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ABSTRACT
Questions: There is growing evidence of plant invasions in high-elevation mountain ecosystems, but how these invasion patterns 
relate to native species diversity remains understudied. While the biotic resistance hypothesis states that highly diverse communities 
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are less likely to be invaded than less diverse ones, the opposite pattern might arise from facilitative interactions in harsh environ-
ments, if these prevail at high elevations, especially in the alpine zone. Here, we investigate whether the relationship between native 
and non-native plant species diversity changes with elevation, and whether it is modified by disturbance resulting from mountain 
roads.
Location: Global.
Methods: By using standardized vegetation surveys and plant trait measurements, we modeled the relationship between non-
native species richness and native species richness and functional diversity across elevation gradients, and whether they differ 
between (semi-)natural habitats and adjacent disturbed roadside habitats.
Results: At high elevations, we recorded more non-native species in functionally diverse natural habitats and in species-rich 
roadside habitats. At lower elevations, non-native and native species richness were positively associated, but fewer non-native 
species established in functionally diverse natural habitats. Lateral spread of non-native species from disturbed roadsides into 
natural habitats occurred with the same frequency at high and low elevations.
Conclusions: Our results suggest that once non-native species reach high elevations along dispersal corridors such as roads, native 
plant diversity may help promote, rather than inhibit, their spread into natural plant communities, contradicting the biotic resistance 
hypothesis. While the positive correlation between non-native and native species richness likely relies on beneficial environmental 
heterogeneity promoting both species groups, the seemingly inhibiting effect of native functional diversity at low elevations and its 
assumed supporting role at high elevations might reflect biotic processes such as limiting similarity and facilitation. This suggests 
that a complex interplay between native diversity and human disturbances shapes the invasibility of mountain ecosystems.

1   |   Introduction

Mountains are areas of extraordinary biodiversity (Körner 2004; 
Körner and Spehn 2002; Rahbek et al. 2019) and harbor twice 
the number of flowering plants expected based on the area that 
they cover (Körner et  al.  2011). These biodiverse ecosystems 
provide a multitude of services and are crucial for the sustain-
able development of human populations living in mountains 
(Payne et al. 2020). Today, mountain biodiversity is increasingly 
threatened by global climate change. In the European Alps, for 
example, temperatures have already increased by 1.8°C since 
1880 (Kotlarski et al. 2023). This change in climate has caused 
an upward movement of plant species, leading to alterations in 
plant community composition, distribution, and interactions 
and therefore threatens well-adapted, highly sensitive moun-
tain ecosystems (Intergovernmental Panel on Climate Change 
(IPCC) 2023; Körner and Spehn 2002). As species and treelines 
shift upwards, alpine environments are projected to be dispro-
portionately affected, dramatically reducing habitat space for 
high-altitude endemics (Dirnböck et al. 2011). Additionally, ur-
banization, human population growth, and increased recreation 
and tourism pose threats to mountain biodiversity (IPBES 2018; 
Schickhoff et al. 2022; Yang et al. 2025).

Human activities and climate change are known to promote 
the spread of non-native species to new areas, including moun-
tains and high-elevation habitats (Hulme et al. 2023). Negative 
impacts of some non-native species, specifically of those arriv-
ing after 1500 ce, include, for example, a higher risk of native 
species extinctions due to competitive exclusion, modification 
of trophic networks, and changes in nutrient cycling, hydrol-
ogy, and habitat structure, which result in changes in ecosys-
tem functioning and the delivery of ecosystem services (Bacher 
et al. 2023; McDougall et al. 2011; Pyšek et al. 2020). Thus far, 
mountain areas, particularly high-elevation alpine habitats, are 
not as heavily invaded as other ecosystems (Kueffer et al. 2013; 
Seebens et al. 2023). Typically, the number of non-native species 
is highest at the lowest part of the elevation gradient where they 

are predominantly introduced, while lower propagule pressure 
and environmental filtering prevent many non-natives from 
spreading to higher elevations (Alexander et al. 2011, 2016).

At the local scale, community composition and the estab-
lishment of non-native species are expected to be driven by 
both local environmental conditions and biotic interactions 
(Mitchell et  al.  2006; Pauchard and Shea  2006; von Holle 
et  al.  2020). The biotic resistance hypothesis states that di-
verse communities are more resistant to non-native species 
establishment than those with low diversity (Elton  1958; 
Enders et  al.  2020). This resistance is thought to arise from 
more complete occupation of available niche space and, con-
sequently, more efficient use of resources by a diverse assem-
blage of resident species (MacDougall et al. 2009; Rossignaud 
et al. 2022). This diversity refers not only to the species rich-
ness of resident communities, but also to their functional di-
versity, or the variation of traits present within a community 
(Guo et al. 2024; Li et al. 2022). This hypothesis assumes that 
biotic interactions are dominated by competition, which can 
limit the establishment of newly arriving non-native species. 
However, there is evidence that the importance of competition 
decreases and the relative role of facilitation (i.e., positive in-
teractions) increases under more stressful environmental con-
ditions (Bertness and Callaway  1994; Choler et  al.  2001; He 
et al. 2013; Olsen et al. 2016). Therefore, within areas of less 
favorable environmental conditions such as those encountered 
at high elevations and in alpine areas where temperatures are 
low, growing seasons are often short, and radiation and wind 
are typically strong (Körner 2007), more diverse native com-
munities potentially allow more opportunities for facilitation, 
which might not hinder, but rather promote the establishment 
of non-native species. For example, studies from the alpine 
zone of the Chilean Andes reported a higher abundance of 
non-native species compared to outside native cushion plant 
patches, concluding that native plants can serve as so-called 
“nurse plants” and favor non-native species' establishment in 
harsh environments by buffering extreme temperatures and 
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increasing soil moisture and nutrient availability (Badano 
et al. 2007; Cavieres et al. 2005). Such harsh conditions are, 
of course, not limited to high elevations, but can occur at both 
ends of an elevation gradient. For example, in an experimental 
study from Spain, facilitation was observed to be stronger in 
low-elevation environments with dry slopes compared to more 
wet slopes at high elevations (Gómez-Aparicio et al. 2004).

