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Abstract
Much is known about facilitation, but virtually nothing about the underlying genetic and evolutionary
consequences of this important interaction. We assessed the potential of phenotypic differences in facilitative
effects of a foundation species to determine the composition of an Alpine community in Arizona. Two
phenotypes of Geum rossii occur along a gradient of disturbance, with ÔtightÕ competitive cushions in stable
conditions and ÔlooseÕ facilitative cushions in disturbed conditions. A common-garden study suggested that
field-based traits may have a genetic basis. Field experiments showed that the reproductive fitness of G. rossii
cushions decreased with increasing facilitation. Finally, using a dual-lattice model we showed that including the
cost and benefit of facilitation may contribute to the co-occurrence of genotypes with contrasting facilitative
effects. Our results indicate that changes in community composition due to phenotypic differences in
facilitative effects of a foundation species may in turn affect selective pressures on the foundation species.
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Biotic interactions are a major component of community genetics
(reviews by Whitham et al. 2003, 2006; Johnson & Stinchcombe 2007;
Wade 2007; Hughes et al. 2008), as demonstrated by many studies of
interactions across trophic levels. However, studies of interactions
within trophic levels have not yet played a major role in studies
of community genetics (Bailey et al. 2009). Furthermore, most studies
of organisms within a trophic level have focused on competition or
allelopathy (Booth & Grime 2003; Lankau & Strauss 2007; Bossdorf
et al. 2009; Lankau 2009; Silvertown et al. 2009; Whitlock et al. 2010).
Facilitative interactions also have strong effects on community and
ecosystem properties, including diversity, structure, productivity and
stability (Mulder et al. 2001; Michalet et al. 2006; Callaway 2007; Kéfi
et al. 2007; Brooker et al. 2008; Cavieres & Badano 2009), but few
studies have explored the genetic basis of these interactions (Callaway
et al. 1991; Rudgers & Maron 2003; Proffitt et al. 2005; Crutsinger et al.
2010) or tested evolutionary questions associated with facilitation (but
see Day & Young 2004; Ehlers & Thompson 2004; Valiente-Banuet
et al. 2006).
An important context in which to address genetically based
variation in facilitation is that of Ôbi-directionalÕ interactions, that is,
the effects of benefactors on beneficiaries and beneficiaries on
benefactors. This deficit exists in part because we also know much less
about the effects of beneficiary species on their facilitators (i.e.

community feedbacks) than about the effects of the facilitators
(Callaway 2007; Bronstein 2009; but see Pugnaire et al. 1996a,b;
Holzapfel & Mahall 1999; Travis et al. 2005, 2006). The relationship
between facilitators and beneficiaries can be mutualistic (+, +),
antagonistic (+, )) or commensal (+, 0) (Callaway 2007), indicating
that feedback effects of beneficiaries have substantial potential to
affect genetically based variation in many different ways. Progress
towards understanding the evolutionary importance of facilitation
requires measurements of the fitness costs and benefits associated
with facilitation (Bronstein 2009) in the context of these feedbacks
and the underlying genetic basis of these interactions.
Here we focus on the facilitative effects of an alpine species with a
ÔcushionÕ morphology, Geum rossii, which appears to be a foundation
species, i.e., a species that structure a community by ameliorating
abiotic stress and creating locally stable conditions for other species,
and by modulating and stabilizing fundamental ecosystem processes
(Ellison et al. 2005). We assessed how the costs and benefits of
facilitation experienced by the foundation species (i.e. community
feedbacks) may affect its fitness, and thus act as a selection pressure
that may drive genetic differentiation in the nurse, and in turn how
phenotypic variation in the foundation species affects the distribution
and survival of other species in the community. In an alpine system in
Northern Arizona, we observed that G. rossii facilitated a large number
of other species. Importantly, we also observed pronounced trait
variation among G. rossii individuals in the field, and that this trait
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variation appeared to correspond with the distribution and abundance
of other species within the cushion. Interspecific facilitation has been
widely documented in alpine communities, where stress and physical
disturbance are strong limiting factors for plant survival and growth
(Choler et al. 2001; Callaway et al. 2002; Cavieres et al. 2006). This
alpine community is a highly suited system for testing evolutionary
questions associated with facilitation, as it is easily amenable to
manipulation, is characterized by substantial variation in abiotic stress
at small spatial scales, and there are easily distinguished phenotypes
that vary in the degree to which they facilitate other species.
We assessed the genetic basis of facilitation by integrating field
observations, removal experiments, a greenhouse and commongarden experiment and a spatially explicit modelling approach.

