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Facilitation consequences for reproduction of the benefactor 
cushion plant Laretia acaulis along an elevational gradient:  
costs or benefits?
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Environmental stress may favour facilitative interactions among plants but whether these interactions are positive for the 
benefactor and how this depends on stress factors, remains to be determined. We studied the effect of beneficiary cover 
and biomass on reproduction of the benefactor cushion plant Laretia acaulis (Apiaceae) in the central Chilean Andes dur-
ing three years. Study sites were situated along an elevational gradient at 2600, 2800, 3000 and 3150 m a.s.l. This range 
comprises a cold- and a drought-stress gradient, with moisture increasing and temperature decreasing with elevation. We 
studied the effect of natural gradients in beneficiary cover and of experimental cover removal on cushion flower and fruit 
production. Beneficiary cover had a negative effect on flower production but not on infructescence and fruit densities or 
fruit weights. A positive effect of beneficiaries on the fraction of flowers converted into fruits was detected for hermaph-
rodite cushions. The effect of beneficiary cover on flowering was independent of elevation or cushion gender, although 
these latter factors explained most of the variation. Removing the aboveground parts of the beneficiaries positively affected 
flowering at 2800 m a.s.l. but not at the other elevations. Our results suggest negative effects of facilitation on L. acaulis 
flowering, but these are neutralized in fruit production. Surprisingly, this conclusion holds along the entire elevational or 
stress gradient. This suggests that this system of facilitation is evolutionarily stable and not very sensitive to environmental 
change. It remains to be tested, however, whether facilitation affects fitness via growth and long-term survival in these 
slow-growing alpine cushions.

During the last 30 years facilitative interactions have become 
increasingly recognized as important drivers of plant com-
munity structure (Kikvidze et al. 2005, Cavieres et al. 2014) 
and have found their place in mainstream ecological theory 
(reviewed by Bruno et al. 2003, Brooker et al. 2008). A facil-
itative interaction, by definition is positive for at least one of 
the interacting individuals (the beneficiary) while the other 
participant (the benefactor) may or may not be affected  
(Stachowicz 2001, Bruno et al. 2003). So far, the great 
majority of studies dealing with facilitative interactions have 
focused on the effect of benefactor species on the beneficia-
ries, whilst the effects of the beneficiaries on the benefac-
tors have started to be explored only very recently (Cranston 
et al. 2012, Schöb et al. 2014b).

Depending on the effect on the benefactor, the nature 
of a facilitative interaction can be more or less symmetric, 
with perfect symmetry meaning equal mutual benefits and 
extreme asymmetry meaning strong negative effects for the 
benefactor (Lin et al. 2012). In accordance with this variety 
of possible responses, facilitation could have important eco-
logical and evolutionary implications: a negative effect from 
beneficiaries on the benefactor would result in the benefactor 

developing escape strategies, disrupting the interaction, or in 
tolerance moving the interaction from antagonism towards 
commensalism. A positive or neutral effect on the benefac-
tor should lead to persistence of the interaction (Bronstein 
2009, Brooker et al. 2009, Lin et al. 2012).

Some empirical studies regarding facilitation effects for 
both interacting species have demonstrated a mutual benefit 
(Pugnaire et al. 1996) or a net effect with benefit for one 
species and interference for the other (Holzapfel et al. 1999). 
More recently it has been shown that for a range of cushion 
plant species acting as benefactors in alpine habitats, facili-
tation tends to bring a reproductive cost for the benefac-
tor (Michalet et al. 2011, Cranston et al. 2012, Schöb et al. 
2014a). However, this negative effect is by no means univer-
sal (McIntire 2014, Sortibrán et al. 2014) and depends on 
factors like species richness or identity of the beneficiaries 
(Michalet et al. 2014, Schöb et al. 2014a), stress conditions 
(Michalet et al. 2011, Lin et al. 2012), and benefactor vigour 
and life-history traits like gender-specific resource allocation 
(Cranston et al. 2012), and others.

Cushion plants (here after cushions) are conspicuous  
elements of alpine plant communities around the world 
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(Aubert et al. 2014, Hauri et al. 1914). It has been widely 
shown that their particular morphology allows them to 
maintain more stable soil temperatures and higher moisture 
and nutrient levels than in the surrounding soil (Gibson 
et al. 1985, Hager et al. 1990, Cavieres et al. 2007). Several 
studies have found that plant species richness tends to be 
higher inside than outside cushions due to the facilitative 
effects of cushions on the survival and growth of the benefi-
ciaries (Antonsson et al. 2009, Cavieres et al. 2009, 2014). 
As beneficiaries increase in cover or biomass, they could pro-
gressively affect the cushion, positively or negatively, through 
shading, competition for space, nutrients and water, N fixa-
tion (if beneficiaries are legumes), or changes in microcli-
mate and pollinator behavior. Such effects could increase or 
compromise the cushions’ long-term survival, growth and 
reproductive output.