Additionally, shifts from negative to positive associations with 
increasing environmental heterogeneity have been found to 
promote the richness of both native and non-native species 
(Fridley et  al.  2007; Shea and Chesson  2002). This, in com-
bination with potential facilitative interactions at high ele-
vations, suggests that local environmental conditions might 
determine the direction of native diversity effects on non-
native species establishment.

Another important local factor influencing the establishment 
of non-native species is disturbance (Catford et  al.  2012), often 
caused by humans but also as a result of natural events such as 
storms, heatwaves, and flooding. Such disturbances disrupt biotic 
interactions, reduce both competition and facilitation, and release 
additional abiotic resources such as space, water, and nutrients 
(Compagnoni and Adler 2014; Davis et al. 2000; Lear et al. 2020). 
Depending on its type and extent, disturbance can also locally 
increase environmental heterogeneity (Arévalo et al. 2005; Berli 
et al. 2003; Lee and Power 2013; Spooner 2015). In extreme cases, 
disturbance completely removes the existing plant community, re-
quiring both native and non-native species to (re)establish or col-
onize from seed while nullifying any (positive or negative) biotic 
interactions (Davis et al. 2000). Therefore, the processes underly-
ing the biotic resistance hypothesis, that is, competition and facili-
tation, are likely less prominent in disturbed roadside habitats.

In mountains, an important source of human-induced dis-
turbance is the construction of infrastructure such as roads 
(Espinoza-Guzmán et al. 2023; Forman et al. 2003; Müllerová 
et  al.  2011), which reach even to alpine areas. At low eleva-
tions, reduced competition due to biomass removal by dis-
turbance in roadside communities weakens biotic resistance 
and may increase establishment success of non-native spe-
cies (Jauni et  al.  2015; Pauchard and Alaback  2004; Tyser 
and Worley 1992). At high elevations, in contrast, the partial 
or complete removal of vegetation following disturbance is 
likely to decrease facilitation and therefore reduce non-native 
species' establishment success. Despite this, roads have also 
been shown to be the most important dispersal corridor for 
vertical spread of non-native species into mountains (Fuentes-
Lillo et  al.  2021; Kalwij et  al.  2015; Lembrechts et  al.  2017; 
Pauchard and Alaback 2004). Thus, a lack of facilitative inter-
actions along roads at high elevations might be compensated 
through increased propagule pressure. The upward dispersal 
of non-native species is additionally supported by the removal 
of climatic filters as a result of global warming, which further 
reduces the need for positive interactions. Non-native spe-
cies that have established along roadsides are likely to spread 
horizontally into more natural vegetation (Falster et al. 2021; 
McDougall et al. 2018). This percolation from roadsides into 
natural communities can be hindered by biotic resistance. 
However, if facilitative interactions prevail, once a non-native 
species has reached high elevations through dispersal along 

roads, the onward colonization of natural habitats can be ex-
pected to be relatively fast compared to at low elevations.

Alpine habitats are at high risk of endemic species loss due to 
climatic factors such as rising temperatures and altered pre-
cipitation patterns (Wershow and DeChaine  2018), as well as 
human disturbance and competition from non-native species. 
Therefore, risk assessment and early detection of non-native 
species is crucial for the long-term protection of alpine species. 
In this study, we aimed to explore whether the assumption that 
diverse native communities maintain a higher biotic resistance 
against the establishment of non-native species is weakened, or 
even reversed, for high-elevation ecosystems. Specifically, we 
hypothesized that (1) at low elevations, high levels of competi-
tion from diverse native communities reduce the establishment 
of non-native species, whereas (2) at high elevations, including 
alpine zones, native diversity supports the establishment of 
non-native species due to the assumed increasing importance 
of facilitative interactions. Additionally, we assessed how dis-
turbance modifies biotic resistance by comparing communities 
of disturbed roadsides to adjacent natural areas across elevation 
gradients. We hypothesized that (3) the relationship between 
the number of non-native species and native diversity is weak-
ened in disturbed roadside habitats, and that, as a result of the 
expected shift from competition to facilitation along the eleva-
tion gradient, (4) the ratio of non-native species in natural veg-
etation to non-native species at the road will be greater at high 
elevations than at low elevations (Figure 1).

