
Bertness 2003; Michalet et al. 2006). Indeed, recent theoretical
work has shown that positive interactions among resource
competitors can produce species-rich model communities sup-
ported by a single limiting resource (Gross 2008).

Positive interactions can increase species diversity when the
presence of one species modifies the environment so as to
reduce the frequency of some physical disturbance or stress,
allowing less tolerant species to survive (Hacker & Gaines
1997). The best example of this phenomenon is facilitation by
nurse species (i.e. nurse-protégé, Flores & Jurado 2003), where
one species (the facilitator, benefactor or nurse plant) provides
shelter from physical stress or herbivory to other plant species
(i.e. the beneficiary species; Callaway 1995).

Harsh environments may restrict a plant’s resource acqui-
sition, and amelioration of these conditions can favour
growth to the extent that the benefits accrued outweigh the
negative, competitive impact of growing in close association.
Based on this, it has been suggested that positive interactions
may have strong impacts in harsh environments, where the
mitigation of extreme conditions by facilitator species can
benefit many other species (Bertness & Callaway 1994; Call-
away & Walker 1997; Brooker & Callaghan 1998). Some
studies suggest that facilitative interactions do not always
increase in importance with abiotic stress in arid and semi-
arid habitats (Maestre, Valladares & Reynolds 2005), but
the evidence available so far, from a range of stressful habi-
tats, overwhelmingly supports the importance of positive
interactions (e.g. Callaway et al. 2002; Lortie & Callaway
2006; Brooker et al. 2008).

However, depending on the particular physical stress-limit-
ing survival, the mechanisms involved in the facilitation by a
nurse-plant species can differ among habitats (for a complete
review of mechanisms, see Callaway 2007). The shelter pro-
vided by facilitator plants has been shown to increase the phys-
iological performance, population density and reproduction of
some particular beneficiary species (e.g. Pugnaire et al. 1996;
Choler, Michalet & Callaway 2001; Maestre, Bautista &
Cortina 2003; Armas & Pugnaire 2005). Nevertheless, despite
these well-known effects of nurses at individual and population
levels, community-level consequences (i.e. considering all the
species present in the community) of facilitation have received
much less attention.

The majority of the studies addressing some community-
level consequences of facilitation have compared the diversity
of the plant assemblages growing beneath nurses with those
growing outside them and report contrasting results among
them. While the majority of the studies report higher species
richness beneath the canopy of nurse species compared with
open areas (e.g. Raffaele & Veblen 1998; Badano et al. 2005;
Larrea-Alcázar, López & Barrientos 2005), others report that
nurses contain similar or lower species richness than that
found outside them (e.g. Gutiérrez et al. 1993; De Villiers,
Van Rooyen & Theron 2001; Rossi & Villagra 2003; Pug-
naire, Armas & Valladares 2004), indicating that the facilita-
tive effects on some species do not necessarily generate higher
species richness beneath nurses. Nonetheless, nurses and their
alternative habitats (open areas among nurses) are part of the

same community. Thus, even when nurse plants contain fewer
species than open areas, if nurses allow the persistence of spe-
cies that otherwise would be excluded from the community,
then nurses will generate a net increase in the species diversity
at the entire community level. However, the simple question
of how many species are added to a community due to the
presence of facilitator species has been seldom addressed
(Tewksbury & Lloyd 2001).

