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Introduction

Abstract

Question: The biotic resistance hypothesis states that species diversity is a bar-
rier for plant biological invasions because alien species are more likely to find
strong competitors as diversity of native plants increases. In stressful environ-
ments, however, these negative relationships could be diluted because increased
physical harshness might reduce the importance of competition as a structuring
force in plant communities. Nevertheless, if nurse plants facilitate other species
and create more diverse vegetation patches than those found in their surround-
ings, the performance of invaders should be negatively related to diversity
within these patches. Conversely, diversity would not regulate invasibility in
the surroundings of nurses because these habitats are subjected to higher levels
of environmental harshness.

Location: A high-Andean landscape of central Chile, dominated by cushion
plants that facilitate native species and field chickweed (Cerastium arvense), an
invasive exotic species.

Methods: To test our hypotheses we used observational data taken in two con-
secutive growing seasons by sampling plant assemblages within and outside
cushion-protected patches. Additionally, a field experiment with artificially
assembled plant communities was conducted to assess why the abundance and
performance of the invasive species was related to native plant diversity.

Results: Contrary to our expectations, observational data indicated that the
abundance of the invader species was positively related to native plant diversity
within cushion patches, while negative relationships were found in the sur-
rounding habitat. Similarly, the field experiment indicated that the performance
of C. arvense increased with plant diversity within cushion patches but, in this
case, neutral relationships were found in the surrounding open areas.

Conclusions: Our findings indicate that nurse plants can modulate invasibility—
diversity relationships in harsh environments. Overall, the results suggest that
the biotic resistance hypothesis may fail to predict the direction of these relation-
ships within nurse-protected patches. Instead, these results suggest that the
alternative biotic acceptance hypothesis could operate at small spatial scales.

inherent susceptibility to be invaded — depends on the local
diversity of native species (Alpert et al. 2000). On this

The spread of alien species due to human activities is a
worldwide threat to biodiversity (Kowarik & von der Lippe
2007) because they may colonize natural communities
and displace native species (Richardson et al. 2011). How-
ever, the invasibility of natural communities — i.e. their

issue, the biotic resistance hypothesis proposes that newly
arrived species are more likely to find strong competitors
that preclude their success as the number of native species
increases and, thus, local diversity acts as a barrier for bio-
logical invasions (Rejmanek 1996; Levine & D’Antonio
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1999; Byers & Noonburg 2003). This hypothesis has been
tested through manipulating plant communities, where
the physiological and/or reproductive performance of
invader plants was shown to decrease as native species
richness increases (Levine 2000; Naeem et al. 2000; Ken-
nedy et al. 2002; Maron & Marler 2007). Nevertheless,
when spatial scales are expanded beyond the neighbour-
hoods of two or more interacting species, the cover and
biomass of alien plants have been reported to increase with
native species richness (Sax 2002). This has led to the biotic
acceptance hypothesis, which states that increased resource
availability and/or habitat heterogeneity associated with
increased surface area is the main force regulating the per-
formance and diversity of both, native and alien species
(Shea & Chesson 2002; Stohlgren et al. 2006). The appar-
ent disconnect between these two hypotheses is paradoxi-
cal (Sax & Brown 2000) and is the subject of an active
debate among invasion biologists (Fridley et al. 2007).
Although these two hypotheses attempt to predict the
direction of invasibility—diversity relationships, neither of
them takes into account that local variations in environ-
mental conditions may also affect interactions between
native and invasive species. For instance, increased envi-
ronmental harshness reduces the overall performance of
plants and, consequently, has the potential to reduce the
importance of competition as a structuring force in plant
communities (Bertness & Callaway 1994; Grime 2001;
Badano et al. 2005; Callaway 2007; Brooker & Kikvidze
2008). If so, the negative invasibility—diversity relation-
ships predicted by the biotic resistance hypothesis may not
hold in harsh ecosystems (Alpert et al. 2000; Von Holle
2013). In these ecosystems, however, some plants are able
to mitigate extreme environmental conditions through
their physical structures (i.e. canopies and/or root sys-
tems), hence facilitating the establishment of other species
(Maestre et al. 2001; Cavieres et al. 2006). These nurse
plants usually create vegetation patches with higher diver-
sity than those found in the surrounding habitat (Tewks-
bury & Lloyd 2001; Cavieres & Badano 2009), but alien
species can also spread within these patches (Badano et al.
2007; Von Holle 2013). Thus, if native and exotic species
benefit from nurse plants, it could be predicted that
increased species diversity within these patches will lead to
negative invasibility—diversity relationships because of
increased interspecific competition due to niche overlap.
Further, negative invasibility—diversity relationships could
also result from density-dependent competition processes,
where increased density of native plants, instead of
increased diversity, would reduce establishment rates and/
or the performance of invaders within facilitated vegeta-
tion patches. On the contrary, vegetation patches sur-
rounding nurse plants should exhibit no invasibility—
diversity relationships because the high levels of physical

Journal of Vegetation Science

Community invasibility regulated by facilitation

stress associated with this habitat type should decrease the
importance of competitive effects among plants.

