypothesis is supported by previous studies,
which have shown that alien species richness
and abundance are generally low in native com-
munities with high environmental resistance
(D’Antonio 1993, King and Grace 2000, Harrison
et al. 2001, Burt and Harrison 2002, Seabloom
and van der Valk 2003).
Therefore, it is evident that both biotic and abi-

otic factors play important roles in the ecological
resistance of a native community to invasion. For
example, if the invader is phylogenetically clo-
sely related to native resident species, it will
likely share similar traits and occupy a similar
niche as the native species due to the strong
effect of environmental filtering (pre-adaptation
hypothesis, Funk et al. 2016, Cadotte et al. 2018).
This filtering restricts the range of trait values of
the invader so that it is more similar to that of
the native species (Daehler 2001, Duncan and
Williams 2002, Kraft et al. 2015). In harsh envi-
ronments, if the competitive effect is strong, as
assumed to be the case among species with simi-
lar trait values (Mayfield and Levine 2010), and if
resources are limiting, the chances that the inva-
der with lower trait values than natives to estab-
lish successfully in the community will greatly
decrease. By contrast, if the invader with higher
trait values than natives and is distantly related
to resident natives, it will occupy a distinct niche
and its competitive effect with resident natives is
assumed to be low. Additionally, the presence of
native species exploiting similar niches as the
candidate invader would confer high native bio-
tic resistance due to the lack of an “empty niche”
(Levine and D’Antonio 1999, Fargione et al. 2003,
Zavaleta and Hulvey 2007), which would
decrease the likelihood of establishment success
even further.
In addition, functionally and phylogenetically

diverse native assemblages have been shown to
endure less mortality and procure higher resis-
tance to invasion due to the high complementary
utilization of available resources by less competi-
tive species (Strauss et al. 2006, Diez et al. 2008,
Gerhold et al. 2011). These findings are in agree-
ment with the resource opportunity hypothesis
(Thuiller et al. 2010), which suggests that limiting
similarity and niche differentiation among
natives plays an important role in resisting alien
species, especially in the establishment stage
(MacDougall et al. 2009). In this sense, previous
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invasion studies have suggested that the biotic
resistance needed to repel alien growth was actu-
ally lower for alien individuals that shared simi-
lar traits with the natives (Hooper and Vitousek
1997, Brown et al. 1998, Young et al. 2009). How-
ever, this resistance is determined by the compet-
itive ability of native plants (Gallien et al. 2017,
Carboni et al. 2018, Conti et al. 2018), which
could change with the availability of resources
(environmental resistance).

Complementarity among multiple species
(or functional groups) with non-overlapping
resource use strategies could lead to a better uti-
lization of available resources, leaving less
resources available for a potential invader
(Naeem et al. 2000, Byun et al. 2013). Higher
native diversity could also provide biotic resis-
tance by increasing the probability to have a
more productive species present in a more
diverse native community, a mechanism known
as the sampling effect (Wardle 2001). This mecha-
nism was largely supported in temperate regions
where plant diversity has been experimentally
manipulated (Naeem et al. 2000, Hector et al.
2001, Petruzzella et al. 2018). In general, the
increased resistance to invader with increasing
native species richness could be that communi-
ties with higher species richness have higher pro-
ductivity, and thus provide more resource
competition through complementarity and/or
sampling effects (Riis et al. 2018).

The strength of biotic resistance could also be
influenced by positive or negative fluctuations
in the interaction between biotic and abiotic con-
ditions of the native community (Byun et al.
2015). For instance, abiotic conditions (e.g., dry
soils with limited resources) could directly deter-
mine the failure of alien invasiveness, but it
could also indirectly affect biotic resistance by
influencing the performance of native plants.
The importance of this interaction between bio-
tic and abiotic conditions in determining the
strength of biotic resistance has been demon-
strated already in several ecological studies. For
instance, Going et al. (2009) showed the impor-
tance of soil nitrogen limitation, in combination
with competition from resident species, in repel-
ling invasion by European grasses into a Califor-
nia serpentine plant community, and Prober and
Lunt (2008) has demonstrated that the native
plant species (Themeda australis) is essential for

maintaining the appropriate C/N ratio needed to
deter invasion from exotic annuals in Australian
woodlands.
In this study, we aimed to determine the biotic

and abiotic barriers that prevent alien species
establishment in Saint-Katherine-Protectorate
(SKP), an arid-protected area in Egypt. First, we
estimated the relative contributions of native
diversity components (functional and phyloge-
netic metrics), native productivity (mean-
weighted performance traits), and abiotic
conditions (soil resources) in determining the
ecological resistance to alien invasiveness. We
expected that high biotic resistance to alien inva-
siveness occurs when members of a productive
native community are functionally and phyloge-
netically diverse. This higher diversity will
decrease the abundance as well as the growth
performance of alien plants (Levine et al. 2004,
Vilà et al. 2011) by filling the spatial niche space
with diverse and productive native species that
efficiently utilized local resources (Case 1990,
Kennedy et al. 2002). Second, we assessed
whether the biotic relatedness regulates the bio-
tic resistance to alien invasiveness and to what
extent the biotic relatedness and abiotic condi-
tions interact to determine the success of alien
species. We predicted that high resistance to
invasion occurs in limited resource environ-
ments when alien species are more similar to
natives (El-Barougy et al. 2020a). This might be
affected either by the strong competitive effects
of resident native species that can repel alien
species invasiveness or by the strong effect
of the environmental filtering (Fargione and
Tilman 2005, Hooper and Dukes 2010, Oakley
and Knox 2013).