2   |   Methods

2.1   |   Vegetation Surveys

To calculate non-native and native species richness, we used 
road survey data from the Mountain Invasion Research Network 
(MIREN), which conducts research on spatiotemporal patterns of 
non-native and native plant diversity in response to climate and 
human disturbance in mountain regions. Data were collected on 
vascular plant species occurrence from 2012 to 2023. The surveys 
followed MIREN's standardized protocol for monitoring plant spe-
cies distributions along roads that span broad elevation gradients 
(Haider et al. 2022) and covered 15 mountain regions across six 
continents, including diverse climatic zones and both continental 
and island systems. The regions included in this study were the 
Argentinian Andes (South and Central), the Chilean Andes (South 
and Central), the Austrian Alps, the Swiss Alps, the Northern 
Scandes (Norway), the Krkonoše Mountains (Czech Republic), the 
Changbai Mountains (China), the Himalayas (Kashmir, India), the 
Hawaiian Islands (Hawaii, USA), the Rocky Mountains (Montana, 
USA), the Blue Mountains (Oregon, USA), Teide (Canary Islands, 
Spain), and the Australian Alps (Table S1).

Sampling was conducted along one to four (predominantly 
three) mountain roads per region to record plant species from 
low to high elevations, including the alpine zone. With few 
exceptions, the roads started in the colline or montane zone 
and reached the subalpine or alpine area (Table S1). The roads 
had to be accessible to public traffic for at least parts of the 
year. Twenty sample sites along each road were selected so 
as to be evenly distributed between the lowest and highest 
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elevation of each road, with some roads overlapping sections 
of the elevation gradient. Each sample site comprised a road-
side plot laid parallel and adjacent to the road, and an interior 
plot laid perpendicular to the roadside plot starting at 50 m 
from the road and leading into semi-natural or natural veg-
etation (Haider et  al.  2022). We refer to these plots as road-
side and—for simplicity—natural habitats which we assume 
to be less influenced by humans compared to the roadside 
habitats. Plots were rectangular—50 m long and 2 m wide. The 
dataset consists of the visually estimated cover of each spe-
cies in each plot. In the Swiss Alps, Teide (Tenerife, Canary 
Islands, Spain), the Himalayas (Kashmir, India), the Rocky 
Mountains (Montana, USA), the Argentinian Andes (Central), 
the Krkonoše Mountains (Czech Republic), and the Northern 
Scandes (Norway), cover classes were classified as 1 ≤ 0.1%, 
2 = 0.1%–1%, 3 = 2%–5%, 4 = 6%–10%, 5 = 11%–25%, 6 = 26%–
50%, 7 = 51%–75%, 8 = 76%–100%. In the Austrian Alps, the 
Argentinian Andes (South), the Chilean Andes (Central and 
South), the Changbai Mountains (China), the Hawaiian Islands 
(Hawaii, USA), the Blue Mountains (Oregon, USA), and the 
Australian Alps, cover classes were classified as 1 = 0.1%–1%, 
2 = 1%–5%, 3 = 6%–25%, 4 = 26%–50%, 5 = 51%–75%, 6 = 76%–
95%, 7 = 96%–100%. The mean cover for the class recorded was 
used as the cover value for each species and plot in subsequent 
calculations. Species were assigned as native or non-native 
based on regional species lists and local knowledge. Only 
species that arrived after 1500 ce were considered non-native 
(neophytes; Pyšek et  al.  2004). Species names were harmo-
nized across regions using World Flora Online (Kindt 2020).

2.2   |   Trait Data Compilation

To calculate the functional diversity of each plot, we used a 
trait dataset that combined in  situ trait values, predicted via 
near-infrared spectroscopy (NIRS), with trait values from TRY 
(Kattge et  al.  2020) and other regional databases (see below). 
Trait collection and measurement details are described in Ratier 
Backes et al. (2023) and were applied in that way by all participat-
ing regions. Briefly, leaf samples were collected from one to three 
roads in the mountain regions included in this study, except for 
the Changbai Mountains (China), the Austrian Alps, the Blue 
Mountains (Oregon) and the Hawaiian Islands. In each region, 
we aimed to collect samples from the 50 most frequent native 
species and the 30 most frequent non-native species occurring 
in the region's plots. The actual number of sampled species de-
pended on a region's total native and non-native species richness, 
species' distributions, and the region's capacity for sample col-
lection. Sampling included all life forms (grasses, forbs, shrubs 
and trees). Leaves were collected at up to three locations per spe-
cies, aiming for low, mid, and high-elevation locations, as long 
as their elevational distribution permitted. Sampling consisted of 
10–50 leaves collected from 3 to 10 individuals per species within 
a location; this large range of leaves was to ensure sufficient leaf 
mass availability from species with very small leaves. When 
species did not occur throughout the entire elevation range of 
a region, we still sampled and included the species to prioritize 
in situ trait values over database information. Leaves from the 
same location were pooled into one sample per species. In each 
region, a subset of approximately 30 samples (i.e., 30 species) was 