MATERIAL AND METHODS

Study system

Our study sites were located on Humphreys Peak, the highest of a
group of ancient volcanic mountains known as the San Francisco
Peaks (Northern Arizona, USA, 3852 m a.s.l., 3520¢47¢¢ N,
11140¢41¢¢ W). The climate is continental with c. 700 mm of rainfall
per year on the peaks (556 mm at the Flagstaff weather station,
2100 m a.s.l.), with predominantly summer rainfall. Mean annual
temperature is 7.6 C at Flagstaff and thus close to 0 C at the peaks,
when applying a lapse rate of 0.5 C per 100 m of elevation (Michalet
et al. 2003). Our model species, Geum rossii (R. Br.) Ser. var. turbinatum
(Rydb.) C.L. Hitchc. (Alpine avens, Rosaceae), is a common alpine
species throughout the Rocky Mountains of North America. At the
peaks, G. rossii is the most abundant plant of the alpine communities.
Other species include grasses such as Agropyron scribneri, Bromus ciliatus,
Festuca ovina var. brachyphylla and forbs such as Cerastium beeringianum,
Penstemon whippleanus, Polemonium viscosum, Thlaspi montanum and the
endangered Senecio franciscanus. Geum rossii forms circular to elliptic
cushions of varying sizes (20 cm to 1 m diameter) occurring from
timberline (3550 m a.s.l.) to the summit. Each cushion is formed of
several rosettes tightly connected by short rhizomes and individual
cushions are spatially discrete with no connections between them.
Thus, each cushion has the potential to be genetically distinct from its
neighbours. Cushions typically produce many yellow flowers with
viable seeds each year (see results), but no seedlings were observed
during the summers of 2008, 2009 and 2010, suggesting the
dominance of clonal reproduction. Most other species of the plant
community are primarily found within cushions.
We observed that two distinct morphological phenotypes of
cushions occurred in the system, ÔtightÕ cushions with very few or
no other species within the cushions and ÔlooseÕ cushions with a very
open internal stem and with many other species within the cushions.
A second general observation was that there were more flowers being
produced by tight cushions than loose cushions, suggesting a potential
reproductive cost to loose G. rossii cushions. Tight cushions clearly
occurred in the most stable conditions, on shallow organic soils on
large rocks within scree slides, whereas loose cushions were more
present on fine-textured mineral soils (volcanic ashes and gravels)
where physical disturbance is high. Both microhabitats and corresponding cushion types may be found within a few metres of each
other. These patterns suggest the occurrence of a single population
with different phenotypes growing side by side depending on the level
of physical disturbance.
 2011 Blackwell Publishing Ltd/CNRS
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Greenhouse and common-garden experiment

To evaluate whether loose and tight cushion morphologies were due to
genetic differences or a plastic response to different environments,
clones of the two cushion types were collected in the field and grown
for 2 years in similar environmental conditions. The experiment was
conducted first in a greenhouse during the winter of the first year and
then in an outdoor common garden during the first and second
growing seasons. In early October 2008, we collected 33 cushions
(hereafter genotypes) of both types between 3650 m and 3800 m a.s.l.
Samples included short stems and roots but no leaves because frost
killed leaves before the harvest in the field. Each cushion was planted
in a 2-L pot in a soil-less mix of peat moss, perlite, and vermiculite in a
1 : 1 : 1 proportion. All pots were installed in a greenhouse and
watered two to three times a week. Greenhouse temperatures ranged
from 21 to 26 C. In early November all genotypes had made new
green leaves. At this point we separated each genotype into 10–15
individual rosettes. Each rosette was planted into a separate pot (total
n = 900). At this time we measured the number and size of leaves,
stems and roots of each rosette. Pots were then randomly placed on
benches within the greenhouse and temperatures were adjusted to
range between 16 and 24 C. Plants were watered two to three times
per week and fertilized every 2 weeks with a balanced 20–20–20 watersoluble fertilizer at 120 ppm nitrogen. In early May 2009, all rosettes
were planted in a random arrangement in a common garden located
at 2800 m a.s.l. at the Nature ConservancyÕs Hart Prairie Reserve.
The soil of the site was plowed before transplanting and all regrowth of
other species was removed from around the G. rossii individuals each
week. The site was fenced to exclude deer and elk. Plants were watered
every 4 days during dry periods. In both the greenhouse and the
common garden, each month, from November 2008 to August 2009,
we measured leaf and flower numbers and the size of the longest leaf
for all transplants. Living and dead leaves were counted at each date to
calculate relative leaf number production during the first year of the
experiment [(final number of living leaves + total number of dead
leaves ) initial number of living leaves) ⁄ initial number of living
leaves]. During the second year of the experiment we only calculated
total leaf number production (number of living and dead leaves in
August 2010), as all individuals had no living leaves at the beginning of
the growing season. Additionally, leaf lifespan was measured in the
greenhouse between February and April 2009 on at least five randomly
chosen rosettes of each genotype, by tagging one young leaf with a ring
surrounding the petiole. To assess the differences in palatability among
phenotypes, we also measured aphid colonization on G. rossii in the
greenhouse during an aphid outbreak in March 2009. Three simple
classes of aphid colonization were made (0, no aphid; 1, less than
10 aphid individuals; 2, more than 10 individuals).
All data were analysed with one-way ANOVAs with cushion
morphology (i.e. loose vs. tight) as independent factor. For the first
year, replicates of each genotype were averaged before ANOVAs and
genotypes with less than five survivors were excluded from analyses.
For the second year, because survival was very low (less than 15%)
and most of the genotypes had less than five survivors; ANOVAs were
conducted on all survivors, regardless of genotypes. Dependent
variables were checked for normality and log-transformed (leaf length,
relative leaf number production) or arcsineroot-transformed (survival,
leaf lifespan, aphid colonization and flower production) before
ANOVAs. All ANOVAs and regressions were carried out with JMP 8.0.2
(SAS Institute, Cary, NC, USA).
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Field patterns and removal experiment