METHODS

Study area
The study area was conducted in Saint-

Katherine-Protectorate (SKP), South Sinai, Egypt
(Appendix S1: Fig. S1), from March to July 2018
at the peak of the flowering season (Danin 2006).
Saint-Katherine-Protectorate (SKP) was declared
in 1996 as full-protected area status was given to
approximately 4350 km2 of largely mountainous
terrain in South Sinai, but the studied area was
given to approximately 150 km2. The area
includes the highest peaks in Egypt and contains
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a unique assemblage of natural resources, nota-
bly high-altitude ecosystems with surprisingly
diverse fauna and flora and with a significant
proportion of endemic species. The high moun-
tains (1600–2460 m asl) surrounding the town of
St Katherine receive higher levels of precipita-
tion, of up to 100 mm per year (Ayyad et al.
2000).

Saint-Katherine-Protectorate lies in the arid
North African belt and is characterized by a
Saharan–Mediterranean climate, experiencing
extremely dry, hot summers, and cold winters.
Average rainfall is 57 mm a year, with maximum
temperatures of 35°C and lows of 5°C. The high
mountains (1600–2460 m asl) surrounding the
town of St Katherine receive higher levels of pre-
cipitation, of up to 100 mm per year (Ayyad et al.
2000). Saint-Katherine-Protectorate encompasses
approximately 4350 km2 of largely mountainous
terrain in the South Sinai Governorate, but the
study area was approximately 150 km2 in size.

Vegetation plots, species abundance, and soil data
Field surveys were carried out in SKP during

the spring and summer seasons (March to July)
of 2018. Across the entire study area, we sampled
166 plots of 10 m2 that were invaded by at least
one alien plant species. The maximum number of
alien species in a plot was three. We identified all
plants to species level (33 aliens and 130 natives),
and we measured their abundance as the total
number of individuals per species (Appendix S1:
Table S2). From this, we calculated the total
abundance of alien and of native species in each
plot.

The measurements for abiotic environment
and resource availability were soil moisture, soil
nitrogen, and organic matter content. These mea-
surements were taken for each plot using a
hygrometer for soil moisture, by calculating the
ratio of total C and CaCO3% for organic matter
(Klute 1986), and with standard methods using a
CNH analyzer (EA1108, Carlo Erba Instruments,
USA) for soil nitrogen concentration (Allen et al.
1974). A detailed description of the methods can
be found in the previously published (El-
Barougy et al. 2020). Due to the high correlation
between soil resources, a PCA was performed
with these three variables (nitrogen, organic mat-
ter, moisture). The coordinates of the first axis,
which captured 67.3% of the variance, were used

as a composite variable expressing “soil
resources” in each plot (Appendix S1: Fig. S3e).

Alien performance data
To estimate the performance traits of alien

plant species, we non-destructively measured
three traits on all plants in the plots. These traits
were plant height from the ground (cm), the
number of leaves, and the number of reproduc-
tive organs (flowers and fruits). In addition to
these three traits, we also determined above-
ground biomass (kg) destructively. To obtain
measurements for aboveground biomass of alien
plants, all aboveground parts (leaves and stems)
of all alien plants were dried in a drying oven
(VWR International) at 50°C for three days and
then weighed using a Mettler Toledo ML Series
Precision Balance (ML Analytical balance).
Due to the high correlation among the four
performance traits, a PCA was performed with
these traits. The coordinates of the first axis,
which captured 65.1% of the variance, were
used as a composite variable expressing the
“alien performance” in each plot (Appendix S1:
Fig. S3c).