FIGURE 1    |    Conceptual figure of Hypotheses 1–4. At both low and high elevations, non-native species richness hypotheses are described for nat-
ural (blue) and disturbed roadside (orange) habitats at low and high native richness conditions. In Hypothesis 1 (H1), we expected that at low eleva-
tions, fewer non-native species would be found in communities with high native diversity due to competition. We hypothesized the opposite at high 
elevations (H2), with diverse native communities facilitating the establishment of non-native species. In Hypothesis 3 (H3), we anticipated a steeper 
slope of the relationship between non-native species richness and native diversity in natural habitats. Additionally, in Hypothesis 4 (H4), we hypoth-
esized that the ratio of non-native species in natural versus disturbed roadside habitats would be higher in high-elevation environments than at low.
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chosen that included native and non-native species, different life 
forms, and different elevations. For these samples, fresh weight, 
leaf area and dry weight were measured to calculate specific 
leaf area (SLA) and leaf dry matter content (LDMC). We refer to 
these samples as “reference” samples, as these were used later to 
develop trait prediction models to derive trait values for all sam-
ples, that is, all species (see below). Reference samples as well 
as all other samples were milled to fine leaf powder after dry-
ing. In the laboratory of the Geobotany group at Martin Luther 
University Halle-Wittenberg, the leaf powder of all samples was 
scanned with a near-infrared spectrometer (MPA, Bruker Optik, 
Ettlingen, Germany). For the reference samples, we used the leaf 
powder to measure leaf carbon (leaf C) and leaf nitrogen con-
centration (leaf N) gas-chromatographically with the Dumas 
method, from which we further calculated the leaf carbon to 
nitrogen ratio (leaf C:N). Leaf phosphorus concentration (leaf 
P) was determined with a photometric assay using ammonium 
heptamolybdate ((NH4)6Mo7O24) and ascorbic acid (C6H8O6) (see 
Ratier Backes et al. 2023).

All analyses were conducted in R (version 4.4.1) (R Core 
Team  2024). Using the measured trait values from the refer-
ence samples together with their spectral data from the scans 
with the near-infrared spectrometer, we developed models in 
the R statistical environment to predict trait values for all col-
lected leaf samples (Table  S2; Ratier Backes et  al.  2023). We 
built the prediction models following the framework described 
in Proß (2023), which incorporates a modified version of the 
“plantspec” package (Griffith et al. 2019). This approach sig-
nificantly shortened the sample processing time, and allowed 
the simultaneous measurement of leaf C, N, and P across all 
samples, including those with low leaf mass that would oth-
erwise be impossible to analyze chemically. For the following 
analyses, we aggregated the trait values into one value per spe-
cies per region. For each plot where a species occurred, we as-
signed the trait value for that species in the respective region. 
In total, we amassed 1421 in situ samples accounting for 1078 
species.

Additionally, we used trait databases to complement our own 
trait data: (1) For species for which we had no in situ samples, we 
used available database values for SLA, LDMC, leaf C, N, C:N 
and P. (2) For all species, we extracted database values for plant 
height, leaf area, seed mass and rooting depth.

To collect traits from databases, we first matched the complete 
list of species surveyed in all study regions with gap-filled data 
from TRY (version 5.0) (Kattge et al. 2020; Schrodt et al. 2015). 
We included both the harmonized and the unharmonized 
(original) species names to maximize the number of matches 
in TRY. We matched species based on both species name and 
continent, so that if a species was surveyed on multiple conti-
nents, the TRY observations were assigned to the correspond-
ing species-continent combination. In cases where a species 
occurred in TRY only on a continent different from our study 
region, we used the TRY global average for that species. As a 
second step, we searched for any remaining missing trait val-
ues using BIEN Botanical Information and Ecology Network; 
(Enquist et al.  2016), AUSTraits (Falster et al.  2021), the Seed 
Information Database (SID; Society for Ecological Restoration 
et al. 2023), datasets from Díaz et al. Díaz et al. (2022), Barajas 

Barbosa et  al.  (2023), as well as local floras (www.​flora​argen​
tina.​edu.​ar; http://​www.​chile​flora.​com/​index.​html).

In total, we had 11 traits that represent fundamental dimensions 
of plant form and function, and are commonly used to describe 
plant trait variation (Table  S3) (Bruelheide et  al.  2018; Díaz 
et  al.  2016). To calculate the functional diversity of a plot, we 
only used species with all traits available. In total, this amounted 
to 2216 species.

2.3   |   Diversity Measures Calculated

To better understand changes in biotic resistance to invasion 
across elevation and disturbance regimes, we used multiple mea-
sures of diversity. Native species richness was calculated as the 
number of native species within a plot. Additionally, we calcu-
lated native Shannon's diversity based on cover using the func-
tion “diversity” in the package “vegan” (Oksanen et  al.  2025). 
The Shannon–Wiener diversity index is a commonly used mea-
sure of diversity that accounts for the relative abundance of spe-
cies and is calculated as:

where Pi is the proportional abundance (cover) of species i, and 
b is the base of the logarithm. We used the default, natural loga-
rithm, which is the most commonly used.

