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Abstract

1. The preadaptation hypothesis proposed by Darwin states that non-native spe-

cies phylogenetically close to natives may be successful in the introduced area,
as closely related species may exhibit similar adaptations to the environment. In
support of this hypothesis, both resident and non-native plant species have been
described as sharing conservative functional traits when subject to habitat fil-
tering, including low leaf area and specific leaf area (SLA). The central Chilean
Andes, influenced by a Mediterranean-type climate, show opposite elevational
gradients of water availability and temperature. In this mountain region, low-
elevation drought and high-elevation cold temperatures may promote a conserv-
ative growth strategy in coexisting native and non-native plant species, thereby
reducing the phylogenetic and functional distances between these two species
groups. Here, we tested this hypothesis by studying the phylogenetic and func-
tional similarity between co-occurring native and non-native plant species along

a wide elevational gradient.

. We measured six leaf functional traits in native (N=91) and non-native (N=26)

plant species from roadside habitats at six elevations (from 1200 to 3600 ma.s.l.)
in the central Chilean Andes. The traits comprised leaf area, SLA, leaf dry mat-
ter content, leaf thickness, and leaf nitrogen and chlorophyll contents. The mean
functional and phylogenetic distances of focal non-native species relative to the
native species in the community were calculated.

. Contrary to our predictions, we found no significant effect of elevation on the

functional and phylogenetic distances between native and non-native plant

species.

. Native species showed reduced SLA in habitats under drought conditions and

smaller leaves above the tree line. In contrast, non-native species exhibited high
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1 | INTRODUCTION

One of the major goals for invasion ecology is to reveal the factors
underpinning the success of non-native species in the introduced
range (Le Roux, 2021; Richardson, 2011). Invasion success of non-
native plants could be affected by a myriad of factors such as en-
vironmental filters, propagule pressure and the properties of the
recipient community, including native species richness and the pres-
ence of natural enemies (Gioria et al., 2023; Naeem et al., 2000).
Intrinsic factors, including an elevated fecundity (Richardson &
Rejmanek, 2004) and the capacity to change plant functional traits
(i.e. morpho-physio-phenological traits that impact fitness) across
different habitats (Hakim et al., 2023; Leishman et al., 2014; Rathee
et al., 2021), may also determine that some non-native plant species
become invasive.

The phylogenetic relatedness of non-native species to the native
species of a given community, a proxy for niche overlap and trait
similarity (based on the integrated phenotype) (Yannelli et al., 2017),
has been described as a key determinant of the success of the non-
native species (Ricotta et al., 2010). In this regard, two alternative
hypotheses known as Darwin's Naturalization Conundrum have
been proposed to explain the successful establishment and spread
of non-native species in the introduced range (Darwin, 1859; Diez
et al., 2008; Thuiller et al., 2010). The preadaptation hypothesis
states that non-native species phylogenetically close to natives
would succeed in the introduced area, as closely related species
may show similar adaptations to the environment (Darwin, 1859).
In contrast, Darwin's naturalization hypothesis suggests that non-
native species that are phylogenetically dissimilar to native species
can establish successfully in a new region due to niche differentia-
tion between distantly related species, which in turn may decrease
competition during the invasion process (Cadotte et al., 2018;
Daehler, 2001).

In plants, empirical support for both Darwin's naturaliza-
tion and preadaptation hypotheses has been reported (Duncan
& Williams, 2002; Loiola et al.,, 2018; Ordonez, 2014; Strauss
et al., 2006; Thuiller et al., 2010). Naturalized non-native plant spe-
cies have been documented to be more phylogenetically closely

leaf area values along the entire elevational gradient and high SLA in habitats af-
fected by summer drought.

5. Synthesis. Our study provides novel evidence of the phylogenetic relatedness and
functional differentiation between native and non-native plant species in habitats
influenced by summer drought or low-temperature stress in the central Chilean
Andes. In these harsh environments, the acquisitive leaf traits found in non-native
species suggest that the growth strategy of these species could be affected by

disturbance and/or the modification of the environment by nurse plants.

alpine plants, central Chilean Andes, elevational gradient, leaf functional traits, non-native
species, phylogenetic similarity, summer drought

related to native species in high-latitude regions than at lower lat-
itudes (Fan et al., 2023), highlighting the role of preadaptation in
harsher climates including cold or arid regions.