In a recent analysis on facilitation effects on cushion 
plants from different parts of the world, Schöb et al. (2014a) 
showed an overall, but not universal, negative effect of ben-
eficiary cover on flower and fruit density. In a more detailed 
analysis, Cranston et al. (2012) studied facilitation effects 
in the cushion plant Silene acaulis at two elevations, repre-
senting two stress levels, and found overall negative effects 
at both elevations. Nonetheless, it is important to note that 
both studies are based on data collected along a single grow-
ing season, and several cushions species show masting repro-
ductive behavior (Hoffmann et al. 1984) suggesting that 
observed cost can be transient. Thus, the change of facilita-
tion costs along stress gradients needs to be studied in more 
detail both spatially and temporally.

We expect an increase in facilitation with environmental 
stress, as predicted by the stress gradient hypothesis (SGH) 
(Bertness et al. 1994, Callaway et al. 2002). However, the 
balance of positive and negative effects of beneficiaries back 
on their benefactors is also likely to shift with stress. This 
may be due to changes in the morphology and physiologi-
cal status of the benefactor cushion (Schöb et al. 2013, Al 
Hayek et al. 2014) or due to changes in the strength and 
the mechanism of (mutual) facilitation (e.g. via temperature 
modulation or moisture supply). The balance could also 
shift due to changes in the number of beneficiaries but this 
would be related to a higher ‘incidence’ rather than due to 
a stronger ‘effect’ of facilitation. Understanding these effects 
is important because they have ecological and evolutionary 
implications that may strongly affect the fate of plant com-
munities under climate change, in particular in the alpine 
zone (Anthelme et al. 2014).

In this study we address reciprocal effect of facilitation for 
the cushion plant Laretia acaulis (Apiaceae) in the mediter-
ranean high mountains of central Chile. As in other medi-
terranean mountains, cold stress increases with elevation 
while drought stress decreases. Our study involves the entire 
elevational distributional range of this species as well as three 
years of inter-annual variation in conditions and plant per-
formance. Vegetation cover is low (50% or less) at both ends 
of the species’ range, suggesting that this elevational range 
reflects the fundamental physiological abilities of the spe-
cies rather than being determined by superior competitors 
at either end. Thus, we expect more physiologically stressful 
conditions at both ends of the range than in the middle. 
Positive associations of shrubs and herbs with L. acaulis 

cushions have been found to be more frequent at the lower 
of two elevations (2800 and 3200 m), which was attributed 
to higher water stress (Cavieres et al. 2006). What is not 
clear, however, is how the reciprocal effect of this facilitation 
on the cushion plants changes with either the cold or the 
drought stress gradient (McIntire 2014). In this study we 
aimed to clarify 1) what effect beneficiaries have on repro-
ductive performance of L. acaulis (do they represent a cost or 
a benefit?); and 2) how this effect changes with elevation, i.e. 
with the level of physiological stress?

Methods

Study site

The study was conducted in the high Andes of central Chile 
ca 50 km northeast of Santiago at La Parva (33°S, 70°W). 
Four sites with similar exposure and slope were selected, at 
2600, 2800, 3000 and 3150 m a.s.l., representing the total 
elevational distribution range of Laretia acaulis. The area is 
characterized by an alpine climate with a strong influence 
of the mediterranean-type climate of lower elevations (with 
winter precipitation, mainly as snow, and a progressive 
drought in summer (Di Castri et al. 1976). The annual aver-
age precipitation is 400–900 mm (Santibañez et al. 1990). 
In the area during the growing season (November to March) 
the mean air temperature is 11.4°C at 2600 m with a grad-
ual decrease with elevation (6.7°C at 3150 m), with highest 
daily temperatures between January and February (Cavieres 
et al. 2007).

The vegetation of our study sites consists predominantly 
of L. acaulis cushions surrounded by small shrubs and herbs. 
At the lower elevations representative species are Chuquiraga 
oppositifolia, Euphorbia collina, Senecio francisci, Haplopap-
pus anthylloides and Nassauvia looseri. Some of these species 
are still present at intermediate sites together with Montiopsis 
spp., Nassauvia spp. and Polygala salesiana, while at higher 
elevations Taraxacum officinale and Nassauvia pyramidalis 
increase in importance. At the lower elevations total plant 
cover is ca 50%, about half of which is L. acaulis, while at 
3000 m a.s.l. total plant cover is slightly lower (ca 40%) 
but L. acaulis cover remains the same, increasing its relative 
importance. Shrubs at these three elevations are up to about 
50 cm tall. At 3150 m a.s.l. plant cover decreases to ca 30% 
and plant height to about 40 cm and the relative importance 
of L. acaulis and other cushion plants increases further.

Study species

Laretia acaulis (Apiaceae) occurs in the high mountains of 
Chile and Argentina from 30° to 36°S at elevations from 
2400 to 3300 m (Cavieres et al. 2000). It is a flat-growing 
perennial cushion plant with a vertical pivoting root and 
marcescent leaves (i.e. dead leaves from the previous seasons 
remain on the stem). Leaves are lanceolate, 15–25 mm long, 
growing in rosettes that cover the entire cushion surface; 
with one simple umbel (inflorescence) per rosette (Martinez 
2003). The species is reported as being dioecious, with dif-
ferent number of flowers per umbel in male and female 
cushions (Hoffmann et al. 1984). However, we also found 
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hermaphroditic flowers, so dioecy does not seem fully devel-
oped. We found about six flowers and four to six schizocarp 
fruits per umbel in female cushions, 10 flowers and up to 
eight fruits per umbel in hermaphrodites, and up to 15 flow-
ers in males (García Lino et al. unpubl.). The reproductive 
activity is from the beginning of January to May (Armesto 
et al. 1980, Hoffmann et al. 1984).