Traditional measures of diversity, such as species richness and 
Shannon's diversity, are limited to information on the num-
ber and relative abundance of species, without accounting for 
the degree of functional differences between them (Mouchet 
et  al.  2010). Here, we additionally calculated Rao's quadratic 
entropy (Rao's Q) for native species, which accounts for both 
relative abundance and pairwise species differences in rela-
tion to their functional traits (Botta-Dukát 2005). It can there-
fore provide additional information about the biotic resistance 
of a native community. Rao's Q is a distance matrix-based di-
versity index that sums the distances between species, which 
are relative abundance-weighted (Botta-Dukát  2005; Mouchet 
et al. 2010). The equation of Rao's Q is defined as

whereby S is total species richness, i and j represent different 
species, dij is the dissimilarity between species i and j. Pi and 
Pj are the relative abundance of species i and j, respectively 
(Rao  1982). Using the mean cover values for the recorded 
cover class of each species in each plot, we calculated Rao's 
Q using Gower's distance in the function “dbFD” in the “FD” 
package (Laliberté et al. 2025; Laliberté and Legendre 2010). 
All native species that had complete trait information in our 
database were used in this calculation. These species were 
weighted according to their relative cover within their respec-
tive community when calculating native functional diversity. 
Plots for which we did not have any species with trait values 
(i.e., no in situ sample and no database information) were ex-
cluded from the following analyses. Mean relative trait cover-
age per plot was 71%.

H �
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∑
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FDQ =
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2.4   |   Statistical Analyses

Native species richness, non-native species richness, native 
Shannon's diversity, and native Rao's Q were tested against el-
evation and habitat type to assess general patterns at the global 
scale. For native and non-native species richness, we fit general-
ized linear mixed-effects models using a Poisson distribution with 
the function “glmer” in the package “lme4” (Bates et  al.  2015). 
Fixed effects included elevation and habitat type as well as their 
interaction. Random effects included sample site nested in road, 
then nested in region. To use elevation as a proxy for environmen-
tal gradients across multiple regions, we scaled elevation between 
0 and 1 in each region. Although absolute elevations vary among 
regions, we assumed that the general pattern of biotic interaction, 
with competition being more prevalent at low elevations compared 
to the increased importance of facilitation at high elevations, may 
be broadly applicable across mountain regions, albeit with poten-
tial regional variation. Therefore, scaled elevation between regions 
is comparable as the processes involved in community interactions 
are the same. Both the linear and quadratic terms for elevation 
were included in separate models, then assessed against each other 
using a likelihood ratio test. For native Shannon's diversity and na-
tive Rao's Q, we fit linear mixed-effects models using the function 
“lmer” in the package “lmerTest” (Kuznetsova et  al.  2017). The 
same fixed and random effects were used as the models described 
above, as well as the same testing of linear and quadratic elevation.

Non-native species richness was assessed against native species 
richness, native species Shannon's diversity, and native species 
functional diversity (Rao's Q). To test Hypotheses 1–3, we fit three 
generalized linear mixed-effects models with a Poisson distribu-
tion using the package “lme4” including a measure of native di-
versity (native species richness, native Shannon's diversity, and 
native functional diversity, respectively), scaled elevation, and 
habitat type (roadside or natural) as a three-way interaction, as 
well as sample site nested in road, in turn nested in region, as 
random effects (Bates et al. 2015). We assessed assumptions of 
normality and homoscedasticity using the “DHARMa” package 
(Hartig  2024), and no data transformations were necessary to 
fulfill the model requirements. Since we predicted significant 
changes in non-native species richness across the elevation gra-
dient, we expected the relationship between non-native species 
richness and native diversity to change across elevation as well. 
Therefore, to test for this, we fit the same models using the qua-
dratic form (second-order polynomial) of scaled elevation. The 
linear and quadratic elevation models were evaluated against 
each other using a chi-squared likelihood ratio test. We calcu-
lated p values using the function “mixed” in the package “afex” 
using the likelihood ratio test method (Singmann et al. 2024).

To visualize the relationship between non-native species rich-
ness and the three types of native plant diversity across the 
elevation gradient (species richness, Shannon's diversity, func-
tional diversity), we calculated the slopes of the respective mod-
els using the function “slopes” in the package “marginaleffects” 
(Arel-Bundock et al. 2024).

To test the spread of non-native species from roadside into 
natural habitats (H4), we modeled the relationship between 
the proportion of non-native species in the natural versus dis-
turbed habitats at each sample site by elevation using a linear 

mixed-effects model (Kuznetsova et al. 2017) with scaled eleva-
tion as the fixed effect and road nested in region as a random 
effect. This was also tested with linear and quadratic elevation, 
and p values for the best-fit model were calculated from F-
statistics of Type III sum of squares with Satterthwaite approxi-
mation to estimate the denominator degrees of freedom.

3   |   Results

3.1   |   Elevational and Disturbance-Driven Trends 
in Species Richness and Diversity

Non-native species richness declined with elevation at roadsides 
and, to a lesser extent, in natural habitats. Non-native species 
richness was higher along roadsides (Figure  2A, Table  S4). 
Native species richness peaked at mid elevations in natural and 
roadside habitats (Figure 2B, Table S4); however, roadside habi-
tats harbored more natives at high elevations. Native Shannon's 
diversity followed a similar elevational pattern as native species 
richness with a peak at mid elevations. It was lower in natural 
habitats than at roadsides (Figure  2C, Table  S5). Native func-
tional diversity (Rao's Q) decreased with elevation and was 
lower in roadside habitats (Figure 2D, Table S5).