Native community mean-weighted performance
traits
As destruction of native biodiversity is strictly

forbidden within the SKP, we could not harvest
the leaves or any other part of the native species.
Therefore, we measured the total leaf area of the
plants by first drawing the outlines of their
leaves on paper and then measuring the areas of
these leaf copies. We then measured the three
traits we could only obtain destructively, and
aboveground biomass, on individuals of the
native species that grew outside their protected
range. Then, for each native species, we used
multiple regression models to determine
allometric equations (Basuki et al. 2009) for
aboveground biomass as a function of the non-
destructive measurements. We then used these
allometric equations, and the non-destructive
measurements that we took in the SKP plots to
estimate the aboveground biomass of the native
plants there. To estimate the productivity of resi-
dent native community, we calculated in each
plot the performance community-weighted traits
including height, biomass, floral production,
and leaf production (variables CWM-Height,
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CWM-Biomass, CWM-floral production, and
CWM-Leaf production, respectively) that are
supposed to contribute to the native community
productivity (Violle et al. 2007, Petruzzella et al.
2020). We used cwm function which is available
in the FD package (Laliberté and Legendre 2010)
in R version 3.2.5 (R Core Team 2018). Due to
the high correlation among these four CWM-
traits, PCA was performed with these traits. The
coordinates of the first axis, which captured
76.6% of the variance, were used as a composite
variable expressing “native CWM-performance
trait” in each plot (Appendix S1: Fig. S3a).

Native phylogenetic and functional measures
To quantify phylogenetic diversity and related-

ness, we constructed a phylogeny of the 166 spe-
cies (33 aliens, 130 natives) using four commonly
sequenced genes available in GenBank (Benson
et al. 2005): rbcL, matK, ITS1, and 5.8s. Of the
130 native species, 120 species had at least one
gene represented in GenBank. For the 10 native
species without sequence data, we used the
available sequences from congeneric relatives as
a proxy (see phylogenetic guidelines by Cadotte
and Jin 2014). As an outgroup species, we
included the genetic sequence of Amborella tri-
chopoda Baill because it diverged early in angios-
perm evolution. The methods used to generate
the phylogeny are previously described in El-
Barougy et al. (2020). Appendix S1: Fig. S2 pro-
vides the final ultrametric phylogenetic tree con-
taining all 130 native and 33 alien species found
in this study.

We calculated Faith’s phylogenetic diversity
(PD), which quantifies the total independent evo-
lutionary history of a subset of taxa (Villéger
et al. 2008, Veron et al. 2017) of all native species
in each of the 166 plots. We also calculated the
mean pairwise phylogenetic distance (NMPD)
within each plot (Swenson 2014) to represent the
phylogenetic relatedness among natives, as well
as between aliens and natives (ANMPD) (Webb
et al. 2002). These phylogenetic metrics were cal-
culated using the functions PD and MPD in the R
package picante (1.8 version (Kembel et al. 2010).
Due to the high correlation between native rich-
ness (TSR) and the phylogenetic diversity (PD), a
PCA was performed with those two variables.
The coordinates of the first axis, which captured
96.3% of the variance, were used as a composite

variable expressing “native richness” in each plot
(Appendix S1: Fig. S3d).
To quantify the functional diversity in each

plot, we measured three functional traits for
native plants. These traits were plant height from
the ground (cm), SLA (specific leaf area [cm2/g]),
and seed mass (g). Specific leaf area was esti-
mated using allometric equations (see details on
native aboveground biomass). We scanned the
leaves of native species outside their protected
range and measured the total leaf area using the
IMAGEJ software, version 1.49. Then, we dried
the leaves and determined the leaf dry weight
and calculated the SLA (cm2/g) as the leaf area
divided by the leaf weight (Basuki et al. 2009).
These three traits were used to calculate multi-
trait functional richness (FRic) and functional
dispersion (FDis). FRic is the amount of func-
tional space filled by the community, an ana-
logue of trait range in a multidimensional space
(Villéger et al. 2008). FRic is calculated as the
pairwise functional dissimilarity across species,
using the Euclidean distance in multi-trait space
after standardizing each trait to a mean of zero
and a standard deviation of one. FDis is the mul-
tidimensional trait space or mean distance of
each species, weighted by its relative abundance,
to the centroid of all species in a community (Lal-
iberté and Legendre 2010, Spasojevic and Suding
2012). FDis for each plot was calculated using
function dbFD, which is available in the FD
package (Laliberté and Legendre 2010) in R ver-
sion 3.2.5 (R Core Team 2018). Due to the high
correlation between FDis and FRic, PCAwas per-
formed with those two metrices. The coordinates
of the first axis, which captured 65.6% of the
variance, were used as a composite variable
expressing “native functional diversity” in each
plot (Appendix S1: Fig. S3b).
In addition to the functional diversity of the

native communities, we also quantified the mean
functional distance (ANMFD) of the alien species
to the native species as well as the mean func-
tional distance within natives (NMFD), using the
same set of traits as used for the calculation of
FRic and FDis. ANMFD was calculated as the
mean-weighted (by abundance) pairwise Euclid-
ian distance of each alien species to the native
community; NMFD was calculated as the mean-
weighted pairwise Euclidian distance among
natives within each plot (Gallien and Carboni
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2017, Carboni et al. 2018), using the “dist” func-
tion in R (package “stats” version 3.7.0).