To test these hypotheses we focused on an alpine land-
scape from South America, where native and invasive
plants grow within and outside nurse-protected patches.
The target invader species was the field chickweed, Ceras-
tium arvense L. (Caryophyllaceae), a perennial herb native
to North America (Ugborogho 1977) that has largely
invaded the southern Andes (Matthei 1995). In these land-
scapes, however, the invasive success of C. arvense depends
on the presence of cushion plants that act as nurses (Bad-
ano et al. 2007; Cavieres et al. 2007). High-Andean cush-
ion plants have closed and compact canopies, and
subsurface accumulation of tightly packed living and dead
plant material. This allows cushion plants (hereafter cush-
ions) to decouple their surface temperature from that of the
external environment (Badano et al. 2006; Cavieres et al.
2007), as well as increase soil moisture and the concentra-
tion of mineral nutrients beneath their canopies (Nunez
et al. 1999; Badano et al. 2006; Cavieres et al. 2007).
These abiotic modifications enhance the establishment
and survival of several plant species (Cavieres et al. 2007;
Badano & Marquet 2009), creating more diverse vegeta-
tion patches than those found in the surrounding habitat,
or open areas, which are mainly composed of rocks and
bare soil (Cavieres & Badano 2009). Thus, our overall
expectation was to find strong negative relationships
between the performance of C. arvense and the diversity or
density of native plants within cushions, while no relation-
ships were expected in their surrounding habitat. These
hypotheses were tested using observational data taken in
the field during two consecutive growing seasons, which
should reflect the natural distribution patterns of native
and invasive species across cushions and open areas. Addi-
tionally, a field experiment was conducted to determine
the putative mechanisms behind these invasibility—diver-
sity relationships.

Methods
Study site

This study was conducted on the southwest-facing slope of
Mt. Tres Puntas (33°19'24.19” S, 70°14/20.53"” W, 3420 m
a.s.l.), within the ski centre Valle Nevado, high Andes of
Central Chile. Climate is alpine, but it is strongly influ-
enced by the mediterranean-type climate that predomi-
nates at lower elevations (Di Castri & Hajek 1976). Annual
precipitation exceeds 900 mm and mainly occurs as snow
the during winter months (June-August; Santibanez & Ur-
ibe 1990). The snow cover usually remains until October
and the growing season for plant communities starts in
November (Badano et al. 2007). Air temperature during
the growing season varies between 4 and 6 °C (Cavieres &
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Arroyo 1999), but can fall below 0 °C predawn (Badano
et al. 2006). Soils in this region are mainly composed of
clay, mixed with sedimentary and volcanic rocks. The
cushion plant Azorella madreporica Clos (Apiaceae) is the
most conspicuous element in plant communities above
3200 m a.s.., but small perennial and annual herbs,
including C. arvense, can be found within and outside these
cushions (Appendix S1). This cushion species creates semi-
circular, spatially discrete habitat patches composed of a
single individual that are isolated from similar units by
large open areas (Appendix S1). Cushions of A. madrepori-
camay reach up to 3 m in diameter and persist over several
decades (Fajardo et al. 2008), covering between 14% and
20% of the total surface area in these landscapes (Badano
et al. 2007).

Vegetation sampling and diversity measures

First, we focused on determining whether the abundance
of naturally established individuals of C. arvense was related
to the diversity of plant assemblages growing within and
outside A. madreporica cushions. For this, vegetation was
sampled in the middle (February) of two consecutive
growing seasons (2006 and 2007). At each growing season,
a plot of 50 m x 50 m was laid out in the study area and
all cushions and sites in the open areas where C. arvense
was detected were marked. On each mark, a 0.2-m?* metal-
lic ring was centred on the tallest C. arvense individual and
all plants within the ring, including the invader, were iden-
tified and counted. The cushions of A. madreporica were
not included in this sampling (i.e. they were not recorded
as another native species) because we were interested in
assessing their effects on C. arvense and the diversity of
native plants. Although the fieldwork was conducted
within a ski centre, plants from the study site are not
affected by anthropic disturbances because these sport
activities are only developed in winter, when vegetation is
protected by a coarse snow cover (>3-m depth).