To quantify the frequency of each cushion type, in October 2010 we
sampled 100 cushions along six, 10-m long transects located between
3650 m and 3800 m a.s.l. and measured their density of rosettes and
flower production. On each cushion we randomly sampled a circular
plot that was 20 cm in diameter (314 cm2) and counted the number of
G. rossii rosettes and their number of flowers within the plot.
We regressed the number of flowers against the number of rosettes
and used this diagram to separate the 100 cushions in three categories,
tight cushions, loose cushions and intermediate cushions, with a main
importance given to rosette density. Cushions with a density of
rosettes higher than 5 dm)2 (up to 7) and a flower production higher
than 7 flowers per dm2 were classified as tight cushions, whereas
cushions with a density of rosettes lower than 4 dm)2 and a flower
production lower than 13 flowers per dm2 were classified as loose
cushions. All other cushions were considered as intermediate, that is,
mainly cushions with 4–5 rosettes per dm2, but also few cushions with
less than 4 rosettes per dm2 but more than 13 flowers per dm2 and
few cushions with more than 5 rosettes per dm2 but less than
7 flowers per dm2.
To measure the strength of associations between G. rossii cushions
and beneficiary species, and thus the potential for G. rossii to be a
foundation species, we randomly selected 160 individual cushions
between 3650 m and 3800 m a.s.l. We measured the maximum and
minimum axes of the horizontal area of each cushion, calculated
cushion area, and randomly selected in the close vicinity of each
cushion (less than a metre) an ÔopenÕ plot of the same area.
We counted all individuals of each vascular species growing within the
cushions and within the open paired plots. We also quantified the
percentage cover of cushions and open area on ten 20-m long linear
transects.
We also conducted a removal experiment to quantify differences in
facilitative and competitive effects between both cushion types. Two
target species, naturally occurring in both cushion types, were chosen
to measure these effects, F. ovina var. brachypylla and P. viscosum.
In mid-June 2009 we randomly selected 60 tight cushions and 60 loose
cushions between 3650 m and 3800 m a.s.l. For each type 30 cushions
included one discrete individual of F. ovina and the 30 other cushions
one individual of P. viscosum. For half of the cushions we removed by
hand the aboveground parts of G. rossii within a circular area 15 cm in
diameter. In mid-June 2009 and late August 2010 we measured the
height, number of ramets and number of flowering heads of all target
individuals. For the three variables we calculated the relative
increment during the experiment as: (final performance value ) initial
performance value)/initial performance value.
We assessed the cost of facilitation for G. rossii cushions first by
testing for significant relationships between the total density of
beneficiary species within cushions and the production of flowers by
cushions, and the species richness of beneficiaries within cushions and
the production of flowers by cushions. In early October 2008 we
selected 50 cushions that appeared to exhibit a large range of
beneficiary densities and beneficiary species richness. This haphazard
sampling included both tight and loose cushions, as well as
intermediate forms, but was only based on the range of beneficiary
densities to be conservative. On each cushion we randomly sampled a
circular plot that was 20 cm in diameter (314 cm2) and counted all
beneficiary individuals by vascular species and the number of G. rossii
flowers within the ring. To assess the effect of this cost on the fitness
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of the nurse, we collected all seeds from each of the 50 G. rossii
cushions, overwintered them under the snow at NAU until February
2009 and then sowed the seeds in pots in the greenhouse. Seeds
germinated from 3 to 8 days after sowing and the number of emerged
seedlings was counted for each of the 50 samples. Additionally, we
conducted a removal experiment to fully test the hypothesis that
beneficiary species reduce the flower production of loose cushions.
In mid-June 2009 we randomly selected 12 sites between 3650 m and
3800 m a.s.l., with at least 100 m between sites. At each site we
randomly selected six loose cushions and three tight cushions and
removed all beneficiary species growing within a circular plot that was
20 cm in diameter (314 cm2) in half of the selected loose cushions.
In early August 2010 we counted the number of flowers produced by
all cushions within the previously delimited circular plot.
To assess the importance of G. rossii cushions for species richness at
the scale of the whole community (cushions and open areas between
cushions), we calculated species accumulation curves for the
160 cushion samples and for the 160 paired samples in the open
areas. As our protocol included samples that varied in area, these
curves were constructed using sample-based rarefaction techniques to
avoid biases due to the sequence in which samples were added to the
curves. For each microhabitat we generated a species X samples
matrix, where each cell (i, j ) indicated the presence (1) or absence (0)
of the i species in the j sample. From these matrices, 5000 re-samples
with replacement were randomly drawn for each sample size, and the
Mao-Tau expected richness estimation and its 95% confidence
interval were calculated. The average values of species richness were
then plotted against the respective sample size to construct a species
accumulation curve for each microhabitat. Significant differences were
assumed if confidence intervals did not overlap at the asymptote of
the species accumulation curves (Gotelli & Colwell 2001). The
rarefaction analyses were performed with the software EstimateS
v. 8.2 (Colwell 2000).
For the removal of G. rossi experiment we analysed relative
increment in height, ramet number and flowering head number of the
targets, but not survival which approached 100%. For each dependent
variable we conducted a three-way ANOVA, with target species, cushion
type and removal as independent variables.
The 50 measurements for the cost of facilitation were analysed with
simple regression by plotting the number of flowers and emerged
seeds of G. rossii against the number of species and number of
individuals of beneficiary species. For the removal of beneficiary
species experiment we compared the flower production of each of the
three cushion types (removed loose, control loose and control tight
cushions) with a one-way ANOVA followed by a post hoc Tukey test.
The three values of flower number of each cushion type per site were
averaged before the ANOVA.
Modelling