Mixed-effects models
We constructed a series of mixed linear effect

models including alien performance and abun-
dance as response variables. First, in univariate
models, the fixed effects were native richness,
phylogenetic diversity (PD), and biotic related-
ness, including mean pairwise phylogenetic dis-
tance among native species (NMPD), mean
pairwise functional distance among native spe-
cies (NMFD), functional and phylogenetic dis-
tances between alien and native species
(ANMPD, ANMFD), native CWM-traits (height,
biomass, leaf production, floral production),
native functional dispersion (FDis) and func-
tional richness (FRic), and soil resources (nitro-
gen, organic matter, water content) (Table 1).
Second, in multivariate models, the fixed effects

were two-way interactions between soil
resources (PCA axis), native components (CWM-
height, CWM-biomass, CWM-floral production,
CWM-leaf production, richness, PD, FDis, FRic),
and the biotic distances between aliens and
natives (Table 2). We included plot identity as a
random effect since the measurements for the
different alien plant species are more likely to be
similar within than between plots. All analyses
were conducted in R v.3.3.1 (R Core Team 2018)
using the package “lme4” (version 1.1-20; Bates
et al. 2015). The residuals were plotted against
the fitted values to detect potential outliers and
to determine any violation of homogeneity. Soil
resources and functional and phylogenetic dis-
tances between aliens and natives were log-
transformed to acquire a normal distribution,
which was necessary after an initial inspection of
the QQ plot and was verified with a Shapiro-
Wilks test (Shapiro and Wilk 1965).

Table 1. Results of univariate linear mixed-models testing the significance of the explanatory variables on alien
performance and abundance. Significant values are in bold.

Explanatory variable Estimate SE t Pr(>|t|) R2
m R2

c

Alien performance
Log (Soil Nitrogen) (mg/L) 0.26 0.12 2.24 0.05 0.02 0.03
Log (Soil Organic Matter) (%) 0.24 0.12 2.06 0.05 0.02 0.05
Log (Soil Moisture) (%) 0.26 0.12 2.08 0.04 0.02 0.11
Soil Resources (PCA) 0.036 0.078 0.46 0.65 0.001 0.079
Richness −0.23 0.07 −3.38 0.01 0.05 0.05
PD −0.18 0.07 −2.64 0.09 0.02 0.032
FDis −0.44 0.11 −3.91 <0.001 0.07 0.07
CWM-Height −0.49 0.11 −4.45 <0.001 0.09 0.09
CWM-Floral Production −0.46 0.11 −4.19 <0.001 0.08 0.08
Log (ANMFD) 0.27 0.08 3.40 <0.001 0.07 0.36
Log (ANMPD) 0.06 0.07 0.79 0.43 0.00 0.09

Alien abundance
Log (Soil Nitrogen) (mg/L) 0.29 0.08 3.46 0.01 0.08 0.29
Log (Soil Organic Matter) (%) 0.30 0.08 3.85 0.01 0.09 0.34
Log (Soil Moisture) (%) 0.25 0.09 2.81 0.01 0.06 0.41
Soil Resources (PCA) 0.13 0.073 1.73 0.093 0.02 0.041
Richness −0.14 0.07 −1.95 0.05 0.02 0.06
PD −0.14 0.07 −1.95 0.054 0.02 0.07
FDis −0.33 0.13 −2.56 0.01 0.06 0.95
CWM-Height −0.22 0.08 −2.72 0.01 0.05 0.38
CWM-Floral Production −0.27 0.08 −3.35 <0.001 0.07 0.37
Log (ANMFD) 0.31 0.07 4.32 <0.001 0.09 0.18
Log (ANMPD) 1.41 0.75 1.88 0.06 0.02 0.41

Notes: Plot identity was used as a random effect. The first four variables express soil resources. The next five variables repre-
sent native diversity components (richness, phylogenetic diversity (PD); functional dispersion (FDis); functional richness (FRic);
CWM-height). The last two variables represent the mean functional (ANMFD) and phylogenetic (ANMPD) distances between
alien and native species. Only the significant relationships are shown in the table. R2

m and R2
c are the marginal and condi-

tional coefficients of determination, respectively. The former expresses the proportion of variance explained by the fixed
effect only, the latter by the fixed and the random effects combined.
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Structural equation model (SEM)
To estimate the plausible influences of biotic

components (native diversity and relatedness)
and abiotic components (soil resources) on per-
formance and abundance of alien plants, we
used a structural equation model (Grace and
Pugesek 1997, Grace 2006) starting with the most
complex one (Appendix S1: Section S3), from
which we selected simpler plausible models. The
explanatory variables were native diversity com-
ponents (richness, functional diversity, NMPD,
NMFD, CWM-performance traits), biotic related-
ness (ANMPD, ANMFD), and soil resources
which were linked to two response variables
(alien performance and abundance). We included
the relationships among native components as
underlying structures in the model. Additionally,
we included the effect of soil resources on the
relatedness component and on the native diver-
sity component. This a priori full model was then
subjected to backward elimination using AICc as

a criterion. As a first stage of analysis, distribu-
tional assumptions were examined for all vari-
ables to determine whether transformations were
necessary. Additionally, relationships between
variables were examined for indications of non-
linearities before inclusion in the SEM. Model
adequacy was evaluated based on model chi-
square values and associated P values. Note that
model adequacy is indicated by P values >0.05,
since it is a goodness-of-fit test. The SEM model
was calculated using the “psem” function in R
(package “piecewise,” version 2.1.0, Lefcheck
2016).