Diversity of native species at each sample was estimated
through their three main components: species richness,
proportional diversity and species dominance (Stirling &
Wilsey 2001). Species richness was estimated as the num-
ber of different native species recorded in each sample.
Proportional diversity was estimated with the Shannon-
Wiener index, calculated as Zle piln(pi), were pi is the
proportion of individuals of the ith species in the sample
(Magurran 2004). Species dominance was estimated as the
fraction of individuals in the sample that belonged to the
most common native species (Magurran 2004). We used
these diversity metrics because the values of the Shannon—
Wiener index are positively related to increases in species
richness, while they are negatively related to increases in
species dominance (Stirling & Wilsey 2001). Therefore,
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computing these three metrics allows us to identify how
each diversity component relates to invasion success of
C. arvense.

These data were used to assess whether the observed
abundance of C. arvense was related to diversity metrics of
samples. For this, we used multiple linear regression analy-
ses with categorical variables, where the number of C. ar-
vense individuals detected in the samples was the
dependent variable. These values were transformed to nat-
ural logarithms to achieve normality of data. Diversity
metrics (species richness, Shannon—Wiener index or spe-
cies dominance) were separately included in the regression
model as the continuous predictive variable, and the habi-
tat type where samples were taken (cushions and open
areas) constituted the two levels of the categorical predic-
tive variable. Further, to assess whether the abundance of
C. arvense was affected by density-dependent effects, an
additional analysis was performed by including the log-
transformed abundances of native individuals, irrespective
of the species they belong to, as continuous predictive vari-
able. All regression models included the interaction term
between predictive variables to account for differences in
the slopes of regression functions obtained for each level of
the categorical variable (Kutner et al. 2005).

Field experiment

A field experiment was conducted to assess whether the
performance of C. arvense changes with varying levels of
diversity and density of native plants, and hence to eluci-
date the putative mechanisms behind the invasibility—
diversity relationships. For this, seeds of C. arvense and 29
native plant species that were found within and outside
cushions were collected in March 2006 at the study site
(details on species collected for this experiment are pro-
vided in Appendix S2). Soil from open areas was also col-
lected at this time and sieved to remove stones and coarse
material. This soil was sterilized in a ventilated oven at
200 °C to eliminate any biological activity and used as sub-
strate to develop experimental plant assemblages with dif-
ferent diversity levels of native plants (see below). Only
soil from open areas was used in this experiment because
concentrations of organic matter and mineral nutrients dif-
fer between cushions and open areas (Cavieres et al. 2006)
and, thus, we preferred to standardize these effects using a
single soil type in our experiments.

In October 2006, 100 cylindrical plastic pots (10-cm
diameter, 15-cm depth) were filled with sterilized soil and
20 seeds of C. arvense sown in each pot. These pots were
later pooled into five groups of 20 units each and seeds of
native species were sown to generate five different levels
of species diversity (0, 1, 2, 4 and 8 species). The first group
of pots received no seeds of native species because it was
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the control group (i.e. native species diversity = 0) on
which we evaluated the performance of C. arvense in the
absence of native plants. All other pots received 48 seeds of
native species. The propagule pressure of native species
was evenly distributed across these experimental pots. To
achieve this, pots with one native species received 48 seeds
of a single species that was randomly selected from the
seed pool; pots containing two native species received 24
seeds of two randomly selected species; pots with four
native species received 12 seeds of four randomly selected
species; and pots containing eight native species received
six seeds of eight randomly selected species (species com-
position of the different experimental pots is provided in
Appendix S2).

Because germination is hard to obtain in the field, seeds
were germinated in growth chambers between November
and December 2006 (25 °C, 70% RH, photoperiod 12 h
light/dark). However, despite the high sowing density
applied to each experimental pot (48 seeds of native spe-
cies plus 20 seeds of C. arvense per pot), some seeds did not
germinate during the incubation period and the number of
seedlings of both C. arvense and native species varied across
pots. To avoid confounding effects due to differences in
germination ratios, seedlings were selectively removed to
standardize plant assemblages. In all experimental pots we
left ten seedlings of C. arvense and, although the number of
native species initially sown was maintained, the number
of seedlings of native species was reduced to 24 individuals
per pot. In this way, pots containing no native species only
had ten seedlings of C. arvense, while pots with one, two,
four and eight native species had ten seedlings of C. arvense
plus 24 seedlings of the native species that were originally
SOWn.