3.2   |   Non-Native Species Establishment Versus 
Native Diversity

The relationship between non-native species richness and na-
tive diversity varied along the elevation gradient and between 
habitat types (for detailed statistical results, see Tables S6–S8). 
Due to similarity of patterns for native species richness and 
native Shannon's diversity, we focus on native species richness 
here, while Shannon's diversity results are presented in the 
Supporting Information (Figure S1, Tables S6 and S9).

At low to mid elevations, non-native species richness was 
greater with increasing native species richness in both nat-
ural and roadside habitats (Figure  3A). However, this rela-
tionship became less positive with increasing elevation and 
disappeared in natural habitats at high elevations. This indi-
cates that in most cases, more non-native species were found 
in species-rich native communities, and this was strongest at 
the lowest elevations and stronger for roadside compared to 
natural habitats. At the regional level, more non-native spe-
cies were found in communities with high native species rich-
ness in both roadside and natural habitats for many regions; 
however, there was remarkable variability between regions 
(Figure S2, Table S7).

In natural habitats at low to mid elevations, non-native species 
richness was lower with greater native functional diversity. 
However, this relationship weakened with increasing elevation 
and flipped to a positive relationship between non-native spe-
cies richness and native functional diversity at highest elevations 
(Figure  3B). This indicates that at high elevations, functionally 
diverse native communities harbored more non-native species 
than functionally simple communities. In roadside habitats, we 
did not find a significant effect of native functional diversity on 
non-native species richness. At the regional scale (not considering 
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elevation), there was predominantly no effect of native functional 
diversity on non-native species richness (Figure S3, Table S8).

3.3   |   Non-Native Species Across Habitats

The ratio of non-native species found in natural habitats com-
pared to in the adjacent roadside habitat is highest at low and 
high elevations, and decreases at mid elevations (p < 0.001) 
(Figure 4). At low and high elevations, the ratio of non-natives 
in natural to roadside habitats was approximately 0.6.

4   |   Discussion

4.1   |   Lack of Biotic Resistance in High-Elevation 
Communities

With increasing variability in climatic factors as well as human 
disturbances, early monitoring of non-native species in alpine 
communities is vital to their long-term stability. In this global-
scale study, we found that native diversity does not per se prevent 
the establishment of non-native species in high-elevation habi-
tats, including in the alpine zone. Rather, we present evidence 

FIGURE 2    |    Non-native species richness (A), native species richness (B), native Shannon's diversity (C), and native Rao's Q (D) by elevation and 
habitat type at the global scale. For native (B) and non-native species richness (A), generalized linear mixed-effects models with a Poisson distribu-
tion were fit. Fixed effects included scaled elevation and habitat type and random effects included sample site nested in road, then nested in region. 
For both models, quadratic elevation provided a better fit over linear based on likelihood ratio tests (native richness: χ2 = 20.10, p < 0.001; non-native 
richness: χ2 = 66.37, p < 0.001). See Table S4 for complete statistical results. For native Rao's Q (D) and native Shannon's diversity (C), linear mixed-
effects models were fit with elevation and habitat type as fixed effects and sample site nested in road then nested in region as random effects. For na-
tive Rao's Q, linear elevation provided a better fit than quadratic using a likelihood ratio test (χ2 = 3.26, p > 0.05) while, for native Shannon's diversity, 
quadratic elevation fit best (χ2 = 13.668, p < 0.01). See Table S5 for complete statistical results.
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for the opposite case. Across regions, non-native species rich-
ness in (semi-)natural habitats was higher in more functionally 
diverse native communities, potentially signaling facilitation. 
This result goes in line with our second hypothesis assuming 
positive interactions at high elevations to support the establish-
ment of non-native species. A higher native diversity can offer 
more possibilities for positive interactions, which are assumed 
to prevail under the harsh conditions present especially in the 
alpine zone and can help facilitate the establishment of non-
native species (Cavieres 2021). This interpretation is supported 
by previous studies that demonstrate the ability of native species 
to create pockets of favorable microclimates, that is, nurse plant 
effects, which benefit non-native species in these harsh environ-
ments (Anthelme et al. 2012; Badano et al. 2007; Cavieres and 
Badano 2009). The increase in non-native species richness with 
higher native functional diversity may also suggest that commu-
nities with more diverse resource acquisition and growth strat-
egies may provide more opportunities for non-native species to 
find such positive interactions. This facilitation may be more 
likely to be found in natural habitats, as they are often more 
vegetation dense, promoting close interaction among native and 
non-native species.

Surprisingly, and in contrast to the observed impact of na-
tive functional diversity, non-native species richness in high-
elevation (semi-)natural communities was not significantly 
influenced by the number of native species. However, just over 
a third of regions showed a positive association between non-
native species richness and native species richness, partially 
supporting our hypothesis about the role of facilitative interac-
tions for non-native species establishment at high elevations in 
mountain regions (Duarte et al. 2021; O'Brien et al. 2019).