RESULTS

Influences of biotic components, resources
availability, and their interactions on alien
abundance and performance
First, univariate mixed-effect models revealed

almost exclusively negative relationships between

Table 2. Results of multivariate linear mixed models showing the effects of the significant interactions between
soil resources as a PCA axis, native components, and the mean functional distance between aliens and natives
(ANMFD) on alien performance and abundance. Significant values are in bold.

Explanatory variable Estimate SE t Pr(>|t|) R2
m R2

c

Alien performance
Richness −0.127 0.032 −3.970 <0.001
Soil Resources 0.474 0.171 2.780 0.006
Soil Resources: richness −0.068 0.021 −3.357 <0.001 0.107 0.17
PD −0.141 0.043 −3.327 <0.001
Soil Resources 0.496 0.173 2.857 0.005
Soil Resources: PD −0.084 −0.026 −3.259 0.001 0.08 0.18
CWM-Height −0.003 0.0716 −4.219 <0.001
Soil Resources 0.119 0.104 1.189 0.235
Soil Resources: CWM-Height −0.002 0.0085 −2.211 0.03 0.105 0.15
log (ANMFD) 0.27 0.08 3.40 <0.001
Soil Resources −0.71 0.211 −3.317 0.001
Soil Resources: log. ANMFD 0.109 0.033 3.345 <0.001 0.08 0.34

Alien abundance
Richness −0.093 0.031 −3.084 0.005
Soil Resources −0.531 0.152 −3.485 0.0014
Soil Resources: richness −0.064 0.019 −3.373 0.002 0.12 0.31
PD −0.071 0.043 −1.662 0.004
Soil Resources −0.481 0.168 −2.865 0.006
Soil Resources: PD −0.064 0.026 −2.490 0.002 0.067 0.35
CWM-Height −0.002 0.007 −2.551 0.0142
Soil Resources 0.112 −0.188 −1.910 0.061
Soil Resources: CWM-Height −0.0013 0.0009 −1.547 0.013 0.068 0.38
log (ANMFD) 0.31 0.07 4.32 <0.001
Soil Resources −0.61 0.191 −3.173 <0.001
Soil Resources: log. ANMFD 0.069 0.0263 2.622 0.009 0.06 0.51

Notes: Plot identity was used as a random effect. See Table 1 for abbreviations.
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the performance of alien plants and resident
native diversity measures. Alien performance
declined significantly in species-rich and function-
ally diverse native assemblages (high FDis), which
had high values of community-weighted mean
(CWM) leaf production, biomass, height, and flo-
ral production (Table 1). However, mixed-effect
models revealed non-significant effects of native
phylogenetic diversity (PD), of the functional rich-
ness (FRic), and of the mean phylogenetic and
functional distances among natives (NMPD,
NMFD). The results for alien abundance were
similar to those for alien performance, except for
CWM for biomass and leaf production that were
not statistically significant.

Second, the univariate mixed-effects models
indicated highly significant positive effects of the
functional biotic distance (ANMFD, mean func-
tional distances between aliens and natives) on
both alien performance and abundance (Table 1).
The biotic distance based on phylogeny
(ANMPD, mean phylogenetic distances between
aliens and natives) was only marginally signifi-
cant for alien abundances. In addition, univariate
models exhibited non-significant positive rela-
tionships between the performance and abun-
dance of alien plants and the availability of soil
nitrogen content, of organic matter, and of soil
water content in all plots (P = 0.65, 0.93;
R2
c = 0.041, 0.08 for alien abundance and perfor-

mance, respectively).
We found that the importance of soil resources

to invasion was impossible to discern in univari-
ate models because of significant interactions of
soil resources with native components and biotic
distances, so that we set up the importance of
these interaction effects using multivariate
mixed-effects models. These models unraveled
significant interaction between soil resources
(PCA) and the mean functional distance between
aliens and natives (ANMFD), which had a signif-
icant positive effect on alien performance
(P = 0.009, R2

c = 0.34) and on alien abundance
(P = 0.001, R2

c = 0.51). Alien performance and
abundance increased with increasing mean func-
tional distance between aliens and natives in
high resources plots. Accounting for significant
interactions between soil resources and native
diversity components revealed that abiotic fac-
tors affected alien performance and abundance,
but that the strength and direction of abiotic

effects depend strongly on native richness, phy-
logenetic diversity, and CWM-height. These
native components were significantly interacting
with soil resources, and such interactions had
negative significant effects on both alien perfor-
mance (P = 0.001, P = 0.001, P = 0.03, R2

c = 0.17,
0.18, 0.15, respectively) and abundance
(P = 0.002, P = 0.002, P = 0.01, R2

c = 0.31, 0.35,
0.38, respectively) (Table 2 and Fig. 1). In addi-
tion, we found evidence that, in the resource-rich
environments, alien abundance increased while
alien performance decreased with increasing
height of native plants (Fig. 1a, d).