Given the connection between phylogenetic and trait similarity,
Darwin's naturalization hypothesis is supported by the functional
divergence between native and non-native plant species reported
in several studies (e.g. Funk et al., 2016; Henn et al., 2019; Ordonez
et al., 2010; Petruzzellis et al., 2021). As each resource-use strat-
egy (i.e. acquisitive or conservative) is associated with a particular
set of plant functional traits (Diaz et al., 2016; Reich, 2014; Wright
et al., 2004), the functional differentiation between native and non-
native plant species may permit the non-native species to exploit
niches that are different from those of the native species (Lambdon
et al,, 2008). For instance, non-native species in high-resource
ecosystems or disturbed habitats tend to display functional traits
related to high rates of resource acquisition and rapid growth, in-
cluding higher specific leaf area (SLA), leaf nitrogen per unit mass
and leaf phosphorus per unit mass compared with native plants
(Leishman et al., 2007). Conversely, and in line with the preadapta-
tion hypothesis, a conservative growth strategy can be promoted in
both non-native and resident plant species by habitat filtering (e.g.
cold temperatures, decreased water availability), which in turn may
account for functional trait convergence between the two species
groups (e.g. Dainese & Bragazza, 2012; El-Barougy et al., 2020;
Grime, 2006; Gross et al., 2013). For example, conservative func-
tional traits linked to drought resistance, such as low leaf area
values, have been reported in herbaceous native and non-native
species in arid ecosystems (Tecco et al., 2010). Similarly, reductions
in SLA have been found in invasive and native tree species under
controlled drought conditions (Schumacher et al., 2008). Both na-
tive and invasive species have also been shown to exhibit a simi-
lar increase in water-use efficiency under low water availability
(Drenovsky et al., 2012).

Despite empirical evidence of the functional or phyloge-
netic similarity between native and non-native plant species, the
joint impacts of species' phylogenetic relatedness (i.e. phyloge-
netic distances) and functional traits on the success of non-native
plants have been less frequently studied (e.g. Loiola et al., 2018;
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Ordonez, 2014; Pinto-Ledezma et al., 2020). In a research synthesis
study, Ordonez (2014) reported that non-native plant species were
phylogenetically similar, but functionally dissimilar to the incumbent
native community. Similarly, Pinto-Ledezma et al. (2020) found that
co-occurring native and non-native plant species were phylogeneti-
cally closely related, except at the ends of a fire-frequency gradient.
This study also showed that the two species groups were function-
ally similar in communities subject to high fire frequency, thereby
emphasizing the influence of the environmental context on the func-
tional and phylogenetic aspects of the relationship between native
and non-native plant species.

High-elevation habitats, such as those found above the natural
tree line (i.e. alpine habitats), are characterized by low tempera-
tures, high solar irradiance, unstable substrates and short grow-
ing seasons (Korner, 2007, 2021). In these habitats, native plant
species mostly show conservative functional traits, including low
leaf area and SLA, and greater leaf thickness and leaf dry mat-
ter content (LDMC), in response to the environmental harshness
(Cruz-Maldonado et al., 2021; Jin et al., 2024; Ke et al., 2022;
Kérner et al., 1986). Although the harsh environmental condi-
tions that characterize high-elevation areas were thought to con-
strain plant invasions (Pauchard et al., 2009), some non-native
plants have been demonstrated to establish successfully in these
environments in mountains around the world (e.g. Alexander
et al., 2011; McDougall et al., 2011; Pauchard et al., 2009; Yang
et al., 2018), leading to a homogenization of plant communities
along elevational gradients (Haider et al., 2018). The successful
establishment of non-native plants in high-elevation ecosystems
may be favoured by the development of functional traits that
promote a conservative growth strategy (Alexander et al., 2009;
Haider et al., 2012) or preadaptations to these extreme environ-
ments (Daehler, 2005), thus supporting the preadaptation hypoth-
esis. However, in these habitats, some non-native plant species
showing functional traits that differ from those of native plants
(Darwin's naturalization hypothesis) can be present (e.g. Ahmad
et al., 2023; Dolezal et al., 2019). This might be related to micro-
environmental changes driven by anthropogenic disturbances
(Lembrechts et al., 2016; Marini et al., 2012) and/or facilitation
by native nurse plants (Badano et al., 2007; Cavieres et al., 2005).

Mountains in Mediterranean-type climate zones such as the
Andes of central Chile have opposite elevational gradients of water
availability and temperature, with summer drought exerting a strong
influence at low elevations, while alpine habitats are affected by
low-temperature stress (Cavieres et al., 2006; Schéb et al., 2013). In
central Chile, habitats below the tree line are dominated by sclero-
phyllous species (Armesto et al., 2007), highlighting the role of
summer drought on plant community structure, as species with a
high degree of sclerophylly can exhibit mechanisms of drought re-
sistance (Lo Gullo & Salleo, 1988). Despite the stressful environmen-
tal conditions described for the central Chilean Andes, non-native
plant species have been found in this mountainous area, especially
along roadsides (Alexander et al., 2011; Haider et al., 2018; Tellier
et al., 2011), where the number of non-native species has been
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shown to be higher (Haider et al.,, 2018). Some of these species
have been classified as invasive, including Cerastium arvense and
Taraxacum officinale (Badano et al., 2007). Thus, the Andes of cen-
tral Chile provides the opportunity to examine the impacts of steep
environmental gradients of temperature and soil water availability
(1200-3600m) on both the functional and phylogenetic similar-
ity between native and non-native species. However, to date, only
a few studies have assessed the effects of elevational gradients
in the central Chilean Andes on leaf functional traits, the surveys
being mostly focused on the responses of native species occurring
in alpine habitats (Lopez-Angulo et al., 2018; Schroeder et al., 2024;
Segui et al., 2018).