These experimental pots were taken to the field on 15
Jan 2007 and, after removing the plastic container, were
transplanted into either cushions or into the surrounding
open areas. All cushions selected for this experiment were
between 80-cm and 100-cm diameter to avoid potential
biases due to cushion size. Both cushions and sites in open
areas were selected by following random walking proce-
dures. For this, we initially selected a cushion that met the
criteria indicated above and drilled a small hole (10-cm
diameter, 15-cm depth) in the canopy to transplant the
first experimental plant assemblage. After that, a random
number generator was used to establish a cardinal direc-
tion, which was followed until the next cushion was inter-
cepted. Transplants in open areas were conducted at the
mid-point between these two cushions, taking care to
maintain a minimum distance of 1 m to the nearest other
cushion. This procedure was repeated until all pots were
transplanted, which resulted in ten experimental replicates
of each diversity level (0, 1, 2, 4 and 8 native species)
at each habitat type (details on experimental pots
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transplanted within cushions and open areas is provided in
Appendix S2). The transplanted experimental pots were
watered after planting to reduce the impact of seedling
manipulation, but no water was supplied thereafter. All
transplanted pots were marked with numbered metallic
strips.

At the end of the growing season (16 Mar 2007) we
counted the number of survivors of C. arvense and native
species within all transplanted pots. Survivors of native
species at each location were used to estimate the three
diversity metrics described in the previous section. After
that, we carefully removed each of the C. arvense individu-
als and stored them in separate labelled paper bags. To
avoid metabolic degradation of tissues, these bags were
placed in a ventilated oven (75 °C) within 2 h of collection
until they were completely dried. Each C. arvense individ-
ual was weighed to record total dry biomass and, after that,
shoots and roots of each individual were weighed sepa-
rately to determine above-ground and below-ground bio-
mass. For transplants containing more than one surviving
individual of C. arvense, biomass values were averaged
across individuals to avoid pseudoreplication in the analy-
ses described below (Hurlbert 1984). The average shoot/
root ratio of C. arvense was also calculated for each pot to
assess the mechanisms by which native plants may affect
the performance of this exotic species. This ratio is com-
monly used to determine whether competition occurs in
plant communities, where shoot/root ratios >1.0 suggest
that above-ground competition is higher than below-
ground competition, while values close to zero indicate the
converse situation (Reynolds & Pacala 1993).

Multiple linear regression analyses with categorical vari-
ables were used to assess whether the abundance, dry bio-
mass (total, shoot and root biomass) and shoot/root ratios
of C. arvense were related to the different diversity metrics
calculated for each pot, as well as to the number of native
individuals that survived until the end of the experiment.
These analyses were conducted by following the same pro-
cedure described in the previous section. The abundance
of C. arvense in experimental pots was transformed to the
natural logarithm to achieve normality.

Results
Naturally established plant assemblages

In both growing seasons, the abundance of C. arvense was
positively related to the richness of native plant assem-
blages growing within cushions, but negatively related in
the open areas (Table 1, Fig. 1a,b). Positive relationships
were also found between the abundance of C. arvense and
the proportional diversity of plant assemblages within
cushions, while these relationships were negative in the
open areas (Table 1, Fig. 1c,d). Conversely, while the
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Table 1. Results of multiple regression analyses conducted to assess whether the abundance of Cerastium arvense was related to diversity metrics (spe-
cies richness, Shannon-Weiner index, species dominance and abundance of native individuals) in samples taken within Azorella madreporica cushions
(n = 311in2006; n = 27 in 2007) and the surrounding open areas (n = 19in 2006; n = 15 in 2007). The table shows ANOVA results for each growing season
and probability values for differences between intercepts (80) and slopes (1) of regression functions obtained for each habitat type (critical o = 0.05). Dif-
ferences in intercepts indicate different origin points for these regression functions, while differences in slopes indicate significant effects of the interaction

term between predictive variables.

Diversity Measure Growing Season Overall Goodness of Fit ANOVA Parameters of Regression
Functions

F-Value (df) P-Value R? BO P-Value B1 P-Value
Species Richness 2006 69.7195 (3,46) <0.0001 0.8197 <0.0001 <0.0001
2007 83.9851 (3,38) <0.0001 0.8689 <0.0001 <0.0001
Shannon-Weiner Index 2006 67.7199 (3,46) <0.0001 0.8154 <0.0001 <0.0001
2007 95.2031 (3,38) <0.0001 0.8826 <0.0001 <0.0001
Species Dominance 2006 39.2807 (3,46) <0.0001 0.7192 <0.0001 <0.0001
2007 40.8283 (3,38) <0.0001 0.7632 <0.0001 <0.0001
Abundance of Native Individuals 2006 39.6235 (3,46) <0.0001 0.7210 <0.0001 <0.0001
2007 40.2946 (3,38) <0.0001 0.7608 <0.0001 <0.0001

abundance of C. arvense decreased with increasing native
species dominance within cushions, positive relationships
between these two variables were found in the open areas
(Table 1, Fig. le,f). Finally, in both growing seasons, the
abundance of C. arvense was positively related to the abun-
dance of individuals of native plants inhabiting cushions,
while these relationships were negative in the open areas
(Table 1, Fig. 1gh).