Structural equation model (SEM) for alien
performance and abundance
Firstly, the best SEM model revealed a strong

significant effect of CWM-performance traits and
native richness on native functional diversity
(Table 3, Fig. 2). Secondly, there was a strong sig-
nificant negative effect of CWM-performance
traits of native community on both alien abun-
dance and performance and of native functional
diversity on alien abundance. However, the SEM
model also revealed non-significant negative
effects of native richness, phylogenetic measures
(PD, NMPD), and mean biotic distances among
natives (NMPD, NMFD) on alien abundance and
growth performance. Thirdly, the SEM model
unraveled a strong significant positive direct
effect of mean functional distance between aliens
and natives (ANMFD) on alien abundance and
performance, and of mean phylogenetic distance
between aliens and natives (ANMPD) on alien
abundance in all invaded plots (Table 2, Fig. 2).
In other words, higher values of alien perfor-
mance and abundance were significantly
explained by high functional distance between
aliens and natives. Interestingly, there was no
direct significant pathway from soil resources to
alien performance and abundance; however,
there was an indirect significant positive path-
way from soil resources to the mean functional
distance between aliens and natives (ANMFD),
which is in accordance with the results of the
multivariate mixed-effects models (Fig. 2c, f).

DISCUSSION

Our study investigated the likely biotic and abi-
otic factors that are important for preventing the
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invasion of alien plant species in an arid ecosys-
tem. We emphasized a framework that linked
native diversity components, phylogenetic and
functional similarity to natives, and harshness of
the abiotic environment to alien invasiveness. We
highlighted two intriguing results. First, soil
resources had no significant direct effect on alien
success but had a strong influence in interaction
with other variables. When resources were limited,
native productivity (high CWM-traits values) and
functional diversity reduced significantly the
growth performance and abundance of alien
plants that were functionally and phylogenetically
similar to natives. Second, we found evidence in
resource-rich environments that alien species were
in higher abundance even when native plants
were competitive (i.e., taller), but their perfor-
mance remained low (Fig. 1a, d). This could occur
if empty niches facilitate the establishment of alien
plants, while high productivity of native plants
negatively impact alien performance.

The relative contribution of both the biotic and
abiotic components of ecological resistance was
highly important in predicting the success of
alien invasiveness in this arid ecosystem. Alien
plants performance and abundance increased
when they were functionally and phylogeneti-
cally distantly related to natives and when soil
resources were high (Fig. 2). In this sense, envi-
ronmental conditions in terms of resource avail-
ability are partially able to prevent alien species
establishment, especially in species-diverse com-
munities. This is possible because diverse native
communities are more likely to contain species
that utilize their resources more efficiently, mak-
ing it difficult for less abundant invaders that
compete for the same resources to establish.
These results fit well with the idea of assembly
theory, which predicts that a successful invasive
species must be able to pass through all potential
biotic and abiotic filters (Booth et al. 2003, Von
Holle 2005). A main finding in this study was
that alien species that were functionally closely
related to the natives performed poorly and had
low abundance and performance when native
functional diversity was high. This finding sug-
gested that the interaction of biotic filtering (com-
petitive exclusion) and abiotic conditions might
be the main driver of resisting potential invaders
(Gallien et al. 2017, Bennett 2019). Indeed, com-
petition from the resident native community in

stressful conditions (Bertness and Callaway
1994) can eliminate alien taxa that are similar to
natives and that have a very narrow range of
traits (e.g., short with small leaves, see Mayfield
and Levine 2010).
Although competitive interactions are often con-

sidered less important in harsh or stressful ecosys-
tems (Grime 1977), native species competition can
determine whether the establishment of potential
invader is possible or not (Chesson and Huntly
1997). In harsh environments, resource scarcity
may limit the competitive advantage conferred to
fast-growing potential invaders, and biotic resis-
tance may additionally prevent their invasion. For
example, competitive native species may outcom-
pete stress-intolerant invaders to different stres-
sors, including extreme resource scarcity (e.g., low
nutrients, water, light) that slow or halt invaders
metabolism and therefore decline their growth
(Alpert et al. 2000, Shea and Chesson 2002). Addi-
tionally, if stress-adapted natives are more efficient
at assimilating limited resources, they may drive
resources down to levels that are inappropriate for
potential invaders to survive.
The productivity of the native communities