Here, we evaluated the functional and phylogenetic similarity
between coexisting native and non-native species in roadside habi-
tats along a wide elevational gradient (from 1200 to 3600ma.s.l.) in
the central Chilean Andes. Furthermore, we analysed the variation in
individual leaf traits in the two species groups along the elevational
gradient as well as trait covariation. Based on the above context, we
tested the following hypotheses:

H1. If low-elevation drought and high-elevation cold
temperatures (above the tree line) in the Andes of
central Chile promote a conservative resource-use
strategy in co-occurring native and non-native plant
species, both the phylogenetic and the functional dis-
tances between the two species groups are expected
to be reduced under these harsh environmental con-
ditions (Figure 1). These assumptions are in accor-
dance with the preadaptation hypothesis.
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FIGURE 1 Expectations for changes in functional and
phylogenetic distances of non-native plant species relative to
native species along an elevational gradient. These distances are
predicted to be reduced in low-elevation areas subject to drought
and in alpine habitats subject to cold temperatures (preadaptation
hypothesis). For both native and non-native species, we expected
conservative functional traits in these harsh environments.

85U8017 SUOWILLOD BAITea.D 3[dealidde 8y} A peusenob afe Safoie YO ‘88N JO S8|nJ 1o} Akeiq1 8UlUO A8]IM UO (SUOTIPUOD-pUB-SWSI W00 A8 | ImAIq Ul |Uo//Sdny) SUORIPUOD pue swLe | 8 88S *[6202/20/80] U0 AreiqiauljuO A1 ‘UoiodeoucD 8@ pepsBAIUN AQ 6800L'St22-G9ET/TTTT OT/I0p/L0o A3 1M Akeiq 1 pulUO'S euINo Baq//Sdny WOy papeojumod ‘0 ‘Gr.2S9ET



ANIC ET AL.

4 BRIISH
Egﬁg}ggm Journal of Ecology

H2. Conservative functional traits including low leaf
area and SLA, and increased LDMC and leaf thick-
ness, are predicted to be found in both native and
non-native plant species from alpine habitats and
low-elevation Andean areas subject to drought, thus
accounting for functional trait convergence (Figure 1).

2 | METHODS
2.1 | Studyarea

Sampling was conducted in roadside habitats at elevations of 1200,
1600, 2100, 2400, 3100 and 3600ma.s.l. in the central Chilean
Andes (Figure S1). In this mountain region, roadside habitats exhibit
a higher number of non-native plant species compared to habitats
away from roads (Haider et al., 2018). Leaf collection was conducted
during the peak of the growing season (i.e. most individuals flower-
ing) of each of the six elevational zones to ease plant identification.
At the tree line and in alpine habitats, leaves were collected during
the growing season of November 2019-March 2020, while leaf sam-
pling at elevations below the tree line occurred in September 2020.
No permits were required for fieldwork.

Central Chile has a Mediterranean-type climate, with sum-
mer drought mostly influencing low-elevation sites (di Castri &
Hajek, 1976). Accordingly, in central Chile, Andean ecosystems at
1600ma.s.l. are characterized by lower soil water contents com-
pared with those described for higher elevations (3600ma.s.l.)
(Reyes-Bahamonde et al., 2022).

The closest climate station to the lowest study site
(1200ma.s.l.) is San José Guayacan (928 ma.s.l.) where the mean
annual precipitation was 195.5 mm between 2018 and 2020, while
the growing season's mean temperature was 20.9°C in 2020, with
minimum and maximum temperatures of 15.1 and 24.3°C, respec-
tively (source: Chile's national weather service). In central Chile, at
1600ma.s.l., the historical mean annual precipitation is 445mm,
falling predominantly as rain during the winter months (Santibanez
& Uribe, 1990). At this elevation, the mean temperature at the end
of the growing season was 13.1°C in 2011, ranging from 10.6 to
22.5°C (Hernandez-Fuentes et al., 2015). In the high Andean zone
of central Chile, at 3600 ma.s.l., the historical mean annual precip-
itation has been described to be 943 mm, falling mainly as snow in
winter, with occasional hail or snowfall in summer (Santibafez &
Uribe, 1990). At this elevation, the mean temperature at the end
of the growing season was 8.2°C in 2011, with minimum and max-
imum temperatures of -1.0 and 20.1°C, respectively (Hernandez-
Fuentes et al., 2015).

Along the elevational gradient, different vegetation types
were recorded, including Mediterranean sclerophyllous scrub at
1200m, where native woody species such as Quillaja saponaria and
Kageneckia oblonga are abundant, montane sclerophyllous woodland
dominated by K. angustifolia at 1600m (Arroyo et al., 2002), and al-
pine vegetation above the tree line (2100-2200m), dominated by

prostrate shrubs between 2100 and 2600m, and by cushion and ro-
sette plants from 2600 to 3600m (Cavieres et al., 2000).