Experimental plant assemblages

Of the 50 experimental pots transplanted into each habitat
type, only 15 pots from cushions and nine pots from the
open areas contained at least one living individual of C. ar-
vense when they were recovered in March 2007. Besides
affecting the abundance of C. arvense, plant mortality also
led to ditferent diversity levels of native species than those
originally implemented. For instance, no pot with eight
native species was recovered, but some replicates of this
treatment persisted until the end of the experiment with
fewer species (see Appendix S2 for details on surviving
species in each experimental pot). Therefore, the analyses
conducted with experimental data only included pots
where at least one individual of C. arvense survived until
the end of the experiment. Pots containing no native spe-
cies were excluded from regression analyses where the
Shannon-Wiener index or species dominance were used
as predictive variables because these diversity measures
could not be computed.

The average number of surviving individuals of C. ar-
vense was higher within cushions than in the open areas.
No relationships were found in the open areas (Table 2).
Within cushions, the number of C. arvense survivors was
positively related to native species richness (Fig. 2a), the
Shannon—Wiener index (Fig. 2b) and the abundance of

native species individuals (Fig. 2d), but negatively related
to increases in species dominance (Fig. 2c). The average
biomass of C. arvense individuals was higher within cush-
ions that in the open areas (Table 1), but the values of this
variable were not related to diversity metrics in either of
these habitat types (Fig. 2e-h).

Shoot biomass of C. arvense was higher within cushions
than in the open areas, and showed different relationships
to diversity metrics (Table 2). Within cushions, shoot bio-
mass was positively related to native species richness
(Fig. 3a), the Shannon—Wiener index (Fig. 3b) and the
abundance of native species individuals (Fig. 3d), but it
was negatively related to species dominance (Fig. 3c). In
the open areas, however, no relationships were found
between the shoot biomass of C. arvense and any of these
predictive variables (Fig. 3a—d). Root biomass of C. arvense
was also higher within cushions than in the open areas
(Table 1), but no relationships were found between this
variable and diversity metrics estimated for experimental
pots recovered from cushions or open areas (Fig. 3e-h).
Shoot/root ratios of C. arvense were higher within cushions
than in the open areas and were differentially related to
diversity metrics (Table 1). Shoot/root ratios within cush-
ions increased with species richness (Fig. 3i), the Shan-
non—Wiener index (Fig. 3j) and the abundance of native
individuals (Fig. 31), but decreased with increasing species
dominance (Fig. 3k). In the open areas, no relationships
were found between shoot/root ratios and diversity mea-
sures (Fig. 3i-1).

Discussion

It has been widely reported that amelioration of environ-
mental harshness by cushion plants improves the survival
and increases the biomass of other high-Andean plant
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Fig. 1. Relationships between the abundance of C. arvense and the
different diversity metrics estimated for native plant assemblages sampled
within A. madreporica cushions and in open areas in growing seasons 2006
(left column) and 2007 (right column). Diversity metrics include species
richness (a,b), Shannon-Wiener index of proportional diversity (c,d),
species dominance (e, f) and abundance of native species individuals (g, h).

species (e.g. Cavieres et al. 2006, 2007; Badano & Marquet
2009), leading to more diverse vegetation patches than
those established in the surrounding open areas (Badano
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et al. 2006; Cavieres & Badano 2009). According to our
initial hypothesis, this increased diversity of species within
cushions should decrease the success of exotic plants, as
compared to that occurring in the less diverse plant assem-
blages inhabiting the surrounding open areas. In sharp
contrast, both observational and experimental results of
this study indicated that the performance of the invasive
plant C. arvense was positively affected by increasing diver-
sity of native species within the habitat patches created by
the cushion plant A. madreporica, while these relationships
were negative or absent in the surrounding open areas.
This suggests that other factors, besides interspecific com-
petition due to niche overlap or density-dependent limited
resource availability, might influence the strength and
direction of invasibility—diversity relationships in these two
habitat types.