also played a role in determining the invasion
success of the alien species. According to the pro-
ductivity hypothesis (Petruzzella et al. 2020),
more productive communities are better able to
repel invasion simply because there is less space
available for the invaders to occupy. However,
this was not the case in our study. Instead, in
high-resource environments, we found that
highly productive native communities included
a high abundance of alien species, yet the perfor-
mance of these invaders remained low. There
were still empty niches that could be filled by
alien plants; however, their performance
declined likely due to the competitive effects of
the native species. For example, the competitive
advantage of being taller for resident natives has
been considered to be a potentially strong biotic
filter and are thus better competitors (Mayfield
and Levine 2010, Kraft et al. 2015) to resist alien
plants in rich-resources environments (Fried et
al. 2018). This competition will hinder alien spe-
cies establishment success because they will be
less capable of competing for light and water
when in low numbers (Angadi and Entz 2002).
Furthermore, native individuals with higher leaf
and biomass production have high relative
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Fig. 1. Significant positive responses of alien performance (panel c) and alien abundance (panel f) to the
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growth rates and are more exploitative in their
resources utilization (Westoby 1998). These fea-
tures could generally allow natives to better
endure high competition effects on the potential
invaders (Goldberg and Landa 1991, Kraft et al.
2014). Thus, alien individuals growing in such
competitive native communities may respond by
shifting to lower trait values (Tecco et al. 2010)
that potentially explained the observed pattern
of lower performance of alien plants in rich-
resource environments.

STUDY CONSTRAINTS

This study demonstrates how biotic and abi-
otic components interact to shape the ecological

resistance to plant invasion in an arid ecosystem.
However, we acknowledge some limitations
associated with our study, necessitated by con-
straints working in the SKP. First, a pairwise
design was practically not implementable
because we generally could not find non-
invaded plots in similar environmental condi-
tions. This is due to the sparse vegetation under
the arid conditions that prevail in SKP. Second, in
such mountainous arid ecosystems with rocky
hard soil, a bias toward sites with higher species
diversity (selective sampling) may be unavoid-
able (Lepš and Hadincová 1992), as randomly
selecting 10 by 10 m surfaces in our study site
would most of the time yield plots with no or
very low vegetation cover.

Table 3. Results of the best piecewise structural equation model (SEM) explaining the performance and abun-
dance of alien plant species as response variables of interest. Significant values are in bold.

Response variable Explanatory variable Estimate SE df t P

Alien performance ANMPD 0.028 0.0612 93 0.455 0.65
ANMFD 0.503 0.0569 110 8.847 0.0001
NMPD −0.013 0.0599 110 −0.216 0.829
NMFD −0.045 0.0604 110 −0.752 0.454

Native richness −0.11 0.0731 110 −1.504 0.135
Native functional diversity −0.046 0.072 110 −0.634 0.527

Native CWM-performance traits −0.29 0.0818 93 −3.544 0.0006
Soil resources 0.0204 0.0612 93 0.333 0.739

log. alien abundance ANMPD 0.194 0.0651 93 2.972 0.0038
ANMFD 0.402 0.06 111 6.7076 0.0001
NMPD −0.022 0.0637 110 −0.3479 0.7286
NMFD −0.0499 0.0642 110 −0.7769 0.4389

Native richness −0.023 0.0777 110 −0.301 0.764
Native functional diversity −0.121 0.0765 110 −1.5764 0.0011

Native CWM-performance traits −0.262 0.087 93 −3.0089 0.0034
Soil resources 0.0039 0.065 93 0.06 0.95

ANMPD Soil resources 0.022 0.0444 95 0.2688 0.079
ANMFD Soil resources 0.083 0.0973 95 0.8533 0.0040
Functional diversity measures Native CWM-performance traits 0.613 0.069 209 8.826 0.0001

Native richness 0.226 0.069 209 3.245 0.0014

Notes: The explanatory variables are composed of three components: (1) biotic distances between alien and native species
(see Table 1 for abbreviations); (2) native diversity components (“Native functional diversity” is the first PCA axis of FRic and
FDis; “Native CWM-performance traits” is the first PCA axis of the four CWM variables); (3) resources availability (“Soil
resources” is the first PCA axis of the three soil variables in Table 1). Note that the full a priori model included the effect of soil
resources on the native diversity components (see Appendix S1), but these relationships were not retained in the best model.

interaction between soil resources and the mean functional distance ANMFD, and significant negative responses
of alien performance and abundance to the interaction between soil resources and CWM-height (panels a, d),
native richness (panels b, e). Continuous and dashed lines represent three levels (high mean-low) of the explana-
tory variables (CWM-height-richness-ANMFD) mediated by soil resources and expected by the model with 95%
confidence intervals (shaded areas). All x-axes and y-axes were scaled.