2.2 | Functional trait measurements

At each elevation, we established a single plot of 50 x 2 m, which was
adjacent to the road. All the vascular plant species occurring in these
plots were recorded. For trait measurements, only the plant species
present in the plots were considered. For some of these species,
there were not enough individuals in the sample plots, due to which
a greater area (proximate to the road) was sampled per elevation
(Figure S1) to obtain sufficient leaf samples for all the study species
(Table S1). Species' biogeographic origin was determined according
to Tellier et al. (2011).

We measured on native and non-native species the following func-
tional traits: leaf area, SLA, LDMC, leaf thickness and the contents of
leaf nitrogen and chlorophyll. For most of the plant species found at
each elevation, 8-10 mature individuals were randomly chosen for leaf
collection. For species that were less frequent in the study area, five
or six individuals were selected. For each plant, one fully expanded
and mature leaf was randomly chosen. Additional leaves were sampled
from individuals of species with small and light leaves to obtain suffi-
cient leaf biomass for the determination of SLA and LDMC. The leaves
were cut and immediately wrapped in a moist paper towel and placed
inindividual sealed aluminium foil paper bags. The samples were stored
in a portable cooler until processing. Following the protocol described
by Pérez-Harguindeguy et al. (2016), within 24 h after leaf sampling,
leaf thickness, leaf fresh mass, leaf area and chlorophyll content were
determined. Leaf thickness and chlorophyll content were measured on
leaves of five or six individuals per species and elevation. Chlorophyll
content was determined using a portable chlorophyll content meter
(CCM-300, Opti-Sciences). The fresh mass (g) of the selected leaves
(excluding petioles) was measured with an electronic microbalance
(weight uncertainty +1pg). A digital calliper was used for measuring
the thickness of each leaf blade (mm). Next, the leaves were flattened
and scanned with a flatbed scanner. The ImageJ software was used for
measuring leaf area. Subsequently, the leaves were oven-dried for 72h
at 60°C, and the final dry mass (g) was measured with an electronic
microbalance. For the determination of leaf nitrogen content (% of dry
weight), leaf samples of four individuals per study species were dried in
silica gel and transported to the laboratory of biogeochemical analysis
at the Pontificia Universidad Catdlica, Chile. LDMC was calculated as
the ratio of dry weight to fresh weight, while SLA was determined by
dividing leaf area by leaf dry weight. Plant height was also measured,
from the stem base to the upper boundary of the main photosynthetic
tissues (excluding inflorescences).

2.3 | Functional and phylogenetic distances

To assess the functional and phylogenetic similarity of non-native
plant species relative to the native communities along the elevational
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gradient, we calculated the functional and phylogenetic distances
between the two species groups.

A phylogenetic tree including 116 angiosperm species recorded
along the elevational gradient (Figure S2) was built with the phylo.
maker function of the R package ‘V.PhyloMaker’ (Jin & Qian, 2019).
The time-calibrated megaphylogeny for vascular plants ‘GBOTB.
extended.tre’, which includes 74,533 species, was used as a back-
bone (Jin & Qian, 2019). One of the study species (Adesmia mu-
cronata; Table S1) was absent from the mega-tree. As a result, this
species was only considered for the functional similarity analysis
(see description below). To generate the phylogeny, we used the
scenario in which missing genera or species were joined to the half-
way point of the family/genus branch (Scenario 3). An interspecific
phylogenetic distance matrix was obtained with the cophenetic
function in the picante package for R (Kembel et al., 2010). For
each elevation, the phylogenetic distances from some of the non-
native species to most of the native species were equal (Figure S4).
Due to this, we considered a focal-species approach, which enables
evaluating the phylogenetic relatedness of each non-native species
to the native species in a community (Pinto-Ledezma et al., 2020).
Thus, for each elevation, the mean phylogenetic distances of focal
non-native species relative to the native species were calculated
(MPD focal). These phylogenetic distances were obtained for all
the non-native species recorded.

Based on a matrix of the six leaf traits measured in our study
species, a functional distance matrix was constructed using
Euclidean distances. Prior to calculating the functional distances,
the leaf traits were scaled to zero mean and unit variance. Using
the functional distance matrix as input, we calculated the mean
functional distance between each non-native plant species
and all native species it co-occurs (MFD focal), as proposed by
Ordonez (2014).