We used a spatially explicit modelling approach to theoretically assess
how the costs and benefits of facilitation for a foundation nurse
species may affect its fitness and act as selective pressures that are
likely to drive genetic differentiation in the nurse. We used a duallattice model (Travis et al. 2005, 2006) with G. rossii and the dependent
species living in two overlapping two-dimensional lattices of similar
sizes (200 · 200 cells). Each G. rossii individual occupied 25 cells
(5 · 5 square area) on the first lattice, whereas each individual of the
dependant species occupied one cell in the second lattice. We defined
 2011 Blackwell Publishing Ltd/CNRS
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the neighbourhood of G. rossii as the Moore neighbourhood, which
includes the eight immediate neighbours of a given individual G. rossii:
north, northeast, east, southeast, south, southwest, west and northwest. For the beneficiary species, we assumed that the dispersal
distance of their propagules was the same as for G. rossii, creating a
neighbourhood of a 11 · 11 square area including 120 neighbours
around each individual. When reproduction occurred, an individual
produced propagules that were identical to the parents. The total
number of these propagules equalled the reproductive rate rfi of the
G. rossii and the reproductive rate rbi of the beneficiary species. Both
types of propagules were dispersed sequentially to one of the
neighbours that was randomly selected from the parentÕs neighbourhood, and the propagules could only establish in empty cells.
In both lattices there was a linear gradient of increasing physical
disturbance (parameter D), ranging from 0 (no disturbance) at the left
end of the lattices to 1 (maximum disturbance) at their right end.
We used a ÔwraparoundÕ (torus) approach to avoid edge effects
(Yamamura et al. 2004). As the disturbance level was 0 at the left edge
of the lattice and the highest at the right edge of the lattice, the
wraparound was not conducted at the horizontal direction but only at
the vertical direction (Travis et al. 2005, 2006).
In the G. rossii lattice there were 40 different genotypes that differed
in their competitive ability, pi, which was defined as the ability of the
propagules of one genotypeÕs individual to exclude the propagules of
another G. rossii individual. Because the propagules of G. rossii
individuals could only establish in empty patches, the propagule of the
individual having the largest pi value will occupy an empty patch when
competing with other individuals. However, as observed in the field
and following Grime (1974), we assumed that there is a tradeoff
between a genotypeÕs competitive ability and tolerance to disturbance.
Thus, with increasing disturbance the survival rate of G. rossii
genotypes with a high pi value will decrease more than that of
genotypes with a low competitive ability. We modelled this as:
sfi ¼ sfmax  a  pi  D;
where sfmax is the maximum survival rate of the genotype occurring in
the absence of disturbance; a is a constant, which is larger than 0 and
represents the effect of disturbance on a genotypesÕ survival rate.
Because our field observations showed that most beneficiary
species occurred only within G. rossii cushions, we assumed for
simplicity that the survival rate of beneficiary species is 0 when there
is no cushion individual in the corresponding cells of the G. rossii
lattice. Thus in our model there was a second tradeoff between a
genotypeÕs competitive and facilitative abilities, and thus the survival
rate of the beneficiary species will decrease with increasing
competitive ability of a genotype:
sbi ¼ sbmax  g  pi :
Here sbmax is the maximum survival rate of the beneficiary species
occurring under the most facilitative conditions, that is, within a
G. rossii genotype with pi = 0; g is a constant representing the intensity
of this facilitative effect. For simplicity we assumed that the
reproductive rate rbi of the beneficiary species was the same.
To quantify the impact of beneficiary species on G. rossii (feedback
effects) we included within the model both a cost and a benefit of
facilitation for G. rossii. For the cost of facilitation, consistent with our
field measurements presented next, we assumed that beneficiary
species have a negative effect on the reproductive rate rfi of the
G. rossii and this negative effect will increase with decreasing
 2011 Blackwell Publishing Ltd/CNRS
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genotypeÕs competitive ability (pi) and increasing the number of
individuals of beneficiary species (nfb).
Thus, rfi can be defined as:
rfi ¼ rfmax  c  ð1  pi Þ  nfb;
where rfmax is the maximum reproductive rate of the G. rossii occurring
when there are no beneficiary species and c is a constant which is
larger than 0 and indicates the intensity of the cost of facilitation.
Although we did not observe obvious patterns of potential benefits
for cushions that hosted other species, for the sake of modelling
complete feedback processes among G. rossii and other species we
assumed that grasses within cushions may help to anchor the cushions
on the highly unstable substrate of slopes and thereby decrease
cushionÕs mortality. This positive effect of the beneficiary species on
the G. rossii was modelled to increase with increasing disturbance (D),
to increase with a genotypeÕs decreasing competitive ability (pi) and to
increase with increases in the number of individuals of beneficiary
species (nfb).
Thus, including the benefit of facilitation, sfi is now defined as:
sfi ¼ sfmax  a  pi  D þ b  ð1  pi Þ  nfb  D:
Here b is a constant which is larger than 0 and indicates the
intensity of one potential benefit of facilitation for the benefactor. For
simplicity, we assumed that all beneficiary species have a similar
positive effect on G. rossii. Please see the Supporting Information for
more details of our model.
RESULTS

In the greenhouse, several lines of evidence suggested that the
observed differences between tight and loose phenotypes are
genetically based. At the date of transplanting, early November
2008, there were significant differences among cushion phenotypes
for both the size of the stems and the longest leaf (P < 0.001 and
P < 0.01, respectively), but not for the size of the roots, number of
stems, leaves and roots (P > 0.1). Tight phenotypes had longer stems
and leaves than loose phenotypes, as observed in the field (data not
shown). In the first year of the experiment, differences in leaf length
in the greenhouse were still significant 5 months after transplanting
(P = 0.003; Table 1), with 20% longer leaves for tight cushions as
Table 1 Greenhouse and common-garden (leaf length and relative leaf number

production in August) results for leaf traits and aphid colonization of the two
cushion phenotypes during the first year of the experiment
Trait values
Variable
Leaf length (cm), March
Leaf length (cm), August
Relative leaf number
production in August
[(final number ) initial
number) ⁄ initial number]
Leaf lifespan (days),
February–April
Aphid colonization (classes),
March

Tight mean
and SE
7 (0.27)
5.7 (0.31)
12.6 (0.95)

63.04 (2.7)
1.28 (0.05)

Significant effects are indicated in bold.