In the open areas, observational data obtained from two
consecutive growing seasons indicated negative relation-
ships between the abundance of C. arvense and native spe-
cies richness. This suggests that, despite the elevated
environmental harshness in this habitat type, negative
interactions between native and exotic species occur to
some extent, and this would partially support the biotic
resistance hypothesis (Chesson & Huntly 1997; Levine &
D’Antonio 1999; Byers & Noonburg 2003). Nevertheless,
these data also indicated that the abundance of C. arvense
in open areas decreased with increased proportional diver-
sity (i.e. the Shannon—Wiener index), while converse rela-
tionships were obtained with rising native species
dominance. Thus, species richness is not the only compo-
nent of diversity that affects the success of the invader in
open areas, and other mechanisms, beside pair-wise inter-
specific interactions, may be involved in determining the
performance of C. arvense in this habitat type. Related to
this issue, Mitchley (1987) proposed that competitive
interactions within local plant assemblages might involve
many neighbours and, therefore, the net impact of compe-
tition on a single target species should be stronger as the
number and/or abundance of other species increases in
their surroundings. This diffuse competition (Mitchley 1987)
may be responsible, at least in part, for the negative rela-
tionships observed between the abundance of C. arvense
and the diversity metrics that involved the abundance of
native species in open areas, as occurred with the Shan-
non-Wiener index. Further, because the Shannon-Wie-
ner index involves both the number of different species
and their respective relative abundances (Magurran 2004),
this diversity metric is positively related to species richness
and negatively related to species dominance (Stirling &
Wilsey 2001). Thus, our results suggest that increases in
proportional diversity due to decreased dominance and
increased species richness may preclude the success of
the invader via diffuse competition, leading to negative
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Table 2. Results of multiple regression analyses conducted to assess whether performance of Cerastium arvense were related to diversity metrics (spe-
cies richness, Shannon-Weiner index, species dominance and abundance of native individuals) in experimental plant assemblages located within Azorella
madreporica cushions (n = 15) and the open areas (n = 9). Full data were only included in regressions where species richness was the predictive variable.
In all other analyses, pots containing no native species were excluded because diversity measures could not be computed. The table shows the ANOVA
results for each performance measure and the probability values for differences between intercepts (30) and slopes (B1) of regression functions obtained
for each habitat type (critical o = 0.05). Differences in intercepts indicate different origin points for these regression functions, while differences in slopes

indicate significant effects of the interaction term between predictive variables.

Diversity Measure Performance Measure of C. arvense

Overall Goodness of Fit ANOVA Parameters of Regression

Functions
F-Value (df) P-Value R? B0 P-Value B1 P-Value
Species Richness Number of survivors 11.7459 (3,20) 0.0001 0.638 0.0119 0.0027
Individual biomass 35.2091 (3,20) <0.0001 0.841 0.0002 0.0683
Shoot biomass 62.5315 (3,20) <0.0001 0.903 0.0015 0.0011
Root biomass 12.9086 (3,20) <0.0001 0.659 <0.0001 0.1452
Shoot/root ratio 62.3253 (3,20) <0.0001 0.910 0.0899 <0.0001
Shannon-Weiner Index Number of survivors 12.3836 (3,13) 0.0004 0.741 0.0053 0.0044
Individual biomass 20.6095 (3,13) <0.0001 0.826 0.0024 0.1302
Shoot biomass 35.0655 (3,13) <0.0001 0.890 0.0035 0.0161
Root biomass 8.6762 (3,13) 0.0020 0.667 0.0008 0.4405
Shoot/root ratio 42.6725 (3,13) <0.0001 0.902 0.9676 0.0012
Species Dominance Number of survivors 16.2701 (3,13) 0.0001 0.790 0.0196 0.0294
Individual biomass 19.9697 (3,13) <0.0001 0.821 0.0045 0.1354
Shoot biomass 32.208 (3,13) <0.0001 0.881 0.0004 0.0168
Root biomass 10.0200 (3,13) 0.0011 0.698 0.0176 0.3363
Shoot/root ratio 47.6639 (3,13) <0.0001 0.917 <0.0001 0.0005
Abundance of Native Individuals Number of survivors 6.3186(3,13) 0.0034 0.487 0.0235 0.0085
Individual biomass 31.0271 (3,13) <0.0001 0.823 0.0013 0.0949
Shoot biomass 39.1244 (313) <0.0001 0.854 0.0482 0.0044
Root biomass 10.5028 (3,13) <0.0001 0.612 0.0002 0.0925
Shoot/root ratio 18.6416 (3,13) <0.0001 0.737 0.1495 0.0030

relationships between C. arvense invasibility and species
diversity in the open areas. Alternatively, the positive rela-
tionships between invasibility and species dominance
observed in the open areas may be due to greater niche
space availability for the invader as native plant richness
decreases, which would also lead to negative relationships
between invasibility and proportional diversity (i.e. the
Shannon—Wiener index).