2.4 | Phylogenetic signal

To determine whether the morphological leaf traits and chlorophyll
content were influenced by phylogeny, we tested for a phyloge-
netic signal in these traits. Phylogenetic signal was not evaluated
for leaf nitrogen content as this trait may be greatly affected by
soil nutrient availability. For each trait, we estimated Blomberg's
K and Pagel's 4 (Pagel, 1994), using the function phylosig (package
phytools; Revell, 2012) and the phylogenetic tree for 116 study
species described above. Mean trait values for each species were
used (considering samples from all the elevations where the spe-

cies were present).
2.5 | Statistical analyses
We performed generalized linear models (GLMs) and likelihood-

ratio tests to evaluate the effect of elevation on the mean phylo-
genetic and functional distances between native and non-native
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species. Elevation was considered a categorical factor (four levels:
1200, 1600, 2100 and 2400 ma.s.l.). For GLMs, Gamma error struc-
ture and log link function were used. Due to the small number of
non-native species recorded above 3000m (N=2), the phyloge-
netic and functional distances calculated for these two focal spe-
cies were not included in the GLMs. The models were conducted
using the R stats package and checked for over-dispersion by in-
specting both residual deviance and residual degrees of freedom.
Homogeneity of variance was checked visually using plots of
standardized residuals versus fitted values.

The effects of elevation and biogeographic origin of species
(native or non-native) on five leaf traits were analysed using linear
mixed-effects models (LMMs). We performed a negative binomial
generalized linear mixed model (GLMM) to examine the effect of the
two predictors on chlorophyll content. In the mixed models, spe-
cies identity was included as a random effect. Most of the response
variables were log-transformed to reduce deviation from normality.
Model quality was assessed by Akaike information criterion (AIC)
values. To do so, models consisting of full combinations of fixed fac-
tors and interaction terms were tested, and significance values are
reported here for the best model for each trait (Table 2). Normality
of residuals was checked visually through histograms of normalized
residuals, and by conducting Shapiro-Wilk normality tests. The re-
siduals versus fitted values were plotted in order to check for ho-
moscedasticity. The variance explained by the full model (conditional
R?) was calculated using the R package ‘MuMIN’ (Barton, 2023). p-
values were obtained from F-statistics of type Ill sum of squares
with the Satterthwaite approximation to estimate the denominator
degrees of freedom. For the GLMM, a likelihood ratio test was used
to calculate p-value. The linear mixed models and the GLMM were
carried out using the R package ‘Ime4’ (Bates et al., 2015). Multiple
comparisons were performed using Tukey's post hoc tests in the R
package ‘emmeans’ (Lenth, 2022).

We conducted a principal component analysis (PCA) on the
dataset of six leaf functional traits to identify major axes of trait co-
variation and determine the trait spaces for native and non-native
species. Mean trait values for each species and elevation were
considered. The traits were scaled to zero mean and unit variance.
Randomization tests with the ‘rank-of-roots’ statistic (percent-
age of explained variance) were used to select significant PC axes
(Camargo, 2022). All permutation-based statistical tests (1000 ran-
dom permutations) were performed using the R package ‘PCAtest’
(Camargo, 2022). All analyses were conducted in the R statistical
software (v. 4.2.1; R Core Team, 2022).

3 | RESULTS

A total of 117 plant species were identified in roadside habitats
along the elevational gradient (91 natives and 26 non-natives).
Asteraceae (N=27 species) and Poaceae (N=13 species) were the
most represented families (Table S1). Below the tree line, at 1200
and 1600 m, native species included perennial herbs (N=7 species),
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annual herbs (N=14), shrubs (N= 6 species) and two tree species. In
contrast, most of the non-native species below the tree line were
annual herbs (N=15), with only two perennial herbs recorded in
this species group (Figure S3). At higher elevational sites (3100 and
3600m), most of the native species were perennial herbs (N=22).
At these elevations, four native shrubs and four native annual herbs
were also found. Only two non-native species, the perennial herbs
Cerastium arvense and Taraxacum officinale, were present in the sam-

pling areas above 3000 m.

3.1 | Functional and phylogenetic similarity
between native and non-native species

The mean phylogenetic and functional distances between native
and non-native plant species did not vary significantly along the ele-
vational gradient (from 1200 to 2400 m; Figure 2; Table 1; Table S2).
Above 3000m, T. officinale (yellow circles; Figure 2a) was more phy-
logenetically related to the native communities than C. arvense (red
circles; Figure 2a). However, T. officinale was functionally divergent
from the native members of the high-elevation plant communi-
ties (yellow circles; Figure 2b), in contrast to C. arvense (red circles;
Figure 2b).

3.2 | Leaf trait variation along the elevational
gradient

For most of the functional traits considered in our study, non-
native plant species showed responses to elevation that differed

1200 1600 2100 2400 3100 3600
Elevation (m)

TABLE 1 Likelihood ratio test comparing main-effect model with
intercept-only model. Mean phylogenetic and functional distances
between native and non-native plant species were modelled as a
function of elevation site (1200, 1600, 2100 and 2400ma.s.l.) using
generalized linear models.

Resid.

Model deviance LR-test statistic df p

Mean phylogenetic distance®

Null 0.219

Elevation 0.229 1.728 3 0.631
Mean functional distance?