Alpine habitats are well known for their severe conditions;
plants are confronted there by low temperatures, short grow-
ing seasons, excessive radiation and unstable substrates
(Körner 2003). Cushion-forming plants are one of the most
conspicuous plant types found in exposed alpine habitats,
and several studies have reported plant species growing
inside of cushion plants and suggest a facilitative role for
them (e.g. Nuñez, Aizen & Ezcurra 1999; Arroyo et al. 2003;
Cavieres et al. 2002, 2006; LeRoux & McGeoch 2008). The
low stature and compact form of cushion plants attenuate
the effect of extreme environmental conditions, allowing the
persistence of other species inside the cushions (Cavieres
et al. 2006, 2007). In addition, there are basically no other
facilitation effects in these communities (Fajardo, Quiroz &
Cavieres 2008), and hence by assessing the impacts of cush-
ions in these systems, we can basically look at the impact of
facilitation on the whole community. Further, there is a very
clear delimitation of areas with and without a facilitation
effect (i.e. inside and outside cushions). Thus, alpine habitats
dominated by cushion plants are ideal systems to assess the
community-level effects of facilitative interactions. In this
particular study, we assessed (i) whether cushion plants con-
tained more species than open areas between them, (ii)
whether cushions change species abundances generating
assemblages structurally different from those found outside
of them, and (iii) whether the presence of cushion-dependent
species, which otherwise would be absent from a community
with no nurses, produces a significant increase in species
richness at the entire community level. The assessment of
these effects on more than a single community is important
for understanding the generality of the community-level con-
sequences of facilitation. For this, we analysed the commu-
nity-level effects of nine cushion species on 11 high-elevation
plant communities dominated by cushions along the high
Andes of Chile and Argentina.

Materials and methods

STUDY SITES AND TARGET CUSHION SPECIES

We sampled 11 high-elevation plant communities dominated by cush-
ions at six different latitudes along the high Andes of Chile and
Argentina (Fig. 1). In total, we analysed the community-level effects
of nine different cushion species. From north to south, we sampled
plant communities dominated by: Pycnophyllum bryoides at 4400 m
a.s.l. in northern Chile (23�S); Azorella madreporica and Adesmia sub-

terranea, both at 4000 m in north-central Chile (30�S);A.madreporica

at 3600 m and Laretia acaulis at 3200 m, both in central Chile
(33�S); Oreopolus glacialis at 1900 m in south-central Chile (37�S);
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Mulinum leptacanthum, O. glacialis and Discaria nana at 1600 m in
southern Argentina (41�S) and Bolax gummifera and Azorella mo-

nantha at 900 m in southern Chile (50�S). All these communities
were chosen because of their accessibility, and the sampling sites
were located as close as possible to the upper altitudinal limit of
cushion distributions. These communities range from sites with low
annual precipitation (c. 80 mm) concentrated during the growing
season, as found in northern Chile (23�S), to sites with high annual

precipitation (c. 1000 mm) regularly distributed throughout the
year, as found in Chilean Patagonia (50�S, see Table 1). Central
Chile (30�, 33� and 37�S) is characterized by annual precipitation
between 300 and 700 mm from north to south, but most of this is
concentrated during the winter months (June–August), generating
very dry growing seasons.

In all the sampled communities, cushion plants generate spatially
discrete patches isolated from similar units by large open areas. None-

(a)(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Fig. 1. Map showing the locations of the study sites and the estimated species richness from rarefactions curves at each sampling size (±95% confi-
dence intervals) for cushions (solid symbols) and open areas (empty symbols) at each study site. (a) Pycnophyllum bryoides at 23�S; (b) Azorella
madreporica at 30�S; (c)Adesmia subterranea at 30�S; (d)Azorellamadreporica at 33�S; (e)Laretia acaulisat 33�S; (f)Oreopolus glacialis at 37�S; (g)
Mulinum leptacanthum at 41�S; (h)Oreopolus glacialis at 41�S; (i)Discaria nanaat 41�S; (j)Bolax gummiferaat 50�S; (k)Azorellamonanthaat 50�S.
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included in rarefaction curves. Cushion and open areas will contain
similar number of species if RHR � 1, but cushions will contain
more species if RHR > 1 and fewer species if RHR < 1.

To assess whether the number of species increases with the sample
area (i.e. cushion size), and to compare these relationships between
cushions and open areas, for each study site we performed a multiple
linear regression analysis with categorical variables. In these analyses,
the number of species on each sample was the dependent variable, the
area of the sample was the continuous predictive variable and the
position where the sample was taken (cushions vs. open areas) consti-
tuted the categorical variable. Both continuous variables (species
richness and sample area) were log-transformed to achieve normality
of data. In all the regression models, we also included a multiplicative
interaction term between predictive variables to account for differ-
ences in the slopes of regression functions obtained for the two levels
of the categorical variable (Neter et al. 1996).