Laretia acaulis cushions can reach sizes up to 10 m2, 
depending on the area, with an increasing proportion 
of larger cushions,  1 m2, at higher sites (Armesto et al. 
1980). Other cushion species with similar growth forms 
tend to grow extremely slowly, in the range of millimeters of  
horizontal or radial growth per year (Ralph 1978, Halloy 
2002, Kleier et al. 2004).

Data collection

We selected and marked 80 similar-sized (ca 1 m2) cushions 
at each of the four elevations (100 at 2800 m). Cushions 
were selected in order to represent a gradient from no ben-
eficiary cover to the highest cover observed at each elevation. 
For each cushion, size (length  width), beneficiary plant 
cover (length  width) of each individual plant, and ben-
eficiary richness were recorded in the middle of the growing 
season (January). For every cushion we randomly selected 
four areas (10  10 cm2) and quantified various reproduc-
tive variables (number of flowers, inflorescences, fruits and 
infructescences) per area during three consecutive reproduc-
tive seasons (2012, 2013 and 2014) and fruit dry weight per 
area in 2012.

Flower and fruit densities were included because they 
present the most direct indication of reproductive effort and 
success respectively, whereas inflorescence and infructes-
cence densities were included because these parameters are 
more comparable between cushions of different genders. 
After fructification in 2012 (or 2011 at 2800 m), we selected 
40 cushions per site with a gradient of beneficiary plant 
cover and removed all aboveground beneficiary biomass. 
The removed plants were dried and weighed per species to 
determine beneficiary biomass per cushion area (mg cm2). 
We maintained the cushions free of beneficiaries by fre-
quently cutting regrowth during the remaining and the fol-
lowing seasons. Reproductive variables were collected yearly 
from ‘removal’ and control cushions, as described above. 
At 2800 m, control cushions were selected one year after 
the start of the removal treatment. Although ideally treated 
cushions and controls should have been selected simultane-
ously and assigned randomly to the treatments, there is no 
reason to assume that the control cushions at 2800 m, which 
were located interspersed with the treatment group and had 
similar sizes, should systematically differ from the treatment 
group in terms of reproductive output.

Data analysis

General differences in L. acaulis reproduction between years 
and elevations were described with a linear mixed model 
(LMM, lmer from the R package lme4: Bates et al. 2014). 
We compared the reproductive output of each cushion, after 
square-root normalization (except of inflorescence density), 
between elevations (four sites) and years (2012, 2013, 2014), 

with cushion identity as a random factor to deal with tempo-
ral pseudoreplication. In 2012 we used all 80 selected cush-
ions at each of three elevations and 60 cushions at 2800 m 
(at this site, the rest of the cushions had been already cleared 
from beneficiaries in 2011). In the following years (2013 and 
2014) these general data were based only on cushions with 
intact beneficiary cover (40 cushions per elevation).

The effects of beneficiary plant cover (cm2 cm2) or bio-
mass (mg cm2) on L. acaulis reproduction in 2012 were 
evaluated with analyses of covariance (ANCOVA). Response 
variables were the reproductive variables inflorescence, flower, 
infructescence, fruit densities and fruit weight per area. The 
main explanatory variables were beneficiary cover or bio-
mass (log-transformed). Interactions of interest were those 
of beneficiary cover or biomass with elevation (included as a 
four-level factor) and cushion gender (three levels). Further 
co-variables included were cushion area (cm2) and benefi-
ciary species richness, without interaction terms except for 
the interaction between species richness and beneficiary 
cover. All response variables were square-root normalized 
where necessary (Table 1). Male cushions were excluded 
from analyses with infructescences and fruits. Four extreme 
values of beneficiary biomass were indicated to have a strong 
influence in various models. However, excluding these val-
ues from the analyses did not alter any conclusions, so we 
included them in the analyses presented here.

The effects of beneficiary cover and biomass on the frac-
tion of flowers that developed into fruits (fruits/flowers) 
were analysed with a general linear model (glm) assuming 
a quasi-binomial distribution and using a ‘probit’ link func-
tion. Explanatory variables and co-variables were the same as 
in the ANCOVAs described above.

The effects of experimental removal of beneficiaries on  
L. acaulis reproduction were analyzed using linear mixed 
models. The analyses were done separately for the site at 
2800 m a.s.l. for the three years after removal (2012–2014), 
and the rest of the sites for the two years after removal 
(2013, 2014). For all models we included treatment, ini-
tial beneficiary cover, year and cushion gender, plus several 
interactions (treatment  initial cover, treatment  year, 
treatment  gender, elevation  year). For the models 
with three elevations we also included elevation and its 
interaction with treatment. Cushion identity was included 
as random factor to deal with temporal pseudoreplica-
tion. The response variables were inflorescence, flower, 
infructescence and fruit densities (square-root normalized 
except inflorescence).