Morphology effect
Loose mean
and SE

F and P values

5.9 (0.24)
5.8 (0.32)
16.5 (1.20)

3.12 (0.003)
0.05 (0.821)
7.98 (0.007)

54.7 (2.5)

2.09 (0.042)

1.47 (0.05)

2.79 (0.007)
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only found in cushions indicating that more than a third of the plant
community is dependent upon cushions for their survival.
The removal of G. rossii from around the two target species showed
that both cushion types had contrasting effects on beneficiary species
(Fig. 2). For ramet number there was a significant three-way
interaction between the target, removal and cushion type treatments
(P < 0.05), with a strong positive removal effect for P. viscosum in the
tight cushions only, but no removal effect in either cushion type for
F. ovina (Fig. 2a). For height there was a highly significant negative
effect of cushion removal in both cushion types and for both target
species (P < 0.0001; Fig. 2b). The same tendency occurred for flower
head number, but removal was not significant (data not shown).
Together these results show that loose cushions were stronger
facilitators than tight cushions.
There was a highly significant negative relationship between the
number of beneficiary species (species richness) within G. rossii
cushions, and the flowering intensity of these cushions (Fig. 3a)
suggesting a substantial cost to cushions for facilitating other species.
A similar relationship was observed for the density of beneficiary
individuals (Fig. 3b). Cushions hosting zero or one species (i.e. tight

Ramet number
Control tight
Removed tight

(a)
0.8
0.6
Relative increment

compared with loose cushions. However, 8 months after transplanting, in August 2009 in the common garden, there were no differences
in leaf length among cushion types. There were also significant
differences in leaf production among cushion types but, in contrast to
leaf length, these differences remained significant until the end of the
first year of experiment (Table 1). Loose phenotypes produced 30%
more leaves than tight phenotypes (P = 0.007; Table 1). Additionally,
there were significant differences in leaf lifespan and aphid colonization among cushion types (P = 0.042 and 0.007, respectively). Fastgrowing loose phenotypes had a 15% shorter leaf lifespan and were
slightly more colonized by aphids in the greenhouse than the slowgrowing tight phenotypes (Table 1).
In the common garden during the second year of the experiment,
survival was very low, but survival did not differ among cushion types
(12.4 ± 1.8% for tight phenotypes vs. 10.4 ± 1.4% for loose
phenotypes). However, leaf production was still significantly 30%
higher for loose phenotypes than for tight phenotypes (22.6 ± 1.6
leaves for loose phenotypes, N = 49 vs. 17.8 ± 1.2 for tight
phenotypes, N = 55; P = 0.022). Additionally, and consistent with
field measurements, flower production was three times higher for
tight phenotypes than for loose phenotypes (0.65 ± 0.2 flower for the
former vs. 0.22 ± 0.1 for the latter; P = 0.051).
The mean cover of G. rossii cushions was 15.3% of which 45% were
comprised by loose cushions, 40% by tight cushions and 15% by
intermediate cushions. Thus, intermediate forms were less frequent
than both loose and tight phenotypes. Several lines of evidence
support our hypothesis that G. rossii is a foundation species. First,
although the mean cover of G. rossii cushions was very low, the
accumulated species richness was 60% higher within the cushions
than in the open (16 species in cushions vs. 10 in the open,
respectively; 16 total species), and this pattern of positive associations
between beneficiary species and G. rossii cushions was highly
significant (non-overlapping 95% confidence intervals; Fig. 1). Second, even though cushions represented only 15.3% of the total
ground cover, they supported all the species found in this alpine
community; no species were found only in the open. Furthermore,
most of the species that occurred in open areas reached higher
densities within cushions than in the open (data not shown). The only
species that was found at much higher densities in the open than in
cushions was the endangered S. franciscanus. Third, six species were
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Target ****
Removal *
Targ. X Rem. X Cush. type *

Control loose
Removed loose

0.4
0.2
0
–0.2
–0.4
–0.6
–0.8

(b)

Height
1.2

Removal ****

Relative increment

1
0.8
0.6
0.4
0.2
0
–0.2
–0.4

Figure 1 Estimated species richness (± 95% confidence intervals) from rarefaction
curves for 160 cushions (solid symbols) and open areas (empty symbols).

Festuca ovina

Polemonium viscosum

Figure 2 Mean relative increment (± 1SE) in ramet number (a) and height (b) of
the two target species (Festuca ovina var. brachyphylla and Polemonium viscosum) in the
cushion removal treatment and control and for tight and loose cushions. Mean
relative increment during the experiment is calculated as: (final performance
value ) initial performance value) ⁄ initial performance value. Only significant
effects of the three treatments and their interactions are provided for each
dependent variable.
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(c)
r = –0.699
P < 0.001

75
50
25
0

0

2
4
6
8
Beneficiary species number

Flowers number

(b)
100

10

r = –0.639
P < 0.001

40
30
20
10
0
0

2
4
6
8
Beneficiary species number

50

75
50
25
0

50

10

(d)
r = –0.710
P < 0.001

Emerged seeds number

Flowers number

100

Emerged seeds number

(a)

0

25
5
10
15
20
Beneficiary individuals number

r = –0.576
P < 0.001

40
30
20
10
0
0

25
5
10
15
20
Beneficiary individuals number

cushions) had a mean of 15 flowers per dm2 of cushion area; whereas
cushions hosting > 5 species (i.e. loose cushions) produced a mean of
5 flowers per dm2 of cushion area (Fig. 3a). This negative relationship
between species richness and density of beneficiaries within G. rossii
and flower production by G. rossii was further supported by the seed
germination experiment. The number of emerged seeds from G. rossii
plants with many beneficiaries was five times lower than the number
of emerged seed from plants with few or no beneficiaries (Fig. 3c,d)
indicating that facilitating many other species substantially decreased
seed quality.
Consistent with field patterns suggesting a cost to facilitation, the
removal of beneficiary species within loose cushions significantly
increased flower production by G. rossii (P < 0.001; Fig. 4). Loose
cushions with beneficiaries removed produced two times more
flowers than controls, but still produced significantly fewer flowers
than tight cushions (Fig. 4).
Our modelling results indicated that with increasing physical
disturbance there is a decrease in a mean genotypeÕs competitive
ability in each of the four scenarios incorporated into the model
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c

Figure 3 Relationships between the number of beneficiary species
and of beneficiary individuals and Geum rossii fitness [number of
flowers (a and b, respectively) and number of emerged seeds (c
and d, respectively)].