DIFFERENCES ON SPECIES ASSAMBLAGES

To assess whether composition of species assemblages associated to
cushions differed from those in open areas, we performed Non-metric
Multidimensional Scaling ordinations (McCune & Mefford 1999)
based on species abundance data of each community. Results
obtained for the two main ordination axes were used to estimate cent-
roids, with their respective 95% confidence intervals, for cushions
and open areas. Statistical differences in species composition between
cushions and open areas were assumed, if 95% confidence intervals
of centroids did not overlap at least on one ordination axis.

EFFECTS ON SPECIES RICHNESS AT THE COMMUNITY

LEVEL

Assessing the effects of facilitation on species richness at the entire
community level relies on comparing the number of species a commu-
nity has due to the presence of nurses with the richness expected in the
community without nurses (Badano & Cavieres 2006a; Badano et al.

2006). To estimate species richness for the community with cushions,
we generated synthetic data sets combining data of cushions and open
areas in a single species · samples matrix for each study site. How-
ever, as cushions always represent a smaller fraction of habitat com-
pared with open areas (Table 1), the percentage cover of each habitat
type was used to weight these data sets. For instance, if the average
cover of cushions in the given community was 10%, and 100 samples
were taken in each habitat (e.g. A. madreporica at 33�18¢ S, 70�14¢ W,
see Table 1), the synthetic data set included 10 randomly selected
plots from cushions and 90 randomly selected plots from open areas.
To avoid biases due to differences in the samples included in the syn-
thetic data set, for each site we constructed 50 randomly derived data
sets, and a rarefaction analysis was run for each of these data sets by
using the protocol described above. Thus, 50 values of species rich-
ness were estimated for each sampling size. These 50 values were aver-
aged and plotted against the respective sampling size, and values at
the asymptote of these rarefaction curves were considered maximum-
likelihood estimators of species richness (Badano & Cavieres
2006a,b). For each site, the expected species richness of the commu-
nity without cushions was estimated from the asymptotes of rarefac-
tion curves previously constructed for open areas (Badano et al.

2006). The 95% confidence intervals were used to assess whether spe-
cies richness at the entire community level differed between the sam-
ples taken in the open areas and the synthetic data set.

To assess the magnitude of the increase in species richness at the
community level due to the presence of nurses, we calculated the

proportion of increase in species richness as: (S+nurses ) S)nurses) �
S+nurses, where S+nurses is the actual number of species in the commu-
nity, including the species growing both within and outside nurses,
while S)nurses is the expected number of species in the absence of
nurses. In our case, for each site values of S+nurses and S)nurses were
estimated from the asymptotes of rarefaction curves performed with
the synthetic data sets (open areas plus cushions) and open areas,
respectively.

Finally, we assessed whether there is a relationship between the
magnitude of the increase in species richness due to the presence of
cushions and the environmental severity of each particular site. For
this, based on the geographical coordinates of each site we obtained
their monthly values of precipitation and mean temperature from the
data base WorldClim (http://www.worldclim.com). WorldClim is a
set of global climate layers (climate grids) with a spatial resolution of
1 km2 (Hijmans et al. 2005). With this information, for each site,
we calculated the Effective Precipitation of de Martonne:
EP = 12*P � (T + 10), where P is monthly precipitation and T is
monthly mean temperature. EP has been previously used as a surro-
gate of habitat severity (e.g. Kikvidze et al. 2006) because it is highly
correlated with habitat productivity (e.g. Stadler 2005), but easy to
calculate from simple meteorological data. The Spearman rank corre-
lation was used to test for a relationship between EP and the total
number of species and the percentage increase in species richness due
to the presence of cushions in each community.

Results

SPECIES RICHNESS BETWEEN HABITATS

Rarefaction curves for the cushion habitat and the open areas
reached an asymptote in most of the study sites (Fig. 1), indi-
cating that the sampling effort was large enough to fully cap-
ture the composition of species assemblages in both habitat
types.

Comparisons of species richness at the maximum number of
samples indicated that cushions always contained more species
than open areas (Fig. 1). However, the magnitude of these
positive effects varied among the study sites. The RHR index
showed two peaks at 30� and 41�S, where cushions contained
up to 2.5 and 2.9 times more species than open areas, respec-
tively, with decreasing values of RHR towards the north and
south extremes (Fig. 2). The lowest effects were detected at
middle latitudes (33�–37�S), where cushions contained 1.12–
1.18 times more species than the open areas (Fig. 2).