Null 3.050

Elevation 3.316 3.028 3 0.387

Abbreviation: df, degrees of freedom; LR, Likelihood ratio.
3Gamma error structure (link=log).

from those of native species (Figures 3 and 4). On average, the
non-native species were characterized by acquisitive leaf traits. For
instance, along most of the elevational gradient (including habitats
above the tree line), the non-native species exhibited greater leaf
area than the native species (Figure 3; Table 2; Table S3). At half
of the elevations studied, the non-native species also had higher
mean SLA values compared with those of native species (Figure 3;
Table 2; Table S3). Habitats above the tree line were also charac-
terized by the presence of non-native species with lower LDMC
(Figure 3) and higher leaf nitrogen per unit mass (Figure 4; Table 2;
Table S3) in comparison with native species. However, chlorophyll
content (Figure 4; Table S3) and leaf thickness (Figure 3; Table 2)
did not vary between the species groups along the elevational
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FIGURE 3 Variation in leaf morpho-anatomical traits of native (blue circles) and non-native (red circles) species along an elevational
gradient. Mean values (+SEM) are shown. For linear mixed-effects models, the traits were log-transformed. LDMC, leaf dry matter content;
SLA, specific leaf area. For each elevation, statistically significant differences between means for native and non-native species at *p <0.05
and **p <0.0001 are indicated (according to Tukey's post hoc tests; Table S3). For each species group, the mean values of a particular trait
with distinct letters differed significantly (Tukey's post hoc tests; p <0.05).

gradient. Greater leaf thickness was recorded in both native and
non-native species in alpine habitats (Figure 3; Table 2).

For native species, leaf area decreased significantly from
2400m (above the tree line) to the upper elevational end (Figure 3;
Table 2). In contrast, for non-native species, the high mean val-
ues of leaf area obtained from the samples collected at the tree
line (2100m) did not differ from those of the leaves sampled
above 3000m (Figure 3; Table 2). For non-native species, SLA did
not vary between the lowest elevational limit and the tree line
(Figure 3; Table 2). However, for the two species groups, SLA in-
creased significantly in habitats above the tree line (Tukey's post
hoc tests, p<0.0001; Figure 3; Table 2). For all the traits measured
in our study (Figures 3 and 4), the random factor ‘species identity’
influenced the observed relationships (Table 2).

In the PCA including chlorophyll content, leaf area, LDMC, leaf
nitrogen content (% of dry weight), leaf thickness and SLA, the first
two axes accounted for 33.4% and 21.2% of the total variation
among species, respectively (Figure 5). According to randomization

tests, the first two PCs were significant (p <0.05).

The spread of the leaf samples along PC1 and PC2 indicates
that the variation in the functional traits of the study species was
mostly gradual along the elevational gradient (Figures 5 and 6).
Leaf nitrogen content (N), LDMC and SLA were the most import-
ant contributors to the first PC, while the second axis was mainly
associated with leaf thickness and chlorophyll content (Figure 5).
Below the tree line (2100m), the native species exhibited a gra-
dient of functional responses running from conservative (high
LDMC) to acquisitive (high N and leaf area), whereas the non-
native plant species mostly showed acquisitive leaf traits along
the elevational gradient (Figure 5). The native species from higher
elevations (2400-3600m) and some of the non-native species
occurring in alpine habitats had greater leaf thickness (Figure 5).
The non-native species studied here showed a smaller total trait
space compared with that of the native species (Figure 5a). The
trait spaces of the native species found at 1200m, 2400m and
above 3000 m were larger than those of the non-native species
occurring at these elevations, as indicated by the convex hull areas

per species groups (Figure 6).
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**p<0.0001 are indicated (according to Tukey's post hoc tests; Table S3). For each species group, the mean values of a particular trait with
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TABLE 2 Linear mixed models testing for the effects of elevation and biogeographic origin (native or non-native) on five leaf traits
(log-transformed).

Fixed effects

Elevation Biogeographic origin Elevation x B. origin
Traits df F p df F p df F p RE RZ
Leaf area® 1268.4 13.83 <0.001 130.0 31.23 <0.001 1268.4 16.48 <0.001 0.314 0.850
Leaf N? 547.5 8.69 <0.001 133.1 22.99 <0.001 547.5 885! <0.01 0.217 0.793
Leaf thickness® 910.2 15.66 <0.001 112.8 4.52 <0.05 0.189 0.859
LDMC? 1267.2 8.35 <0.001 125.8 6.70 <0.05 1267.2 6.68 <0.001 0.044 0.832
SLA® 1270.0 38.14 <0.001 125.4 25.61 <0.001 1270.0 22.15 <0.001 0.233 0.862
df s p
Chlorophyll content 11 140.52 <0.001 0.194 0.742

Note: F-values and p-values were obtained from type Il sum of squares with the Satterthwaite's method to estimate the denominator degrees of
freedom (df)?. For chlorophyll content, a generalized linear mixed model (GLMM) including the two predictor variables and the interaction term was
conducted (negative binomial error structure). For leaf thickness, the best-fit model (lowest Akaike information criterion) excluded the interaction
effect. Species identity was included in the models as a random factor. For each model, the marginal R? (variance explained by the fixed factors) and
the conditional R? (variance explained by the full model) are given. A likelihood ratio test was used to compare the GLMM for chlorophyll content
with an intercept-only model.