The experimental results obtained in the open areas,
however, indicated that neither the abundance nor the
biomass of C. arvense is related to native species diversity or
the abundance of individuals. Although this concurs with
our overall expectation that severe environmental condi-
tions predominating in the open areas relax the intensity
of competition between native and alien plants, these
results contradict those obtained from observational data
taken in this habitat type. This lack of congruence between
observational and experimental results suggests that nega-
tive invasibility—diversity relationships in the open areas
result from long-term processes. On this issue, it is impor-
tant to note that most species from these high-Andean
environments are perennial plants that re-sprout every
year after the snowmelt (Cavieres et al. 2000), but their

seedlings are subject to elevated mortality in the open
areas (Cavieres et al. 2006, 2007; Badano et al. 2007).
Therefore, the natural distribution patterns of C. arvense
and native plants in this habitat type may be the output of
establishment processes that have occurred across several
growing seasons, and the negative invasibility—diversity
relationships obtained from observational data would be a
consequence of these long-term processes. The absence of
these relationships in the experimental plant assemblages
may thus be a consequence of the time scale used in our
experiment (a single growing season), which would not be
long enough to fully capture the competitive processes that
structure these plant assemblages. Further, it is important
to recognize that the number of experimental pots recov-
ered at the end of the growing season was much lower
than that originally transplanted, and this reduced number
of replicates could make it more difficult to obtain signifi-
cant invasibility—diversity relationships from experimental
data. Thus, experiments including several years of moni-
toring and an elevated number of replicates would be
required to assess the exact mechanisms by which native
species affect the performance of C. arvense in the open
areas of these high-Andean ecosystems.
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Fig. 2. Relationships between the abundance (a—d) and individual biomass (e-h) of C. arvense and diversity metrics estimated for experimental native
plant assemblages located within A. madreporica cushions and in open areas. Diversity metrics include species richness, Shannon-Wiener index of
proportional diversity, species dominance and abundance of native species individuals.

Within A. madreporica cushions, both observational and
experimental results contradicted our expectation that
increased species diversity would reduce invasibility
within these plant assemblages. On the contrary, the abun-
dance and performance of the invader were positively
related to native species diversity. These results suggest
that the biotic acceptance hypothesis may be operating
within cushion-facilitated vegetation patches (Stohlgren
et al. 2006). However, this suggestion implies the exis-
tence of considerable variation in the magnitude with
which different cushions modulate habitat conditions to
other species. This may occur, for instance, if cushions dif-

reasoning, two mechanisms might explain these positive
relationships. On the one hand, these positive relation-
ships could be merely due to sampling effects, where the
likelihood of occurrence of a given event depends on the
number of favourable conditions that promote the occur-
rence of that event in the system (Wardle 2001; Aarssen
et al. 2003). If so, increased diversity of plant assemblages
within nurse-protected patches would increase the likeli-
hood of including an additional facilitator species that posi-
tively impacts on the performance of the invader.
However, the relationships between the abundance of
C. arvense and diversity metrics are considerably sub-linear
(i.e. the slopes of regression functions were much <1) for
both observational and experimental data. This suggests
that sampling effects would not be the only processes
involved in these relationships (as they would lead to lin-
ear or proportional trends) but something else causes this
nonlinearity, such that as native species richness increases
the per capita positive effect of an additional native species
upon the abundance of C. arvense becomes smaller. The
most likely explanation for these relationships is that diffuse
positive interactions are occurring in plant assemblages
inhabiting cushions. Concerning this issue, Callaway et al.
(2002) have shown that several neighbouring species,
rather than a single nurse, may be responsible for protect-
ing a target plant in alpine environments. Thus, once plant
assemblages are facilitated through A. madreporica cush-
ions, an increased diversity of neighbours may facilitate

ferentially modulate resource availability for plant species
that germinate and establish on their canopies. In this sce-
nario, nurse-protected patches of different quality would
exist across the landscape and, by following the biotic
acceptance hypothesis, it could be predicted that those
patches of higher habitat quality would harbour more spe-
cies and would be more strongly invaded by C. arvense than
patches of lower environmental quality. Nevertheless,
determining the viability of this proposal would require
detailed studies focused on assessing the ability of different
cushion individuals to modulate environmental conditions
for other species.