Species richness increased with the area of samples both
within cushions and in the surrounding open areas in all study
sites (Fig. 3). With the exception of A. madreporica at 33�S,
intercepts of regression functions for cushions were always sig-
nificantly higher than those obtained for open areas (P < 0.01
in all cases, see Appendix S1 in Supporting Information), indi-
cating that even the smallest cushions support a higher number
of species than an equally sized sample in open areas. Slopes of
regression functions showed no differences between cushions
and open areas for P. bryoides at 23�S, A. madreporica and A.

subterranea at 30�S, and L. acaulis at 33�S (P > 0.05 in all
cases, see Appendix S1), indicating that the difference in spe-
cies richness between cushions and open areas is constant
across all the range of sample areas. Most of the sites where the
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slopes of regression functions were significantly higher for
cushions than for open areas occurred at latitudes higher than
33�S (P < 0.01 in all cases, see Appendix S1), suggesting that
at higher latitudes the species accumulation rate of cushions is
higher than in open areas.

SPECIES COMPOSIT ION

In most of the studied communities ordination analyses
grouped separately samples from cushion and open areas,
where the two main axes of NMS ordinations explained more
than 60% of variance between samples (Fig. 4). The exception
was the community dominated by O. glacialis at 37�27¢ S. Fur-
thermore, with the exception mentioned above, confidence
intervals of centroids for cushions and open areas did not over-
lap in both axes (Fig. 4), indicating that composition of species
assemblages inhabiting cushion patches significantly differed
from those inhabiting open areas.

EFFECTS ON SPECIES RICHNESS AT THE ENTIRE

COMMUNITY LEVEL

The number of species estimated at the asymptote of rarefac-
tion curves was always significantly higher for the data sets
including cushions than for those from open areas only
(Fig. 5), indicating that the presence of nurses always increased
plant species richness at the entire community level in these
high-alpine sites. Nevertheless, strong variation was observed
for these entire-community effects of cushions on species rich-
ness (Fig. 5). The strongest effect was detected for M. lepta-

canthum at 41�S, where this cushion species appears to support
up to 52% of species within the community, and the weakest
effect was indicated for L. acaulis at 33�S, where only 16% of

the community depends on the presence of this cushion species
(Fig. 5).

The total number of species at each site was highly corre-
lated with EP (R = 0.52, P < 0.05), indicating that higher
productivity sites contained higher numbers of species in the
entire community (Fig. 6a). However, the percentage increase
in species richness due to the presence of cushions did not cor-
relate with EP (R = 0.1, P = 0.7). Nevertheless, data distri-
bution suggested a nonlinear relationship between both
variables (Fig. 6b). A fit to a quadratic model indicated a sig-
nificant relationship between both variables (R2 = 0.3;
P < 0.05), indicating that the magnitude of the positive effect
of the presence of cushions on species richness at the entire
community was lower at both extremes of this climatic gradi-
ent (Fig. 6b).

Discussion

Community ecologists recognize that many factors affect the
species composition of a given community, with no single fac-
tor providing a complete explanation for the observed pat-
terns. Moreover, different factors can interact in a complex
hierarchical fashion. The abiotic environmental filter and the
regional species pool determine the potential members of a
community, dispersal ability decides the identity of those spe-
cies available to colonize a given community, and interspecific
interactions play a fundamental role in the success or failure of
species as community members (Lortie et al. 2004). Although
ecological theory has emphasized the role of negative interac-
tions as the main structuring force of communities at local
scales, increasing evidence is accruing for the pivotal role of
facilitative interactions in regulating diversity (Michalet et al.
2006). In this study, we have shown that the presence of facili-
tator species (i.e. species that mitigate mortality factors) gener-
ates a variety of changes in community structure and species
diversity.