85U8017 SUOWILLOD BAITea.D 3[dealidde 8y} A peusenob afe Safoie YO ‘88N JO S8|nJ 1o} Akeiq1 8UlUO A8]IM UO (SUOTIPUOD-pUB-SWSI W00 A8 | ImAIq Ul |Uo//Sdny) SUORIPUOD pue swLe | 8 88S *[6202/20/80] U0 AreiqiauljuO A1 ‘UoiodeoucD 8@ pepsBAIUN AQ 6800L'St22-G9ET/TTTT OT/I0p/L0o A3 1M Akeiq 1 pulUO'S euINo Baq//Sdny WOy papeojumod ‘0 ‘Gr.2S9ET



ANIC ET AL.

FIGURE 5 Principal component <j
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3.3 | Phylogenetic signal

We did not find a phylogenetic signal for most of the functional traits
studied (lambda and K values close to zero; Table S4). Only LDMC
was subject to a significant phylogenetic signal (Table S4).

4 | DISCUSSION

Knowledge of the functional and phylogenetic similarity between
native and non-native plant species along environmental gradients is
central to understanding plant invasions (Divisek et al., 2018; Henn
et al., 2019; Ordonez, 2014; Qian & Sandel, 2017). We expected
reduced functional and phylogenetic distances between these two
groups of plants in low-elevation areas influenced by marked drought
and in alpine habitats in the Andes of central Chile. Therefore, these
assumptions were consistent with the preadaptation hypothesis (i.e.
non-native species closely related to natives would establish suc-
cessfully in a new region). However, contrary to our predictions, we
found no significant effect of elevation on the functional and phy-
logenetic distances between native and non-native plant species in
the central Chilean Andes, thereby suggesting that these distances
were unaffected by harsh environmental conditions in this moun-
tainous area. Thus, the preadaptation hypothesis, assessed by either
the functional or the phylogenetic similarity between two species
groups, would not be supported by our study. In contrast, no reduc-
tions in the phylogenetic distances between native and non-native
plant species in harsh Andean environments might be indicative of
phylogenetic dissimilarity between the two species groups in these
habitats, thus supporting Darwin's naturalization hypothesis.
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FIGURE 6 Convex hulls for native (blue colour) and non-native
(red colour) plant species occurring along an elevational gradient in
the Andes of central Chile. Six leaf functional traits of 117 species
were considered. N=161 observations.

In line with our findings, some studies have evidenced phyloge-
netic dissimilarity of non-native plant species to co-occurring natives
under stressful environmental conditions. For example, non-native
plant species less related to natives have been reported in some eco-
systems affected by summer drought (Strauss et al., 2006). Similarly,
in plant communities under drought conditions, the cover of the
invasive species Ageratina adenophora has been shown to be neg-
atively influenced by the invader-resident phylogenetic relatedness
(Wang et al., 2024).
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We predicted conservative functional traits in both native and
non-native plant species due to low-elevation drought and high-
elevation cold temperatures (alpine habitats) in the Andes of cen-
tral Chile. However, in opposition to our assumptions, increased leaf
thickness was the only conservative trait found in both native and
non-native species in harsh Andean environments (alpine habitats).
We recorded other conservative functional traits in native species
such as those that exhibited low leaf area values in high-elevation
habitats or a reduced SLA in low-elevation areas exposed to marked
summer drought, as described for other water-limited environments
(Pérez-Ramos et al., 2012). Conversely, along most of our elevational
gradient, the non-native species were characterized by greater val-
ues of leaf area compared with those reported in the native species,
even in alpine habitats. Additionally, the non-native species showed
higher SLA than the native species at half of the elevations consid-
ered in our study (including an alpine site and an area influenced by
drought). Above the tree line, the non-native species studied here
also presented higher leaf nitrogen content per unit mass (e.g. Kiihn
et al., 2021) and lower LDMC than the native species. All in all, the
leaf trait combinations that characterized the non-native plant spe-
cies along our elevational gradient suggest an acquisitive growth
strategy for these species, thus supporting the acquisitive leaf traits
described for non-native plants in research syntheses (e.g. Leishman
et al., 2007; Ordonez et al., 2010). Most of the leaf traits evaluated
in our study (except for LDMC) would have evolved independently
of any phylogenetic effects, as suggested by the lack of relationship
between the trait values and the phylogeny of the studied species.