The increased performance of C. arvense with rising spe-
cies diversity within cushions may also be due to positive
interactions that occur among species that are already facil-
itated by these nurse plants. By following this line of
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Fig. 3. Relationships between the shoot biomass (a—d), root biomass (e-h) and shoot/root ratio (i-l) of C. arvense and diversity metrics estimated for
experimental native plant assemblages located within A. madreporica cushions and in open areas. Diversity metrics include species richness, Shannon—
Wiener index of proportional diversity, species dominance and abundance of native species individuals.

the establishment of the invader and improve its perfor-
mance. Nevertheless, it is also important to note that both
the abundance and the performance of C. arvense
decreased with increased species dominance within cush-
ions. These results support the idea that a single, highly
abundant native species could monopolize the resources
within cushion patches and lead to more competitive envi-
ronments for other plants. Therefore, the increased abun-
dance of a single species within cushions could reduce the
performance of both the invader and other native species.
In consequence, reductions in the abundance of dominant
species could dilute competitive pressure among species
inhabiting cushions, and this might also lead to the
observed positive relationships between invasibility and
proportional diversity.

Regarding the interactions between C. arvense and
native species within cushion patches, it is important to
note that the shoot biomass of this invasive species
increased with species diversity and the abundance of
native plant individuals, which also supports the biotic
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acceptance hypothesis and the existence of diffuse positive
effects between native and invasive plants. Nevertheless,
root biomass of C. arvense was inconsistently related to
diversity metrics within cushion patches, suggesting that
increased diversity of native plants would not necessarily
affect below-ground interactions with the invader. In con-
sequence, these relationships led to increased shoot/root
ratios of C. arvense with increasing diversity of native plants
within cushions. Increased shoot/root ratios have been
proposed to occur in light-limited environments where
plants shade each other and, therefore, individuals priori-
tize stem elongation in response to competition for light
(Tilman 1988; Wilson 1988; Olff et al. 1990). However,
despite the large number of plants growing on the cush-
ions, their aerial structures cover small areas and they are
separated enough to avoid shading each other. Indeed,
most plant that grow on cushions are fully exposed to sun-
light (see Appendix S1). Therefore, other mechanisms may
be involved in determining the increased shoot/root ratios
of C. arvense with increasing diversity and abundance of
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native plants within cushion-protected patches. On this
issue, it is likely that the elevated amount of hydric and
mineral resources accumulated below cushion canopies
(see Nunez et al. 1999; Badano et al. 2006; Cavieres et al.
2007) are preventing below-ground competition, which
would allow for higher allocation of materials and energy
to shoots of C. arvense.

The positive relationships between the abundance and
performance of C. arvense and native species within cush-
ion patches reinforce the idea that, in addition to the posi-
tive effects that cushions have per se on other plants, native
plant assemblages inhabiting these patches may also facili-
tate the invader. Thus, although it is almost axiomatic to
think that plant competition increases with plant density
as a consequence of resource depletion (Harper 1977), this
study suggests that these affects are not occurring within
cushions. Instead, the results indicate that there is no
resource limitation within cushion patches and that this
overrides any potential negative interaction occurring
among native plants and the invader because of niche
overlap or density-dependent effects. To the best of our
knowledge, this positive effect has not been reported in
previous studies of plant invasion, but it could constitute
a novel mechanism to sustain the biotic acceptance
hypothesis.

As a concluding remark, it is important to highlight that
the mechanisms proposed above to explain invasibility—
diversity relationships within and outside nurse-protected
patches will remain as hypotheses until additional experi-
ments are carried out. Studies on this issue are scarce and,
as far as we are aware, only Levine (2000) and Von Holle
(2013) have assessed how interactions among plants may
affect biological invasions at local spatial scales. These stud-
ies, however, indicated that the performance of invader
species decreases with increased species richness. Our
study, instead, indicates that the opposite pattern is occur-
ring within cushion plants from high-mountain environ-
ments. Further, to the best of our knowledge, this is the
first study to include other components of diversity,
besides species richness, to assess the shape of these rela-
tionships (i.e. proportional diversity and species domi-
nance). Although neither the sampling nor the
experiment specifically addressed how these diversity met-
rics relate to niche overlap or density-dependent effects,
our results might lay the groundwork for more detailed
studies designed to disentangle these issues. Finally, it is
important to highlight that invasibility—diversity relation-
ships appear to result from a number of complex interspe-
cific interactions whose strength and direction are locally
controlled by physical stress, and where facilitation occur-
ring at different hierarchical levels (i.e. facilitation by
nurse plants on species assemblages plus diffuse positive
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interactions occurring within these plant assemblages)
might also modulate the shape of these relationships.
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