In all analyses we selected the most parsimonious models 
by deleting first insignificant interactions and then successively 
those variables explaining the least variation and comparing the 
original and simplified models. To obtain p-values for model 
differences, we used a type II ANOVA with the function 
Anova() from the R package Car, with an F or c2-test, depend-
ing on the model (Fox et al. 2011). All analyses and graphics 
were done in R ver. 2.13.1 ( www.r-project.org ).

Data deposition

Data available from the Dryad Digital Repository: 
 http://dx.doi.org/10.5061/dryad.22pr0  (García 
Lino et al. 2015).
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Figure 1. Reproductive variables of the cushion plant Laretia acaulis along an elevational gradient in the central-Chilean Andes from 2012 
to 2014. Shown are means and 95% confidence intervals. Non-overlapping error bars indicate significant differences at a  0.05. Number 
of cushions per elevation: 80 in 2012 (but n  60 at 2800 m), 40 in 2013 and 2014 (all with intact beneficiary cover). Fruit densities are 
shown for female and hermaphroditic cushions only. Elevational patterns differed significantly between years (linear mixed model-LMM-, 
interactions with DF  6, c2  82.5, p  0.001 for flowers and DF  6, c2  38.83, p  0.001 for fruits).

Results

Laretia acaulis reproduction in space and time

Reproductive output varied strongly with both elevation and 
time, with elevation showing contrasting patterns in differ-
ent years (Fig. 1a–b). In general, reproduction in 2012 was 
greater than in 2013 and 2014. In 2012, the intermediate 
sites had the highest flower densities; while at 2600 and 
3150 m elevations densities were lower (Fig. 1a). For the 
same year, the highest fruit densities were found at 3000 m, 
though not significantly different than at 2800 m, while the 
other three sites did not differ among them (Fig. 1b). The 
year 2014 showed significantly lower flower densities at the 
upper site at 3150 m and no differences in fruit densities. 
In contrast, in 2013 flower and fruit densities did not differ 
between elevations (Fig. 1a–b).

Elevational pattern of beneficiary cover

We selected cushions to represent the entire gradient of cover 
values present at each elevation. These cushions are thus not 
a random or necessarily representative sample of the avail-
able cover values. Nonetheless, despite of our systematic 
sampling, differences in cover between elevations can be 
recognized in the data. The mean cover of beneficiaries was 
lower at the higher elevations (Fig. 2). Biomass of the ben-
eficiaries also differed strongly between elevations, reaching 
up to nearly 50 mg cm2 at 2600 m and about 12 mg cm2 
at the two highest elevations. As a consequence, the mean 
beneficiary biomass differed more between elevations than 
mean cover (Fig. 2), although both measures reinforce the 
idea that facilitative effects of cushions are stronger at lower 
elevations (Cavieres et al. 2006).

Changes in L. acaulis reproduction with beneficiary 
cover and biomass

Inflorescence density (p  0.05) and flower density (p  0.05) 
decreased significantly with increasing beneficiary cover  
in 2012 (Fig. 3a, Table 1A). Elevation and gender (only  
for flowers, not for inflorescences) explained most of the  
variation (Table 1A). However, notably there was no inter-
action between these variables and beneficiary cover, so  
the negative cover effect was general, for all genders and  
elevations. As expected, flower densities, but not inflores-
cence densities were higher in females than in males and 
hermaphrodites.

For infructescence and fruit densities, and fruit weight 
per area, beneficiary cover did not have any significant 
effects (Fig. 3b, Table 1A). This was not due to the smaller 
sample size compared to the flowering analysis, because for 
flower and inflorescence densities cover effects were signifi-
cant (p  0.05) even when including only female and her-
maphrodite cushions in the analysis. Again, elevation and 
gender explained most of the variation (Table 1A), but there 
were no interactions between these variables and benefi-
ciary cover. The proportion of flowers converted into fruits 
(fruits/flowers) was affected differently by beneficiary cover 
in female and hermaphroditic cushions (Fig. 3c, Table 2A). 
In female cushions cover had no significant effect on fruits/
flowers (p  0.17), whereas in hermaphrodites the effect was 
positive (p  0.05). There were no effects of cushion size or 
beneficiary species richness on any of the reproductive vari-
ables.

Beneficiary biomass was strongly correlated with benefi-
ciary cover (adjusted r  0.67, p  0.001). Nonetheless, in 
contrast to cover, biomass did not significantly affect any of 
the reproductive variables (Table 1B). Beneficiary biomass is 
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Figure 2. Beneficiary plant cover (cm2 cm2) and biomass (mg g2) 
on cushions of Laretia acaulis along an elevational gradient in the 
central-Chilean Andes in 2012. Shown are means  SE. Number 
of cushions per elevation: for cover, n  80 at 2600, 3000 and 3150 
m and n  60 at 2800 m; for biomass, n  40 at all elevations. Let-
ters indicate significant differences between elevations for biomass 
or cover according to a Tukey HSD post hoc test (a  0.05).
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Figure 3. The effect of beneficiary cover on Laretia acaulis reproduc-
tive output in the central-Chilean Andes in 2012. Lines show the 
modelled responses (models in Table 1 and 2) for (a) flower and (b) 
fruit densities. The mean flower density differed between elevations 
as indicated by lines with different styles. (c) Effect of beneficiary 
cover on the proportion of flowers (females, n  92, and hermaph-
rodites, n  82) converted into fruits (fruits/flowers). The effect of 
beneficiary cover on fruits/flowers differed between genders as indi-
cated by lines with different styles.

retained in some of the models because of significant inter-
actions with elevation for inflorescence and infructescence 
densities (Table 1B). These interactions are due to the nega-
tive effect of beneficiary biomass only at 3000 m.