The functional dissimilarity between native and non-native plant
species evidenced in Andean habitats of central Chile, including
those exposed to drought or low temperatures, may facilitate the
establishment and spread of non-native species in this mountain-
ous region by promoting niche differentiation between the two
species groups (Darwin's naturalization hypothesis), particularly in
roadside habitats, which might be subject to anthropogenic distur-
bances. Non-native species showing traits linked to rapid resource
acquisition in the roadside habitats studied could be favoured by a
promotive effect of disturbance on resource availability, as reported
in some disturbed habitats (e.g. Leishman et al., 2007). Alternatively,
in environmentally severe habitats in the central Chilean Andes,
the presence of non-native plant species functionally and/or phy-
logenetically dissimilar to native species might be explained by the
amelioration of these extreme abiotic conditions by nurse plants
(Cavieres, 2021). Plant facilitation has been demonstrated to occur
primarily between distantly related species (Valiente-Banuet &
Verdu, 2007; Verdu et al., 2012; Zhang et al., 2016). Facilitation
between distantly related plant species has also been found in the
Andes of central Chile, below the tree line (from 1000 to 2000 m;
Duarte et al., 2021).

The establishment of the two non-native plant species that we
found in high-Andean habitats (Cerastium arvense and Taraxacum of-
ficinale) has been shown to be promoted by native cushion plants
(Badano et al., 2007; Cavieres et al., 2005). Cushion plants are well
known for providing microhabitats with milder temperatures and

higher soil moisture, which facilitate the growth and survival of the
species growing within the cushions (Cavieres et al., 2005, 2006).
In the high-elevation areas considered in our study, C. arvense
was found to be phylogenetically dissimilar to the native commu-
nities, while T. officinale was phylogenetically close to the native
species. Interestingly, in these harsh environments, T. officinale
was functionally different from the native members of the evalu-
ated communities, as this non-native species exhibited acquisitive
leaf characteristics, thus highlighting the role of facilitative inter-
actions. Some studies have documented the contribution of stress
amelioration by nurse species to the development of an acquisitive
growth strategy in facilitated plants. For instance, in herbaceous
species inhabiting areas under water stress, acquisitive functional
traits including higher leaf area and SLA have been shown to be fa-
voured by nurse plants (Garcia-Cervigén et al., 2015). Similarly, in
the Himalayas, plant species colonizing alpine cushions have been
described as functionally distinct from alpine plant species growing
in bare soil (Dolezal et al., 2019).

In our study, all the non-native species from 1600 ma.s.l. (below
the tree line) exhibited an annual life-history strategy, which might
also promote an acquisitive resource-use strategy in these species,
as described for annual plants that escape soil moisture depletion
(Brouillette et al., 2014). Annuals have been found to present higher
SLA compared to perennials (Garnier et al., 1997). Thus, leaf attri-
butes related to high resource acquisition could be linked to the
prevalence of invasive annuals in some Mediterranean-type climate
regions (Funk et al., 2016). Hence, further research on the potential
influence of the plant life cycle on the functional traits of the studied
species in central Chile, under controlled environmental conditions,
is required.

The prevalence of leaf traits related to faster resource acqui-
sition in non-native species exposed to stressful conditions in the
Andes of central Chile (drought or low-temperature stress) suggests
that the growth strategy and the proliferation of these species
could be highly dependent on the modification of the environment
by nurse plants and/or a high degree of disturbance. Nevertheless,
the successful spread of non-native species towards alpine habi-
tats might be constrained not only by facilitative interactions and/
or anthropogenic disturbances but also via the development of
some conservative functional responses. Supporting this idea, we
recorded increased leaf thickness in non-native species inhabiting
alpine areas of central Chile, including T. officinale, compared to
low-elevation non-native species. This conservative trait response
in T. officinale could contribute to freezing resistance, at similar
levels as native species, as evidenced at 2900 and 3600ma.s.l. in
the central Chilean Andes (Sierra-Almeida et al., 2009). Additional
research on the potential effects of plant facilitation and distur-
bance on the leaf functional traits of the native and non-native
species studied here, as well as the exposure of these plants to
water or low-temperature stress under controlled environmental
conditions, would be required to determine the explanatory mech-
anisms behind the trait composition determined for Andean plant
communities in central Chile.
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Our study provides novel insights into the functional and phy-
logenetic similarity between native and non-native plant species
occurring in roadside habitats along an elevational and water avail-
ability gradient in the Andes of central Chile, a topic previously
unexplored in this mountain region influenced by a Mediterranean-
type climate. Functional differentiation of non-native plant species
from the native community was evidenced in habitats under the
influence of summer drought (below the tree line) or cold tempera-
tures (alpine areas), instead of functional convergence between
the species groups as expected under strong habitat filtering.
Furthermore, the phylogenetic distances between co-occurring na-
tive and non-native plant species were reported to be similar along
the elevational gradient, thereby suggesting the establishment of
some non-native plant species less related to the resident species
in abiotic stressful environments of the central Chilean Andes.
Overall, our findings support Darwin's naturalization hypothesis
instead of the preadaptation hypothesis.
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