FIGURE 3    |    Relationship of non-native species richness to native 
species richness (A) and native Rao's Q (B) by elevation and habitat 
type at the global scale. The y-axis represents the coefficient of the 
relationship between non-native species richness and native diver-
sity (species richness (A) and Rao's Q (B)), not the response variable. 
Positive relationships between non-native species richness and native 
diversity are above the gray dashed line and negative slopes are be-
low. Line and ribbon colors indicate whether the community was in 
roadside (orange) habitats or natural (blue) habitats. Ribbons repre-
sent standard error. Coefficients of the non-native to native diversity 
relationships were extracted from the models with non-native species 
richness as response and native diversity (native richness: NR, na-
tive Rao's Q: FD), elevation (E or E(2) for the quadratic term), habi-
tat type (HT), and their interactions as explanatory variables. At the 
global scale, the quadratic term for elevation provided a better fit than 
linear elevation for both models using a likelihood ratio test (native 
richness: χ2 = 59.828, p < 0.001, native Rao's Q: χ2 = 75.246, p < 0.001). 
Abbreviations inside the panels refer to significant effects (p < 0.05) 
resulting from these models. Only significant effects including native 
diversity (NR/FD) are mentioned. For the complete statistical results, 
see Tables S6–S8.

FIGURE 4    |    Ratio of non-native species found in natural habitats 
compared to roadside habitats by scaled elevation. The quadratic term 
for elevation was a better fit than linear elevation using a likelihood ratio 
test (χ2 = 19.22, p < 0.001). Ribbons represent 95% confidence intervals.
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Interestingly, our findings for high-elevation (semi-)natural 
habitats did not align with the observed patterns for disturbed 
roadside habitats. While we recorded more non-native species in 
roadside communities with more native species, pointing again 
to facilitative interactions supporting non-native species' estab-
lishment, native functional diversity did not impact the num-
ber of non-native species in high-elevation roadside habitats. 
These diverging results, in combination with varying regional 
patterns, suggest that different scenarios of native diversity and 
environmental factors drive the establishment of non-native 
species in roadside habitats compared to semi-natural or natu-
ral habitats at high elevations and in the alpine zone. In the case 
of increasing non-native species richness with increasing native 
species richness, especially in regions where roads reach far into 
the alpine zone with harsh conditions (e.g., up to 4000 m a.s.l. in 
the Central Chilean and the Central Argentinian Andes where 
the treeline is at ca. 2200 m a.s.l.), higher native species richness 
can provide more opportunities for positive interactions. These 
results signal that communities at higher elevations, and even in 
alpine habitats, are not as protected from non-native species in-
vasion as previously expected, and should be closely monitored 
for potential newly arriving species.

4.2   |   Habitat-Dependent Interactions in the Lower 
Half of the Elevation Gradient

In the lower part of the elevation gradient, the observed relation-
ship between non-native species richness and native diversity 
also depended on both the habitat type considered and the na-
tive diversity metric used. In low-elevation semi-natural habi-
tats, we expected to find the strongest signals of biotic resistance 
(Hypotheses 1 and 3). This was confirmed by finding fewer non-
native species in communities with high native functional diver-
sity (H1), and by not finding native functional diversity to result 
in any type of biotic interaction impacting non-native species es-
tablishment in roadside habitats (H3). In an experimental study, 
Conti et al. (2018) found that native communities resisted invad-
ers with functionally similar traits. This suggests that at larger 
scales, communities with high functional diversity may be more 
likely to repel a wide variety of non-native species (Delavaux 
et al. 2023), thus decreasing their overall establishment.

A potential limitation of our study is that our one-time assess-
ment does not allow us to exclude the case that non-native in-
vasion has already led to a decline in native species diversity 
and community recomposition (Hejda et  al.  2009; Kuebbing 
and Nuñez 2016). In this case, a greater number of non-native 
species would not result from the lack of biotic resistance in a 
low-diversity native community, but rather the functionally 
poor native community would be the consequence of non-native 
species' establishment. However, for example, we found that na-
tive species richness did not decline over time despite non-native 
species invasions in a previous study in Tenerife (Teide) (Buhaly 
et  al.  2025). Future studies using temporal data may help de-
termine how community recomposition following invasion af-
fects the relationships between non-native and native species 
richness.

Interestingly, we found the opposite response for non-native 
species richness in the lower part of the elevation gradient when 

using the number of native species as an indicator of native diver-
sity. More non-native species were found in communities with 
high native species richness, both in roadside and (semi-)natural 
habitats. We can speculate that in these low-elevation habitats, 
greater structural complexity including forests with multiple 
vegetation layers of herbs, shrubs, and trees can lead to an in-
creased habitat heterogeneity (Camacho et al. 2025), which can 
benefit both native and non-native species, possibly leading to 
increased species richness for both species groups. A species-
rich native plant community can be a reflection of numerous 
ecological niches, also accommodating both native and non-
native species.

An additional explanation for the unexpected positive correlation 
between non-native and native species richness is that distur-
bance might be relatively intense in lower-elevation areas (Elsen 
et  al.  2020; Marini et  al.  2009; Pauchard and Alaback  2004). 
These communities may include additional microsites and dis-
turbance heterogeneity due to their proximity to human-induced 
disturbances, further increasing possible niche space (Berli 
et  al.  2003; Lee and Power 2013). In cases of frequent mowing 
and use of herbicides, the competition among species may be sub-
stantially reduced. Both non-native and native species have been 
found to recolonize highly disturbed habitats (Chiuffo et al. 2018; 
Everingham et al. 2019; Jauni et al. 2015), which suggests the po-
tential for simultaneous growth in disturbed environments. Our 
results underscore the role of disturbance and resource availabil-
ity as dominant drivers of non-native species richness in these 
environments (Chiuffo et al. 2018).