These patterns in the 2012 data set (Table 1A) are con-
firmed in the following two years for three elevations (2600, 
3000 and 3150 m), where again beneficiary cover had a sig-
nificant negative effect on flower and inflorescence densities 
but not on fruit or infrutescence densities (Table 3A). In 
this analysis, the beneficiary cover of 2012 was used (initial 
cover). This cover remained similar in the following years for 
half of the cushions (control group in the experiment), while 
for the other half all beneficiaries were removed. Neverthe-
less, the effect of initial cover did not differ between these 
treatment groups.

Effects of beneficiary removal on L. acaulis 
reproduction

At 2600, 3000 and 3150 m a.s.l., experimental removal of 
beneficiaries from the cushions did not affect any of the 
reproductive variables after one or two years (i.e. in 2013 
and 2014; Fig. 4). However, flower and inflorescence den-
sities decreased significantly with initial beneficiary cover 
(before removal). There was no interaction of removal and 
cover, so this cover effect was present for cushions with the 
plants removed and cushions with an intact cover. For all the 
reproductive output variables analysed, most of the variation 
could be explained by elevation and year (Table 3A), and by 
gender in the case of flower and fruit densities.

In contrast, at 2800 m a.s.l., flowering was positively 
affected by beneficiary removal one, two and three years after 
removal (Table 3B, Fig. 4). Again, year and gender (except 
for inflorescences) explained most variation in the reproduc-
tive variables. In this analysis, there was no overall effect of 
initial cover and there were no interactions between cover 

and year or treatment. Interestingly, when analyzed together 
for 2012 (Table 1A), there is a cover effect also at 2800 m. 
This different interpretation is a statistical issue: in both cases 
it is based on non-significant differences between elevations 
or years (non-significant interactions). This emphasizes that 
the large variation and weak effect sizes in this type of data 
do not allow for conclusions about single sites or years and 
that multiple elevation  multiple year studies like ours are 
needed to recognize general patterns.

Discussion

Beneficiary cover negatively correlated with flower produc-
tion in Laretia acaulis all along the elevational distribution of 
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Table 1. Analyses of covariance of Laretia acaulis reproductive outputs in 2012 as functions of (A) beneficiary cover (n  80, but n  60 at 
2800 m a.s.l.) or (B) biomass (n  40, only 2600, 3000 and 3150 m a.s.l.). The main co-variables tested were elevation (2600, 2800, 3000, 
3150 m) and gender (females, hermaphrodites and males), plus their interactions with cover. Further co-variables (cushion area, beneficiary 
species richness) tested were not retained in these final most parsimonious models. Significance levels: *, p  0.05; **, p  0.01; ***, 
p  0.001; ns  not significant (p  0.05). For analyses of fruiting, only female (92 cushions for cover; 46 for biomass) and hermaphrodite (82; 
35) were considered. The models for fruit weight (g cm2), not shown, were similar to those for fruit density (no. fruits cm2).

Reproductive
output

No.
inflorescences cm2

(sqrt) No.
flowers cm2

(sqrt) No.
infrutescences cm2

(sqrt) No.
fruits cm2

Source 
of variation

R2  0.24
F4,295  23.6***

R2  0.25
F6,293  17.57***

R2  0.30
F5,168  14.12***

R2  0.33
F5,168  16.8***

(A) Coef DF F p Coef. DF F p Coef. DF F p Coef. DF F p

Beneficiary cover  
(cm2 cm2)

–0.12 1 4.72 * –0.48 1 5.11 * –0.08 1 0.59 n.s 0.015 1 0.004 n.s

Elevation 3 29.7 *** — 3 22.8 *** 3 8.64 *** — 3 10.6 ***
Gender — — — n.s — – 16.8 *** –0.18 1 41.5 *** –0.41 1 49.7 ***

(B) R2  0.31
F5,114  10.34 ***

R2  0.28
F4,114  8.63 ***

R2  0.33
F6,74  6.15 ***

R2  0.34
F4,76  9.58 ***

(log) Beneficiary 
biomass (mg cm2)

0.04 1 0.08 n.s –0.06 1 0.68 n.s 0.07 1 0.25 n.s 0.01 1 0.04 n.s

Elevation — 2 18.8 *** 2 18.1 *** — 2 7.48 *** — 2 8.77 **
Gender — — — – 2 4.8 ** –0.18 1 13.3 ** –0.35 1 13.9 ***
Biomass:elevation — 3 4.3 * — — — — — 2 3.3 * — — — —

Table 2. General linear model (GLM) of the proportion of Laretia 
acaulis flowers converted into fruits as a function of beneficiary (A) 
cover or (B) biomass. The co-variables were elevation (2600, 2800, 
3000, 3150 m) and gender (females, hermaphrodites) plus their 
interactions with cover. Further co-variables tested (cushion area, 
beneficiary species richness) were not retained in the final model. 
We assumed a quasibinomial distribution (link  ‘probit’). Signifi-
cance levels: *, p  0.05; **, p  0.01; ***, p  0.001; ns  not  
significant (p  0.05).