(Fig. 5). This allows us to hypothesize that disturbance might act as a
strong selective pressure creating dominance by tight genotypes in the
most stable substrate conditions (left end of the lattice, i.e. left end of
the disturbance axis on Fig. 5) and dominance of loose genotypes in
the most disturbed substrates (right end of the lattice). However, the
four curves have different slopes because the inclusion of either the
cost or benefit of facilitation had different effects on the dominance
of each cushion type at different positions along the physical
disturbance gradient. When including the cost of facilitation (blue and
green curves) there was a strong increase in the dominance of
genotypes with a high competitive ability (tight genotypes) in
conditions with minimal disturbance (disturbance range: 0.1–0.2;
Fig. 5a), as compared with the two other scenarios (with no cost). This
suggests that facilitation may act as a negative selective pressure on
loose genotypes (i.e. the best facilitators) when disturbance is low. In
contrast, when including the benefit of facilitation (red and green
curves) there is a strong increase in frequency of genotypes with a low
competitive ability (loose genotypes) in highly disturbed conditions
(disturbance range: 0.5–0.6; Fig. 5b), as compared with the two other
scenarios (with no benefit). This suggests that facilitation may
conversely act as a positive selective pressure for loose genotypes
when disturbance is high. Thus, when including both the cost and
benefit of facilitation to G. rossii the population strongly shifts from
dominance by highly competitive genotypes (tight phenotypes) to
dominance by highly facilitative genotypes (loose phenotypes) along a
short gradient of increasing disturbance (green curve with the
strongest inflexion point in Fig. 5), as observed in the field.

5
0

Loose
control

Loose
removed

Tight
control

Figure 4 Effect of removal of beneficiary species on flower production of loose
Geum rossii cushions and comparison with tight cushions. Shared letters above bars
indicate no significant difference as determined from a post hoc Tukey test
(P < 0.05).
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DISCUSSION

Our field measurements and experiments showed the importance of
the role of facilitation in this alpine community, but that different
phenotypes of G. rossii had contrasting facilitative effects on other
species, and the strongest facilitators (the loose phenotypes) experienced a strong negative feedback on their reproductive fitness.
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(a)

Frequency (%)

100

mean genotypeÕs competitive ability (pi) along the disturbance
gradient (D) under four scenarios: (i) red curve shows benefit
only; (ii) yellow curve shows no cost or benefit; (iii) green curve
shows cost and benefit; and (iv) blue curve shows cost only). The
right panels show, for each of the four scenarios, the frequency of
genotypes of increasing competitive ability at two positions along
the disturbance gradient: (a) D = 0.1–0.2; (b) D = 0.5–0.6.

0.8
With benefit only
Without cost and benefit
With cost and benefit
With cost only

0.6

0.4

0.2

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Disturbance level (D)

Our greenhouse and common-garden results showed that the two
different phenotypes of G. rossii conserved most of their traits after
2 years of growth in similar environmental conditions, suggesting
genotypic differentiation within this foundation species. Finally, using
a spatially explicit model, we showed that the inclusion of both the
cost and benefit of facilitation in this system contributes to explaining
the occurrence of a strong shift in dominance from highly competitive
genotypes to highly facilitative ones along a short gradient of physical
disturbance. In combination, these results suggest that facilitation may
act as a selective pressure on the fitness of the foundation species and
thus has the potential to affect genetic differentiation within the
species. As facilitation and competition in alpine systems vary in
relative importance along much larger gradients of physical stress and
productivity correlated with elevation (Callaway et al. 2002), our results
also suggest the possibility of shifts in selective pressures along these
same gradients.
Positive associations and facilitation

Cushion species are common in alpine communities and their low
stature and compact form is adaptive to the severe environmental
conditions (low temperatures, excessive radiation and high physical
disturbance) of these extreme habitats (Körner 2003; Cavieres &
Badano 2009). Several studies have documented positive effects of
cushion plants on the diversity of alpine and arctic communities
(Arroyo et al. 2003; Cavieres et al. 2006; LeRoux & McGeoch 2008).
However, positive associations are not always evidence of facilitation.
For example, in water-limited ecosystems a number of removal
experiments have demonstrated that, although positively associated,
plants in vegetated patches may compete for soil resources, at least
when mature (Maestre et al. 2003; Michalet 2006; Forey et al. 2010).
In contrast, in alpine communities it has been shown that positive
associations are generally good evidence of facilitation, as measured in
removal experiments (Choler et al. 2001; Kikvidze et al. 2005).
In our removal experiment we found, for both phenotypes, strong
facilitative effects of the cushions on the height of both target species.
However, for the ramet number of one target species, we found
strong competitive effect of the tight cushions but no effect of the
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Figure 5 Modelling results with left panel showing variation in
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loose cushions. This higher competitive effect of tight cushions is
consistent with our field observations showing a lower density of
beneficiary species within the tight cushions (Fig. 3). Previous studies
have shown that phenotypic architectural variation in foundation
species may induce contrasting facilitative (and competitive) effects on
other plant species (Callaway et al. 1991; Rudgers & Maron 2003;
Proffitt et al. 2005; Crutsinger et al. 2010). Additionally, plant genetic
diversity may also have other positive within-trophic level effects such
as increasing community stability or productivity through niche
complementarity processes (Booth & Grime 2003; Crutsinger et al.
2006; Hughes et al. 2008).
The costs and benefits of facilitation