Overall, our findings provide limited support for our first hy-
pothesis, assuming biotic resistance in lowland habitats. We 
also found only partial support for Hypothesis 3, with natural 
habitats exhibiting stronger relationships between non-native 
species richness and native functional diversity; however, this 
was not apparent when examining native species richness. The 
strong relationships between non-native species richness and 
native species richness along disturbed roadsides may be driven 
more by mechanistic causes such as habitat heterogeneity as op-
posed to stronger interactive effects. This potential for diverg-
ing responses highlights the need to address abiotic factors and 
under which conditions they may play a role in the relationship 
between native species diversity and invasion by non-native 
species.

4.3   |   Moving Beyond Species Richness

The expansion of the biotic resistance hypothesis to include 
more than species richness is important, as functional di-
versity seems to be a relevant measure in this context (Conti 
et al. 2018; Díaz et al. 2022; Grace et al. 2017; Li et al. 2022). 
Functionally diverse communities can make more complete 
use of available resources through a higher degree of niche 
complementarity among species (Godoy et  al.  2020). Since 
functional diversity incorporates the real differences between 
individuals while ignoring species with similar traits, relying 
solely on taxonomic measures may overlook important mech-
anisms of biotic resistance, as it does not capture the resource-
use efficiency and complementarity which functional diversity 
reflects. Since we found diverging responses depending on 
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how native diversity was assessed, we suggest that hypoth-
eses should carefully consider the diversity metric tested. 
Then, elevation (degree of environmental harshness) can also 
be considered to distinguish potentially different responses 
of low and high-elevation communities. As meta-analyses 
such as Jeschke and Heger (2018) found only partial support 
for the biotic resistance hypothesis, and alpine communities 
are at higher risk of habitat reduction and endemic species 
loss (Dirnböck et  al.  2011; Wershow and DeChaine  2018), it 
is important to determine more specific drivers of potential 
resistance and consider multiple metrics of diversity to help 
manage alpine communities in the face of climate change.

4.4   |   Percolation Into Natural Habitats

We hypothesized that the ratio of non-native species between 
natural and roadside habitats would be higher at high eleva-
tions and in alpine areas due to the anticipated transition from 
competition to facilitation along the elevation gradient, and 
thus a higher likelihood that non-native species moved from 
roadsides into the adjacent (semi-)natural vegetation. We found 
that this ratio was relatively similar at high and low elevations, 
but at both ends of the elevation gradient the ratio was higher 
than at mid elevations, thus only partly confirming our expec-
tations (Hypothesis 4). This high ratio at both low and high 
elevations is likely the result of two scenarios. Low elevations 
are the most common site for the introduction of non-native 
species and generally have the highest non-native species rich-
ness (Alexander et al. 2016; Q. Guo et al. 2018). This suggests 
that there is a larger pool of species to invade natural habitats 
from the roadside. However, the high ratio of non-native species 
between natural and roadside habitats at high elevations high-
lights that once non-native species reach high elevations and the 
alpine zone, having used roads as dispersal corridors, they can 
more easily spread into adjacent natural vegetation. This may 
also reflect species with specific functional traits that allow 
them to both shift along mountain roads, as well as into natural 
habitats (McDougall et al. 2018). This percolation into natural 
habitats occurs in conjunction with facilitative effects conferred 
by native functional diversity, suggesting that establishment 
in these new habitats may be aided by resident native species. 
This emphasizes the role of roads as key dispersal pathways for 
non-native plant invasions, particularly in high-elevation alpine 
environments, where their presence does not limit the spread of 
non-native species into surrounding vegetation.

4.5   |   Conclusions

Our findings indicate a lack of biotic resistance at the upper end 
of elevation gradients reaching up to the alpine zone. Rather, 
we observed positive effects of native diversity on the number 
of established non-native species, signaling facilitation effects. 
While we observed some evidence of biotic resistance conferred 
by functional diversity in natural habitats at lower elevations, 
the high ratio of non-native species in natural to disturbed road-
side habitats indicates that, once established, many non-natives 
can spread into adjacent more natural vegetation. Though high-
elevation habitats, especially alpine zones, are not currently 
heavily invaded by non-native species (Alexander et  al.  2011; 

McDougall et al. 2011), future environmental changes, including 
a rising number of propagules through increased traffic and cli-
mate warming, are likely to increase the risk of plant invasions 
into alpine habitats (Carboni et al. 2018; Pauchard et al. 2016; 
Petitpierre et al. 2016; Rew et al. 2020).

Our study results highlight the importance of monitoring and 
managing roads as key pathways for non-native species intro-
ductions into high-elevation ecosystems. Proactive measures to 
reduce propagule pressure, such as avoiding planting non-native 
species in highly disturbed sites or monitoring seed dispersal on 
vehicles, and mitigation of the effects of climate change are es-
sential in preventing the spread of invasive species in especially 
vulnerable alpine environments.
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