No. fruits/flowers

Source of variation Coef. DF T p

(A)
Beneficiary cover ( m2 cm2) –1.01 1 0.86 n.s
Elevation 3 0.77 n.s
Gender (F and H) –2.17 1 80.9 ***
Benficiary cover:gender 2.78 1 6.44 *

(B)
Beneficiary biomass (mg cm2) –0.01 1 1.09 n.s
Gender –1.12 1 49.6 ***

the species, even though it was a weak effect relative to the 
great variation in reproduction between cushions. Nonethe-
less, it is important to note that this variation was higher on 
cushions with lower coverage, suggesting that cushions with 
higher coverage did not reach the maximum level of flower 
production as compared to cushions with lower coverage. 
Interestingly, fruit production was not affected. Removal of 
aboveground beneficiary biomass had no measurable effects 
on reproduction at three elevations. However, at 2800 m 
a.s.l., flower production, but again not fruit production, 
increased after removal of beneficiaries. These patterns 
did not differ significantly between years. These different 
responses of flower and fruit production suggest that lower 
flower production is compensated by higher fruit set, as we 
found for hermaphroditic cushions.

Negative facilitation effects for cushion plant reproduc-
tion are usually attributed to competition for resources 
(Schöb et al. 2014a). Laretia acaulis has a deep taproot, so 

that competition for water with beneficiaries is probably not 
as important as in some other cushion species (Schöb et al. 
2014b). However, it also has adventitious roots within the 
cushion necromass (García Lino et al. unpubl.) and thus 
may very well compete with beneficiaries for N and other 
nutrients.

Most previous studies on reproductive costs of facilitation 
in cushion plants suggest the presence of costs. These stud-
ies found a decrease in flower production and seed set with 
increasing beneficiary cover (Michalet et al. 2014, Schöb 
et al. 2014a, b), only a decrease in fruit set (Reid et al. 2014) 
or only a decrease in flower production (Cranston et al. 
2012, Al Hayek et al. 2014). As mentioned, here we found 
that beneficiary cover negatively affected flower production 
in L. acaulis all along the elevational distribution of the spe-
cies but not its fruit production. The lack of a significant 
effect in fruit production may be related to the higher vari-
ability, relative to the means, in fruit than flower production 
(Fig. 1), making it harder to detect any systematic variation 
as caused by beneficiary cover.

It may, however, also be a biologically relevant pattern, 
indicating compensatory mechanisms in resource alloca-
tion or a compensating positive effect of beneficiary cover 
on fruit production. For instance, one might speculate that 
flowering beneficiaries can increase pollinator presence and 
thereby pollination and fruit set of L. acaulis. In the Andes 
of central Chile, the maximum flowering and fructification 
season for the plant communities is between late December 
and late February (Arroyo et al. 1981). The main pollina-
tor groups in these ecosystems are Diptera, Hymenoptera 
and Lepidoptera, with increasing pollinator sharing with 
elevation (Arroyo et al. 1983, Hoffmann et al. 1984). Thus, 
with many other flowers present, the probability for L. acau-
lis to be visited by generalist pollinators increases. This may 
increase fructification and thus constitute a mechanism that 
counteracts negative beneficiary effects on flowering.

On the other hand, we do not rule out that plant cover 
can also disrupt the flower fields that characterize cushions 
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Table 3. Linear mixed models (LMM) of Laretia acaulis reproductive outputs as functions of experimental beneficiary removal. (A) for three 
elevations (2600, 3000 and 3150 m), one or two years after removal, (B) for 2800 m a.s.l., one, two or three years after removal. The co-
variables were year, gender (females, hermaphrodites and males), initial beneficiary cover (not retained in B) and elevation (in A only: 2600, 
3000, 3150 m) and several interactions. Further co-variables (cushion area, beneficiary species richness) tested were not retained in these 
final most parsimonious models. Cushion identity was used as the random factor. Significance levels: *, p  0.05; **, p  0.01; *** p  0.001; 
ns  not significant (p  0.05).