We found evidence for a cost of facilitation for G. rossii. First, our field
measurements showed that the reproductive fitness of G. rossii
cushions hosting up to five species beneath their canopy were five
times lower than that of cushions hosting zero or one species. Second,
the removal of beneficiary species from loose cushions significantly
increased their flower production. These competitive effects of
beneficiary species on the facilitator G. rossii in the highly disturbed
microhabitats of the loose cushions may be similar to patterns
described along primary successional gradients, where late-successional species otherwise facilitated in pioneer conditions might
outcompete their benefactor through time (Clements 1916; Walker
& Chapin 1987). However, in our system, because beneficiary species
were very rarely found alone, such competitive exclusion of the
benefactor likely leads also to the death of the beneficiary species due
to excessive stress conditions, which is consistent with models of
Travis et al. (2005) and Xiao et al. (2009).
With the exceptions of models (Travis et al. 2005, 2006), we are not
aware of any facilitation study which addressed reciprocal effects other
than Pugnaire et al. (1996a,b) and Holzapfel & Mahall (1999). Our
experimental results are consistent with those of Holzapfel & Mahall
(1999) who found overall positive net effects of shrubs on annuals,
and negative net effects of annuals on shrubs in the Mojave Desert.
For the leguminous shrub Retama sphaerocarpa, Pugnaire et al. (1996a)
showed that shrubs facilitating the understory herb Marrubium vulgare
 2011 Blackwell Publishing Ltd/CNRS
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benefited from sheltering herbs beneath their canopy. Pugnaire et al.
(1996b) showed in the same system that this mutualistic interaction
was a process emerging through succession with increasing age of the
shrub, consistent with niche construction theory (Wilson & Agnew
1992; Laland et al. 1999).
In contrast to the study by Pugnaire et al. (1996a), we did not
observe obvious field patterns suggesting the occurrence of a benefit
of facilitation for the nurse G. rossii. However, our study examined
effects of facilitation on flower numbers and it is possible that a
benefit may exist if it acts on G. rossiiÕs survival. For example, most of
the beneficiary species are grasses, which may anchor G. rossii in
disturbed slopes with their deep rooting system and decrease
cushionÕs mortality rate induced by the disturbance. If G. rossiiÕs
individuals that do not receive a benefit from facilitation die, then it
may be difficult to detect any potential benefit. Further experiments
should be conducted to assess any potential of benefits from
facilitation, and in particular the removal of grasses within very small
loose cushions in highly disturbed slopes. However, it is worthwhile
addressing through modelling the potential impact of such benefit on
G. rossii.
Phenotypic differentiation within the nurse Geum rossii

Phenotypic variability among populations experiencing different
environmental conditions can be due to phenotypic plasticity, genetic
difference or maternal effects (Roach & Wulff 1987; Monty et al.
2009). Common gardens are commonly used to separate the effects of
plasticity from that of genetic differences (Clausen et al. 1940; Roach
& Wulff 1987; Schmid & Dolt 1994) and maternal effects are thought
to be eliminated by producing second generations of the phenotypes
in question in common conditions. Schmid & Dolt (1994) showed
that maternal effects for Solidago altissima were greatly reduced after
one growing season and eliminated after two growing seasons.
We did not exclude maternal effects, but of three traits measured
during two growing seasons (leaf and flower production and leaf
length) we found that two traits remained significantly different
among G. rossii morphological types at the end of the experiment (leaf
and flower production) and one showed no significant differences
(leaf length). As in the field, tight cushions still had longer leaves than
loose cushions until April of the first year, but this difference vanished
during the first summer to remain no longer significant until the end
of our experiment. Because harvested rhizomes from tight cushions
were bigger than those of loose cushions, this early difference in the
common garden as well as that observed in natural environmental
conditions could be due to differences in storage among cushion types
related to the environmental conditions of their respective microhabitats. In contrast, leaf production remained higher for loose cushions
than for tight cushions after 2 years. Furthermore, loose cushions had
shorter leaf lifespans and higher aphid colonization rates in the
greenhouse than tight cushions. These differences in traits suggest an
ÔexploitativeÕ strategy for loose cushions vs. a ÔconservativeÕ strategy
for tight cushions (MacArthur & Wilson 1967; Grime 1974). These
differences are consistent with the higher frequency of tight cushions
in physically stable conditions and the higher frequency of loose
cushions in highly disturbed conditions, as well as the higher
competitive ability of tight cushions (MacArthur & Wilson 1967).
This is also consistent with studies showing local adaptation and
biotype formation in response to disturbance (Solbrig & Simpson
1974, 1977).
 2011 Blackwell Publishing Ltd/CNRS
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Different growth rates between tight and loose cushions may also
be due to an age-related decline in vigour of clonal material among
cushion types, as shown by Thompson et al. (1991) for Spartina anglica.
However, Thompson et al. (1991) showed that the lower growth rate
of successionally mature populations was associated with a decrease in
survival and flowering fitness in greenhouse conditions. In contrast, in
our study there were no differences in survival between the slowgrowing tight cushions and the fast-growing loose cushions and the
former had a much higher reproductive fitness in the field than the
latter. As in the field, flower production was higher for tight cushions
than for loose cushions during the second year of the common-garden
experiment. Other common-garden studies have demonstrated a
genetic basis of similar tradeoffs among populations between resource
acquisition or phenological rate and size at maturity (Weber & Schmid
1998; Rowland 2001; Hangelbroek et al. 2003).
Our common-garden results suggest a genetic basis for the
observed differences in flower production, resource utilization and
tolerance to disturbance among cushion types. However, because
maternal effects cannot be excluded in our study, reciprocal
transplants and genetic structure analysis should be conducted to
further test the adaptive significance of the observed phenotypic
variation in G. rossii.
Including genetic-based costs and benefits within
a dual-lattice model