(Fig. 1. Continued)
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CONCLUSION

Overall, our results provide evidence that func-
tional native diversity and similarity to natives,
linked indirectly with low resources availability,
increases ecological resistance to potential inva-
ders. Most importantly, these results emphasize
the interaction between biotic and abiotic con-
straints to the potential invaders. We found an evi-
dence that alien plants that are most dissimilar to
natives can overcome biotic resistance in resource-
rich environments, thereby possibly having a bet-
ter chance to succeed in the invasion process. We
suggest that the biotic resistance to potential inva-
ders is shaped by the competitive ability of native
species that is regulated by native diversity and
productivity. Therefore, future experimental and
field studies aimed at unraveling the mechanisms

of biotic resistance across an environmental gradi-
ent should not neglect the relatedness of the inva-
der species to native species, nor the changes in
the competitive outcomes among species under
different stress levels.
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Fig. 2. Result of the best fitted piecewise structural equation model showing the pathways explaining the neg-
ative (red arrows) and positive (black arrows) effects of specific native diversity components, of the biotic dis-
tances between aliens and natives, and of soil resources on alien success measures. Boxes represent measured
variables and arrows unidirectional relationship among variables. Arrow thickness is proportional to their stan-
dardized regression coefficient (given in number with their significance). Non-significant effects are represented
by dashed arrows. The gray arrow between alien abundance and performance is Pearson correlation (P = 0.18).
The P value and chi-square are the results of the goodness-of-fit test of the model. Full results and abbreviations
are in Table 3.
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Gerhold, P., M. Pärtel, O. Tackenberg, S. M. Hen-
nekens, I. Bartish, J. H. Schaminée, A. J. Fergus, W.
A. Ozinga, and A. Prinzing. 2011. Phylogenetically
poor plant communities receive more alien species,
which more easily coexist with natives. American
Naturalist 177:668–680.

Going, B. M., J. Hillerislambers, and J. M. Levine. 2009.
Abiotic and biotic resistance to grass invasion in
serpentine annual plant communities. Oecologia
159:839–847.

Goldberg, D. E., and K. Landa. 1991. Competitive
effect and response: hierarchies and correlated
traits in the early stages of competition. Journal of
Ecology 79:1013–1030.

Grace, J. 2006. References. Pages 350–360 in Structural
equation modeling and natural systems. Cam-
bridge University Press, Cambridge, UK. http://dx.
doi.org/10.1017/CBO9780511617799.016

Grace, J. B., and B. H. Pugesek. 1997. A structural
equation model of plant species richness and its
application to a coastal wetland. American Natu-
ralist 149:436–460.

Grime, J. P. 1977. Evidence for the existence of three
primary strategies in plants and its relevance to
ecological and evolutionary theory. American Nat-
uralist 111:1169–1194.

Harrison, S., K. Rice, and J. Maron. 2001. Habitat
patchiness promotes invasion by alien grasses
on serpentine soil. Biological Conservation 100:45–
53.

Hector, A., K. Dobson, A. Minns, E. Bazeley-White,
and J. Hartley Lawton. 2001. Community diversity
and invasion resistance: an experimental test in a
grassland ecosystem and a review of comparable
studies. Ecological Research 16:819–831.

Hooper, D. U., and J. S. Dukes. 2010. Functional compo-
sition controls invasion success in a California ser-
pentine grassland. Journal of Ecology 98:764–777.

Hooper, D. U., and P. M. Vitousek. 1997. The effects of
plant composition and diversity on ecosystem pro-
cesses. Science 277:1302–1305.

Kembel, S. W., P. D. Cowan, M. R. Helmus, W. K.
Cornwell, H. Morlon, D. D. Ackerly, S. P. Blom-
berg, and C. O. Webb. 2010. Picante: R tools for
integrating phylogenies and ecology. Bioinformat-
ics 26:1463–1464.

Kennedy, T. A., S. Naeem, K. M. Howe, J. M. H. Knops,
D. Tilman, and P. Reich. 2002. Biodiversity as a bar-
rier to ecological invasion. Nature 417:636.

King, S., and J. Grace. 2000. The effects of soil flooding
on the establishment of cogongrass (Imperata cylin-
drica), a nonindigenous invader of the Southeastern
United States. Wetlands 20:300–306.

Klute, A. 1986. Water retention: laboratory methods.
Pages 635–662 in A. Klute, editor. Methods of soil
analysis: part 1—physical and mineralogical meth-
ods. Soil Science Society of America, American
Society of Agronomy, Madison, Wisconsin, USA.

Kraft, N. J. B., G. M. Crutsinger, E. J. Forrestel, and N.
C. Emery. 2014. Functional trait differences and the
outcome of community assembly: an experimental
test with vernal pool annual plants. Oikos
123:1391–1399.

Kraft, N. J. B., O. Godoy, and J. M. Levine. 2015. Plant
functional traits and the multidimensional nature
of species coexistence. Proceedings of the National
Academy of Sciences of the United States of Amer-
ica 112:797–802.

 v www.esajournals.org 14 December 2021 v Volume 12(12) v Article e03893

EL-BAROUGY ETAL.

http://dx.doi.org/10.1017/CBO9780511617799.016
http://dx.doi.org/10.1017/CBO9780511617799.016
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