(sqrt) No.
inflorescences cm2

(sqrt) No.
flowers cm2

(sqrt) No.
infrutescences cm2

(sqrt) No.
fruits cm2

Source of variation Coef. DF c2 p Coef. DF c2 p Coef. DF c2 p Coef. DF c2 p

(A)
Treatment:
Control/experiment

–0.01 1 0.48 n.s –0.05 1 0.65 n.s 0.01 1 0.36 n.s 0.02 1 0.50 n.s

Elevation 2 7.42 * 2 10.6 * 2 7.76 * 2 4.19 n.s
Year (2013, 2014) 0.001 1 0.01 n.s 0.01 1 0.45 n.s 0.03 1 2.96 n.s 0.007 1 2.19 n.s
Initial cover –0.20 1 6.63 *** –0.61 1 7.16 ** — — — — — — — —
Elevation : year 2 41.4 *** 2 41.8 *** 2 12.7 ** 2 14.4 ***
Gender — — — — 2 6.87 * — — — — –0.17 1 16.1 ***

(B)
Treatment:
Control/experiment

0.08 1 12.5 ** 0.29 1 13.56 *** 0.06 1 3.78 n.s 0.11 1 3.40 n.s

Year 2 56.8 *** 2 45.9 *** 2 13.8 ** 2 13.9 **
Gender — — — — 2 7.42 * –0.16 1 27.5 *** –0.28 1 22.6 ***

Figure 4. The effects of beneficiary cover removal on flower density 
in female, hermaphrodite and male Laretia acaulis cushions during 
three years (2012–2014) at 2800 m a.s.l. or two years (2013–2014) 
at three further elevations in the central-Chilean Andes. Letters E 
and C represent cushions with cover removal (experiment) or cush-
ions without beneficiary removal (control). Shown are means and 
95% confidence intervals. Non-overlapping error bars indicate sig-
nificant differences at a  0.05. Overall removal effects were sig-
nificant (LMM, p  0.001) only at 2800 m a.s.l., with no significant 
differences between genders or years.

without beneficiaries, thereby reducing their attractiveness 
for pollinators. Such a negative effect of beneficiary plants 
on pollination has been reported for the cushion plant Silene 
acaulis (Reid et al. 2014). Thus, pollinator effects should be 
explored more in depth.

Differential effects of beneficiaries on different reproduc-
tive stages of the cushion may also be related to beneficiary 
phenology. In our system, most beneficiaries are cryptophytes 
or hemicryptophytes, with aboveground parts emerging in 
spring and attaining maximum biomass around the time of 
flowering. As a result, cushions experience less aboveground 
beneficiary presence while flowers are developing than during 

fruit set. This is quite relevant, seeing that beneficiaries seem 
to have negative effects on flower development but positive 
effects on fruit set (resulting in a neutral net effect on fruit 
densities). A potential scenario of mechanisms may thus be 
competition for nutrients in spring while beneficiaries grow 
and cushions develop their flowers, and positive pollination 
or microclimatic effects in summer while beneficiaries are 
fully developed and cushions develop their fruits.

Positive microclimatic effects could function via tem-
perature modification, affecting water relations. As discussed 
above, competition for water is probably relatively unimport-
ant. Instead, beneficiaries may reduce the cushion’s water loss 
through shading of the cushion surface or by increasing tur-
bulence, thereby reducing leaf temperatures and the need for 
evaporative cooling. This would allow cushions to increase 
their water use efficiency. These temperature effects would be 
perceptible mainly in the late growing season, when the ben-
eficiaries are fully grown, water availability is lower (Cavieres 
et al. 2006) and heat stress is more frequent. They are thus 
more likely to affect fruit than flower development, but this 
hypothesis also remains to be tested.

Benefactor responses along stress gradients

Beneficiary cover and the reproductive output of L. acaulis 
both clearly differed between elevations, but the effects of ben-
eficiaries on reproduction did not. The only clear elevational 
pattern that we found was the positive effect of beneficiary 
removal on flower numbers at 2800 m a.s.l. (Fig. 4). Interest-
ingly, the natural cover gradient had no effect at this eleva-
tion. This discrepancy between the natural cover effect and 
the effect of cover removal suggests that the removal treatment 
may have caused a positive effect for other reasons than the 
reduction of aboveground cover, for instance due to decom-
position of roots. However, in spite of the treatment effect on 
flowering, no effect was detected on fruiting, so that in the end 
the effect on reproduction was neutral at all elevations.
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Considering the predicted and observed changes in the 
importance of facilitation with elevation, it is surprising that 
the reciprocal effect on the benefactor cushions does not 
show any elevational trend. Our data suggest that a negative 
effect on flowering is compensated by a positive effect on 
fruit set. We would expect such effects to shift in importance 
with changing conditions leading to an elevational pattern, 
but this was not observed. Still, it is important to understand 
these effects, because when global change leads to conditions 
beyond the current range (e.g. changes in regional pollina-
tor pools or new combinations of temperature and moisture 
conditions) their balance may no longer be neutral.