Our models simulating the long-term dynamics of sympatric
populations of different genotypes showed that facilitation has the
potential to act as a strong selective pressure on G. rossii under
particular sets of conditions. In conditions of low disturbance, tight
cushions appeared to be favoured in the long-term compared with
loose cushions because the reproductive rate of the latter is strongly
decreased by the negative effect of the beneficiary species (the cost of
facilitation), as observed in the field. In contrast, in conditions of high
physical disturbance, and at least as hypothesized in our model, loose
cushions might be favoured over tight genotypes because their
survival rate has the potential to be enhanced by the positive effect of
the beneficiary species (the benefit of facilitation). These contrasting
effects of facilitation that favour the population dynamics of different
genotypes in different environmental conditions enhance the effect of
physical disturbance on selecting for slow-growing tight genotypes in
stable conditions and fast-growing loose genotypes in disturbed
conditions, as shown by the enhanced steepness of the curve including
both the cost and benefit of facilitation in our model (Fig. 5).
An interesting improvement of our models could be to modify the
parameters of the model to increase the contribution of both the cost
and benefit of facilitation in shaping the shift in relative frequency of
each phenotype along the physical disturbance gradient. For instance,
the contribution of the feedback effects of facilitation may be too
subtle as the shift in dominance of the two phenotypes along the
gradient also occurs without any feedback effects of facilitation
(yellow curve in Fig. 5). This is due to the important contribution
given in our model to the tradeoff between competitive ability and
tolerance to disturbance. However, further field and common-garden
experiments are certainly needed to realistically quantify the relative
contribution of environmental vs. biotic selective pressures to the
long-term dynamic of this G. rossii population. For simplicity our
model assumed that all cost and benefit functions are linear, whereas
nonlinear functions maybe more biologically reasonable and realistic,
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in particular to take into account density-dependant effects of
beneficiary species (Chu et al. 2008). Such improvements may increase
the steepness of the curve including both the cost and benefit of
facilitation in our model.
The extent to which such contrasting selective pressures may
contribute to sympatric genetic differentiation, that is, when gene flow
is possible as in our case, has been widely addressed in the literature
and referred as evolutionary branching by Doebeli & Dieckmann
(2000) or evolutionary diversification (Day & Young 2004). Doebeli &
Dieckmann (2000) stressed that evolutionary branching has been
found in a number of across-trophic levels models including
mutualistic or predator–prey interactions. Sympatric genetic differentiation has been shown to also occur in contrasting habitat conditions
(Choler et al. 2004; Freeland et al. 2010), but in plant–plant interactions most emphasis has been placed on competition (Miller 1995;
Rice & Knapp 2008; Liancourt & Tielbörger 2009; Thorpe et al., in
press). Day & Young (2004) and others (Callaway 2007; Brooker et al.
2008; Bronstein 2009) suggest that facilitation may also be important
in the evolutionary diversification of some taxa, but most empirical
evidence comes from microbial experiments (Turner et al. 1996;
Travisano & Rainey 2000). Our models, in part supported by our field
and common-garden experiments, strongly suggest high potential of
plant–plant facilitation for evolutionary diversification. We consider
that the most challenging issue for future researches will be to assess,
through modelling and field experiments, the relative contribution of
environmental and biotic drivers in driving this genetic differentiation.
The potential for using facilitation in the study of community
evolution

Five key findings emerged from our studies that are potentially
important to the study of community evolution (i.e. a genetically based
change in the ecological interactions that occur between species over
time; Whitham et al. 2006). First, our findings from the field argue that
through facilitation, G. rossii is a foundation species in this alpine
community. Second, as facilitation increased, the reproductive fitness
of G. rossii strongly declined due to the competitive effect of
beneficiary species on loose G. rossii phenotypes. This argues that
there is an important cost of facilitation for the foundation species,
which may provide an important feedback of the community on the
fitness of individual cushion genotypes. Third, our greenhouse and
common-garden results suggest a genetic basis to the predominant
cushion phenotypes (tight and loose); after 2 years of growth in
similar environmental conditions, the two phenotypes retained most
of their respective traits. Fourth, under different disturbance regimes,
tight and loose phenotypes growing in close proximity exhibit
different fitness, and support different communities. Fifth, in
agreement with our field and common-garden studies, using a
spatially explicit model, we showed that the inclusion of both the cost
and benefit of facilitation within this system contributes to produce a
shift in frequency from highly competitive phenotypes to highly
facilitative ones along a short gradient of physical disturbance.
Together, these results suggest that facilitation may act as a selective
pressure that favours loose phenotypes in disturbed environments, and
tight phenotypes in more stable environments. If these architecturalbased phenotypes are genetically based as has been shown in other
plant studies (e.g. Bailey et al. 2004), then they are subject to natural
selection and as they change so may their dependent communities.
Although our findings show that the two cushion phenotypes support
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different communities, they may also have unknown effects on the
genetics of species in the dependent community. Thus, if different
cushion phenotypes favour different genotypes of the dependent plant
species or their associated species (e.g. mycorrhizal mutualists and
pollinators), the potential for genetically based facilitation to alter
community evolution is strongly suggested. Although not yet examined
with studies of facilitation, several studies have found that populations
of herbivores are adapted to individual host plant genotypes (Mopper
et al. 2000; Evans et al. 2008). This may extend to multiple trophic
levels. Stireman et al. (2005, 2006) showed that multiple herbivores
and their parasitoids are genetically differentiated on two closely related
sympatric species of Solidago, which suggests that host plants can affect
speciesÕ evolution at multiple trophic levels.
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