We observed that, in general, cushions contained more spe-
cies than equivalent open areas, although there were differ-
ences in the magnitude of this effect. Evidence from studies
performed in other alpine habitats show contrasting results,
with some studies reporting either no differences (e.g. Pysek &
Liska 1991; Totland, Grytnes & Heegaard 2004) or higher spe-
cies richness outside nurses (e.g. Cavieres et al. 1998). Thus, at
a first glance, no clear trends regarding species richness
beneath and outside facilitator species emerge from compari-
sons at this spatial scale. However, these idiosyncratic
responses may depend on the intensity of abiotic stress experi-
enced by the plants in the microhabitats away from nurses and
the ability of the nurse to mitigate such conditions. For exam-
ple, studies conducted at two contrasting elevations in the
high-alpine zone of the Chilean Patagonian Andes showed that
while cushions species and open areas did not differ in species
richness at lower elevations, at higher elevations cushions
contained three- to fourfold more species than open areas
(Cavieres et al. 2002; Arroyo et al. 2003). Microclimatic ame-
lioration by cushions increased with elevation, which explains
the higher positive effect found at higher altitudes (Arroyo

Py
cn

op
hy

llu
m

 b
ry

oi
de

s 
23

°S

Ad
es

m
ia

 s
ub

te
rra

ne
a 

30
°S

Az
or

el
la

 m
ad

re
po

ric
a 

30
°S

Az
or

el
la

 m
ad

re
po

ric
a 

33
°S

La
re

tia
 a

ca
ul

is
 3

3°
S

O
re

op
ol

us
 g

la
ci

al
is

 3
7°

S

D
is

ca
ria

 n
an

a 
41

°S

M
ul

in
um

 le
pt

ac
an

th
um

 4
1°

S

O
re

op
ol

us
 g

la
ci

al
is

 4
1°

S

Az
or

el
la

 m
on

an
th

a 
50

°S

Bo
la

x 
gu

m
m

ife
ra

 5
0°

S

R
H

R
 in

de
x

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Fig. 2. Values of the Relative Habitat Richness index (RHR) calcu-
lated to assess the effects of cushions on species richness at the patch
scale for each study site.
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et al. 2003). Similar effects have been also reported for the
Andes of central Chile (Badano & Cavieres 2006b), supporting
the idea that the impact of facilitator species on species richness

at a patch scale is higher as the environmental severity
increases. More recently, Holzapfel et al. (2006) found that
while species density (species per area unit) at mesic sites in
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Pycnophyllum bryoides at 23�S; (b) Azorella madreporica at 30�S; (c) Adesmia subterranea at 30�S; (d) Azorella madreporica at 33�S; (e) Laretia
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Besides changes in species density, cushions also produced
changes in the abundance of species, generating assemblages
structurally different from those found in open areas as
shown in the ordination analyses. Interestingly, these
changes in the plant assemblages also occurred in those com-
munities where cushions had lower values of the RHR index
(e.g. A. madreporica and L. acaulis in central Chile, 33�S),
indicating that in these cases changes in species abundances
were more important than changes in species composition.
Similar effects of nurse species were reported by Tewksbury
& Lloyd (2001), who showed that Olneya tesota trees har-
bour structurally different species assemblages than open
areas, and that this effect occurred mostly in xeric rather
than mesic sites (see also Suzán, Nabhan & Patten 1996).
These results highlight the important impact that positive
interactions with nurse species have on the structure of plant
communities, particularly in severe habitats (Tirado & Pug-
naire 2005).