Long-term effects

After two years of beneficiary removal, initial beneficiary 
cover still affected flower production in L. acaulis. Interest-
ingly, cover effects were independent from the effects of the 
removal treatment. In other words, flower production was 
reduced by beneficiary cover in the previous year, even if 
beneficiaries, at least the aboveground parts, were no longer 
present. This suggests that beneficiaries affect long-term pro-
cesses such as carbohydrate storage. Plant species with slow 
growth in particular may accumulate reserves in favourable 
years to invest in reproduction in years to come (Monson 
et al. 2006). For L. acaulis, a very slow growing plant, a year 
with high reproduction could be the result of resources and 
reserves from the present and previous years, in combination 
with past and present beneficiary effects. However, resources 
may also be invested in vegetative growth or kept in long-
term storage, and these resource allocation patterns may also 
be affected by beneficiary cover (Schöb et al. 2014b). If we 
assume that fruit production is a proxy for plant fitness, then 
our results suggest no net fitness costs, or benefits, of facili-
tation for the benefactor, implying evolutionary stability of 
the interaction. However, an important next step is to clarify 
facilitation effects on growth, physiology and long-term 
survival of these cushions. These effects impact fitness more 
than annual seed production in such long-lived species as  
L. acaulis and many other alpine cushions.      

Acknowledgements – This project was financially supported by 
MECESUP2 UCO0708, FICM P05-002, CONICYT PFB-23, 
and the German Academic Exchange Service (DAAD). Support 
from the ECOBIOSIS working group at the Univ. of Concepcion 
and the Functional Ecology of Plants lab at the University of Old-
enburg was much appreciated. We would like to thank Glenda 
Mendieta Leiva for valuable statistical advice and Simon Pfanzelt, 
Juan Concha, Erika García, Juan Pablo Salgado Bahamontes and all 
others that assisted in the field.

References

Al Hayek, P. et al. 2014. Phenotypic differentiation within a  
foundation grass species correlates with species richness in a 
subalpine community. – Oecologia 176: 533–544.

Anthelme, F. et al. 2014. Facilitation among plants in alpine environ-
ments in the face of climate change. – Front. Plan. Sci. 5: 387.

Antonsson, H. et al. 2009. Nurse plant effect of the cushion plant 
Silene acaulis (L.) Jacq. in an alpine environment in the sub-
arctic Scandes, Sweden. – Plant. Ecol. Divers. 2: 17–25.



442

Monson, R. K. et al. 2006. Nitrogen and carbon storage in alpine 
plants. – Integr. Comp. Biol. 46: 35–48.

Pugnaire, F. I. et al. 1996. Facilitation between higher plant species 
in a semiarid environment. – Ecology 77: 1420–1426.

Ralph, C. P. 1978. Observations on Azorella compacta (Umbellif-
erae), a tropical Andean cushion plant. – Biotropica 10:  
62–67.

Reid, A. et al. 2014. Ecological implications of reduced pollen 
deposition in alpine plants: a case study using a dominant 
cushion plant species. – F1000Res. 2014, 3:130

Santibañez, F. et al. 1990. Atlas agroclimático de Chile. – Fac. de 
Ciencias Agrarias y Forestales, Univ. de Chile.

Schöb, C. et al. 2013. Variability in functional traits mediates plant 
interactions along stress gradients. – J. Ecol. 101: 753–762.

Schöb, C. et al. 2014a. A global analysis of bidirectional interac-
tions in alpine plant communities shows facilitators experienc-
ing strong reciprocal fitness costs. – New Phytol. 202: 
95–105.

Schöb, C. et al. 2014b. Consequences of facilitation: one plant’s 
benefit is another plant’s cost. – Funct. Ecol. 28: 500–508.

Sortibrán, L. et al. 2014. Nurses experience reciprocal fitness  
benefits from their distantly related facilitated plants. – Persp. 
Plant Ecol. Evol. Syst. 16: 228–235.

Stachowicz, J. J. 2001. Mutualism, facilitation, and the structure 
of ecological communities. – Bioscience 51: 235–246.

Hoffmann, A. et al. 1984. Interactions in the patterns of vegetative 
growth and reproduction in woody dioecious plants. – Oeco-
logia 61: 109–114.

Holzapfel, C. et al. 1999. Bidirectional facilitation and interference 
between shrubs and annuals in the Mojave Desert. – Ecology 
80: 1747–1761.

Kikvidze, Z. et al. 2005. Linking patterns and processes in alpine 
plant communities: a global study. – Ecology 86: 1395–1400.

Kleier, C. et al. 2004. Microsite requirements, population structure 
and growth of the cushion plant Azorella compacta in the 
tropical Chilean Andes. – Austral Ecol. 29: 461–470.

Lin, Y. et al. 2012. Differences between symmetric and asymmetric 
facilitation matter: exploring the interplay between modes of pos-
itive and negative plant interactions. – J. Ecol. 100: 1482–1491.

Martinez, S. G. 2003. Umbelliferae. – In: Kiesling, R. (ed.), Reseña 
de Flora de San Juan 2. Dicotiledóneas dialipétalas (segunda 
parte): Oxalidáceas a Umbelíferas. Darwiniana, pp. 214–234.

McIntire, E. J. 2014. Being a facilitator can be costly: teasing apart 
reciprocal effects. – New Phytol. 202: 4–6.

Michalet, R. et al. 2011. Phenotypic variation in nurse traits and 
community feedbacks define an alpine community. – Ecol. 
Lett. 14: 433–443.

Michalet, R. et al. 2014. Partitioning net interactions among plants 
along altitudinal gradients to study community responses to 
climate change. – Funct. Ecol. 28: 75–86.