Although the species richness of nurses can be lower than
that of open areas, the important assessment is whether
many more species are added to the community due to the
presence of the nurse. Previous studies have failed to exam-
ine this simple, but important question. For example, De
Villiers, Van Rooyen & Theron (2001) studied seedling emer-
gence and survival beneath and between the canopy of five
shrub species in the Strandveld Succulent Karoo in South
Africa and found that species richness and seedling densities
were significantly higher in open areas than underneath
shrubs. These authors concluded, therefore, that there was
no evidence of facilitation at that site. Nevertheless, they
reported 15 species that were only found growing beneath
shrubs, indicating that c. 23% of the local species richness is
due to the presence of shrubs. Interestingly, most of the spe-
cies that were restricted to shrub understoreys were perennial
herbaceous species, whereas species growing in open areas
away from shrubs were ephemeral (annual) species. Similar
results were reported by Gutiérrez et al. (1993) for a semi-
desert area in northern Chile, where 19 species were found
growing beneath the canopy of the shrub Porlieria chilensis,
whereas 29 species were reported for open areas between
shrubs. Nonetheless, although there were approximately
fourfold more plant individuals outside than underneath
shrub canopies, there were no differences in total biomass,
indicating that those individuals growing underneath shrubs
attained a higher biomass than those growing outside. Inter-
estingly, six species (c. 17% of the local richness) were found
only beneath shrubs. Likewise Pugnaire, Armas & Vallad-
ares (2004), despite reporting that shrub patches did not con-
tain more species than patches of similar size in open areas,
found 14 species (c. 40% of the total species reported for
that site) that grew exclusively beneath shrubs. In all the sites
of our study, the presence of cushions increases the species
richness at the entire community level, with some cases
where this increase in species richness accounts for approxi-
mately half of the species present in the entire community.
Therefore, considering the field evidence reported in this
study, and the re-evaluation of published studies, it is clear
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(empty bars) at each study site.
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Fig. 6. Relationship between habitat severity assessed by the De
Martonne index and species richness at the entire community (a) and
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the presence of cushions (b) for 11 sites along the southern Andes of
South America.
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that facilitative interactions can increase species richness at
the community level.

Hacker & Gaines (1997) suggested that the impact of a
facilitator species on the enhancement of species richness will
be higher as the environment becomes more stressful (see also
Michalet et al. 2006). Very few studies have tested this expec-
tation at the entire community level. Tewksbury & Lloyd
(2001) visited locations along a gradient in the Sonora desert
that differed in water availability and conducted a compre-
hensive study of the consequences of facilitation by O. tesota

trees on perennial and ephemeral herbs. They found that on
mesic sites, while species richness in perennial plants beneath
O. tesota did not differ from that found outside the nurse,
richness of ephemeral species was higher outside the nurse. In
contrast, on xeric sites, while species richness of ephemeral
plants did not differ between the nurse understorey and areas
outside the understorey, richness of perennial species was
higher beneath the nurse. Interestingly, while on the mesic
sites only c. 25% of the species grew exclusively in association
with the nurse, on xeric sites this figure increased to c. 45%,
supporting the proposition that in more severe environmental
conditions the effect of nurse species in increasing the species
richness of the entire community is higher. However, Tewks-
bury & Lloyd (2001) only had two categories of severity (i.e.
xeric and mesic sites). Our results seem to support a nonlinear
relationship between the magnitude of the positive effect on
species richness and environmental severity (Fig. 6), where
higher impacts are found in the middle of this severity gradi-
ent. This result is in line with the model proposed by Michalet
et al. (2006), which shows that at both extremes of a severity
gradient the importance of facilitative interactions in deter-
mining species richness decreases. Although our study was
focused on severe habitats, our results also suggest that under
extremely stressful conditions fewer species are present in the
entire community, decreasing the pool of species which can
benefit from the environmental mitigation performed by the
nurse-cushion plants. However, more samples spanning a
higher productivity range are needed to further explore this
relationship. Notwithstanding, our analyses clearly show
that cushions always increase species richness at the entire
community level.

Greater species diversity within communities may enhance
several key ecosystem functions (e.g. carbon and nitrogen fixa-
tion); hence our study is relevant to understand the impact of
facilitation on ecosystem function (see Callaway 2007). The
positive effects of facilitation on species richness at the commu-
nity level emerge more clearly in studies that evaluate several
communities along wide geographical gradients (e.g. Holzapfel
et al. 2006; Tewksbury & Lloyd 2001; this study), where explo-
ration of both environmental conditions and plant community
compositional change enable a clearer distinction of the key
processes that drive community assembly. Environments in
which facilitation is a key process (e.g. alpine and arid systems)
are particularly sensitive to major anthropogenic drivers of
ecosystem change, including climate change, land use change
and invasive non-native species (Brooker 2006). Thus, for
proper management and conservation of these environments,

it is vital to understand the importance of facilitation in the
regulation of their diversity.
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